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Abstract 

Electrocatalysis has been the cornerstone for enhancing energy efficiency, minimizing 

environmental impacts and carbon emissions, and enabling a more sustainable way of 

meeting global energy needs. Elucidating the structure and reaction mechanisms of 

electrocatalysts at electrode-electrolyte interfaces is fundamental for advancing 

renewable energy technologies, including fuel cells, and water electrolyzers, among 

others. One of the fundamental challenges in electrocatalysis is understanding how to 

activate and sustain electrocatalytic activity, under operating conditions, for extended 

time periods, which calls for the use of in situ/operando methods.   

  This thesis first introduces the design and understanding of electrocatalysts for 

alkaline fuel cells since they enable the use of non-precious metals to catalyze the 

sluggish oxygen reduction reaction (ORR) at the cathode. Metal oxide-based ORR 

electrocatalysts, synthesized by a hydrothermal method, in particular, Mn-Co spinel 

nanoparticles, have demonstrated over 1 W/cm2 benchmark peak power density with a 

Pt-based anode and a record 200 mW/cm2 with a Ni-based anode for a completely non-

precious metal-containing alkaline fuel cell, in membrane electrode assembly (MEA) 

measurements. Analytical scanning transmission electron microscopy (STEM) has been 

extensively employed to resolve the heterogeneous crystal structures and chemical 

environments at the atomic scale. Operando X-ray absorption spectroscopy (XAS) 



 

ii 
 

methods revealed that the superior performance of Mn-Co spinels in low humidity, 

relative to Pt, originates from synergistic effects in which the Mn sites bind O2 while 

the Co sites activate H2O to facilitate the proton-coupled electron transfer process. 

Moving beyond oxides, we have developed nitride-core oxide-shell Co4N/C and Pd-

based alloys as ORR electrocatalysts for high-power alkaline fuel cells.  

  The second part of this thesis focuses on operando studies of electrochemical 

interfaces. In situ heating STEM and heating X-ray diffraction were used to track the 

dynamic order–disorder phase transition of Pt3Co intermetallic ORR catalysts during 

annealing and quantify the degree of ordering as a key structural factor for long-term 

MEA durability. This thesis then presents the efforts to tackle a grand challenge in 

physical chemistry: understanding and spatially resolving the electrochemical double 

layer (EDL) at electrolyte/nanocrystal electrode interfaces. Preliminary studies, with 

heavy halide anion and/or alkali cations as chemical probes, while promising, have yet 

to provide compelling evidences of potential-dependent changes of ionic distributions. 

However, the pursuit of these EDL studies led to the unexpected observation of cathodic 

corrosion, an enigmatic electrochemical process in which noble metal electrodes 

corrode under sufficiently reducing potentials. I employed operando EC-STEM to 

reveal that cathodic corrosion at solid-liquid-gas interfaces yields significantly higher 

levels of structural degradation for nanocrystals than bulk electrodes. The dynamic 

evolution of morphology, composition, and structural information was retrieved by 

analytical and 4D-STEM. Such microscopic studies can provide unprecedented insights 

into the structural evolution of nanoscale electrocatalysts during electrochemical 

reactions under highly reducing potentials, such as CO2 and N2 reduction.
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CHAPTER 1 

Thesis Overview 

This thesis focuses on the design and understanding of non-precious ORR 

electrocatalysts for alkaline fuel cells, in particular, 3d metal oxides. We prepared 15 

different AB2O4/C spinel nanoparticles with well-controlled octahedral morphology and 

particle sizes through a facile hydrothermal synthesis (A: Mn, Fe, Co, Ni, and Cu, and 

B: Mn, Fe, and Co) (Chapter 2). The three most active ORR electrocatalysts were 

MnCo2O4/C, CoMn2O4/C, and CoFe2O4/C. The most active, MnCo2O4/C, was shown 

to have a unique Co-Mn core–shell structure. Electron energy loss spectroscopy (EELS) 

probed the heterogeneous electronic structure at the single-nanoparticle level, and 

indicated that the Co in the core is predominantly Co2.7+ while in the shell, it is mainly 

Co2+. Mn-Co spinel oxides achieved a benchmark peak power density (PPD) of 1.2 

W/cm2 at 2.5 A/cm2 in membrane electrode assembly (MEA) measurements in H2-O2 

mode at 80 oC, which is comparable to that of state-of-the-art Pt/C (~1.5 W/cm2) and 

the highest MEA performance for non-precious ORR catalysts compared to reported 

values to date (Chapters 3 and 4).      

    The superior ORR activity of Mn-Co spinel oxides, relative to Mn3O4/C and 

Co3O4/C, suggested an underlying synergistic mechanism between Mn and Co. We 

developed an operando XAS method, with a home-made electrochemical cell, which 

enabled the tracking of Co and Mn electronic structures with a 3mV potential resolution. 

Valences changed simultaneously/synchronously and exhibited periodic patterns that 

tracked the cyclic potential sweeps, providing compelling evidence for the synergistic 

reaction mechanism, i.e. Co and Mn serving as co-active sites for the ORR (Chapter 5). 
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With additional comprehensive examination of Mn-Co catalysts using in situ FTIR,  

XPS analysis, DFT and MD simulations, we were able to identify that Mn prefers to 

bind O2 while Co prefers to bind and activate H2O, which may explain that Mn-Co 

spinels even outperform Pt/C cathodes under a more realistic lower relative humidity 

(e.g. 50% RH) conditions (Chapter 3). Aiming for not only active but also durable ORR 

electrocatalysts, we developed Mn-Co-Fe (MCF) trimetallic spinel oxides with 

enhanced catalyst durability. Operando XAS studies showed the periodic conversion 

between Mn(III, IV)/Co(III) and Mn(II, III)/Co(II) as well as the essentially constant 

oxidation state of Fe during the CV. This suggested that Mn and Co serve as the 

synergistic co-active sites to catalyze the ORR, ostensibly resulting in the high activity, 

while Fe works to maintain the integrity of the spinel structure (Chapter 5).        

   Moving beyond spinel oxides, we developed rock-salt-type MnCo2O3/C through 

mild reduction of MnCo2O4/C under ammonia at controlled temperatures, which 

showed enhanced ORR activity towards the ORR (Chapter 6). In-depth electron 

microscopic and spectroscopic investigations indicated that MnCo2O3/C predominantly 

has Mn(II) and Co(II) and can be written as MnO(CoO)2/C and charge transfer between 

Co and Mn occurs locally. In an effort to overcome the intrinsic low conductivity of 

metal oxide nanoparticles, we designed a novel family of cobalt nitrides, among which 

Co4N/C exhibited an 8-fold improvement in mass activity at 0.85 V, when compared to 

Co3O4/C. The superior performance was ascribed to the formation of a conductive 

nitride core surrounded by a naturally formed thin oxide shell (~2 nm). The conductive 

nitride core effectively mitigated the low conductivity of the metal oxide, and the thin 

oxide shell on the surface provided active sites for the ORR (Chapter 6). 
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   The strategies to design non-Pt PGM catalysts, in particular Pd-based alloys, are 

highly valuable since Pd is the only transition metal with ORR activity comparable to 

Pt in alkaline media. Pd-based alloys can diversify the catalyst candidates for AEMFC 

applications demanding very high current and power densities, instead of solely relying 

on Pt-based ORR electrocatalysts as in PEMFCs. We developed a combinatorial 

approach, using magnetron sputtering, to prepare ~40 types of Pd-M (M=Fe, Co, Ni and 

Cu) thin-film electrodes with well-defined compositions and structures as a fast method 

for assessing their ORR activity (Chapter 7). Pd50Cu50 was identified as the most 

promising composition for the ORR and employed as a target for nanoparticle synthesis. 

PdCu/C exhibited a mass-specific activity 3 times that of Pd/C and a remarkable 

durability with 13 mV negative shifts in the half-wave potential after 100,000 cycles.   

  The second part of this thesis focuses on the operando studies of electrochemical 

interfaces. In Chapter 8, we present a comprehensive quantitative study of the dynamic 

order–disorder phase transition of Pt3Co nanoparticle intermetallic ORR fuel cell 

electrocatalysts, during post-synthesis annealing. We employed in situ synchrotron-

based X-ray diffraction (XRD) and in situ STEM to study the phase transition and 

morphological and structural changes during real-time annealing. In situ XRD revealed 

the impact of annealing/cooling conditions on the degree of ordering, particle size and 

lattice strain. In situ heating STEM enabled visualization of nanoparticle migration and 

growth and quantified size distribution and surface areas of nanoparticles using an 

automated algorithm. We find that a higher degree of ordering leads to more active and 

durable electrocatalysts. The annealed Pt3Co/C with an optimal degree of ordering 

exhibited significantly enhanced durability, relative to the disordered counterpart, in 
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practical MEA measurements. 

   In Chapter 9, this thesis presents preliminary progress on employing operando EC-

STEM to tackle a fundamental challenge in electrochemistry; resolving the 

electrochemical double layer at electrode/electrolyte interfaces with an emphasis on 

nanocrystal electrode surfaces. Criteria for chemical probes and operando EC-STEM 

methodology have been discussed in detail. Among five candidates, NaBr, NaI and 

CsClO4, with heavy anions or cations, exhibited no significant changes in ionic 

distribution at charged interfaces, which is possible due to the inherently low electrolyte 

concentration (mM-level) to maintain a reasonably wide EDL (> 10 nm). Those other 

candidates, CsBr and CsI, with both heavy cations and anions, were shown to experience 

beam-induced damage at relatively low beam doses. While other operando methods 

may provide additional opportunities, the investigation of the EDL at nm-scale led to 

the microscopic observation of cathodic corrosion (Chapter 10). The highly kinetically 

driven corrosion process is evidenced by the successive anisotropic transition from 

stable Pt(111) bulk single-crystal surfaces evolving to energetically less stable (100) 

and (110) steps. Furthermore, the cathodic corrosion of Au nanocubes on bulk Pt 

electrodes led to the unexpected formation of thermodynamically immiscible Au-Pt 

alloy nanoparticles.  

 Finally, Chapter 11 concludes this thesis and highlights several research projects as 

future work.  
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Introduction 

1.1  A New Era of Hydrogen Energy 

One of the grand challenges of our time is how to meet the increasing global energy 

needs in a sustainable and environmentally responsible way. While the use of fossil 

fuels has greatly improved our standard of living, it has also caused detrimental 

environmental consequences associated with their extraction and combustion (pollution 

and carbon emissions causing global warming).1 Shifting the energy landscape from 

fossil fuels to renewable energy technologies will play a key role in tackling complex 

environmental and economic issues. One of the most promising approach to lower 

carbon emission is to develop the hydrogen energy.  

Hydrogen gas has one of the highest energy densities (120 MJ/kg) of any fuel, making 

it a clean and efficient energy carrier to store and distribute significant amounts of 

energy (Fig. 1.1).2 Hydrogen is mostly produced from fossil fuels, which often raises 

concerns about energy security and reliability of the supply. Traditionally, reforming 

gas from natural gas/coal provides the majority of hydrogen for chemical industries. 

Hydrogen is also generated as a large quantities as a byproduct during chemical 

production, such as in the “chlor-alkali process” (electrolysis of salt water to produce 

chlorine, hydrogen gas and sodium hydroxide). Thus, any analysis of hydrogen as clean 

fuel must consider the way in which it is produced.   

    Water electrolysis is a cost-competitive technology to produce hydrogen at large 

scale with potentially zero carbon emissions when integrated with renewable electricity. 

Water electrolysis can use excess renewable electricity to generate clean hydrogen, 

which shows the potential to balance the mismatch between intermittent wind and solar 
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energy and stable requirements in existing electricity grids. For example, 1-2 MW 

proton-exchange membrane (PEM) water electrolyzers have been commercially 

available from Proton OnSite.2,3 With a size of a shipping container (12 m long), they 

can serve as building blocks to meet the energy storage demands of MW or even GW-

scale wind and solar power plants.  

 

Figure 1.1 Map of alternative energy storage methods. CAES = compressed air energy 

storage, PHS = pumped hydroelectric storage, SNG = substitute natural gas. 

Reproduced from Ref. 2. Copyright 2013 Elsevier. 

Hydrogen can be easily stored using existing technologies in pressurized tanks, 

liquefied at low temperatures or stored in porous or hydride materials. The renewably 

generated hydrogen can serve as a versatile and scalable energy carrier, bridging power 

generation and applications in transportation and industry (Fig. 1.2).4 In particular, 

hydrogen can be utilized to power fuel cell vehicles (FCVs), which can dramatically 

reduce the use of fossil fuels in transportation. At a larger scale, hydrogen can 

tremendously lower carbon emissions tremendously in industries, such as power 

generation, ammonia production plants, oil refining industries, semiconductor 
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processing, etc.  

Figure 1.2 Schematic of Hydrogen Energy System. Hydrogen has the potential in the 

energy system, as a clean, efficient energy carrier and is comparable to electrical grid 

and natural gas systems. Reproduced from Ref. 4. Copyright 2012 ECS. 

While there have been significant advances in production, storage and utilization of 

hydrogen, they are accompanied by challenging problems yet to be resolved. The price 

of H2 produced from water electrolyzers is about $5/kg, significantly higher than that 

from reforming gas (~$2/kg). In addition, the cost of precious metal catalysts (Ru or Ir) 

for the oxygen evolution reaction (OER) increases the overall cost of PEM electrolyzers. 

One solution is to develop alkaline exchange membrane water electrolyzer, which 

would enable the use of non-precious OER catalysts (e.g., Ni-Fe). In order to develop 

large-scale cost-competitive hydrogen energy infrastructure, we need to engage partners 

among scientific research in academia, technological developments in industry, and 

policy support from government leaders. With all of those efforts combined, a new era 

of hydrogen energy is on the horizon.            



 
 

8 
 

1.2 Development of Hydrogen Fuel Cell Technologies  

Renewably generated hydrogen can be most efficiently used for power generation in a 

hydrogen fuel cell. Fuel cells are electrochemical devices that convert chemical energy 

directly into electricity with zero carbon emission and water as the only product. 

Hydrogen fuel cells are not limited by the Carnot cycle and can deliver a practical energy 

conversion efficiency of 65% or higher, which is more than twice as high as the 

efficiency of internal combustion engines (~ 25%) and many other power systems.  

Although fuel cells were first demonstrated by Sir William Grove in 1839, they were 

not practically useful until a century later when alkaline fuel cells (AFCs) were invented 

by Francis Thomas Bacon in 1932. A 5 kW AFC stack, using Ni to overcome electrode 

corrosion in concentrated KOH, was constructed in 1959 with an operating efficiency 

of 60%. Since then, AFCs have been used by NASA, in the mid-1960s, as power 

generators for Apollo missions and Space Shuttle programs, using pure hydrogen and 

oxygen. However, when alkaline fuel cells are operated with air for daily automotive 

applications, KOH solutions react with CO2 and produce carbonates, which can 

precipitate and block the porous electrodes and lower the ionic conductivity of the 

electrolyte, causing a detrimental performance drop. Proton exchange membrane fuel 

cells (PEMFCs) were developed later by William Grubb and Leonard Niedrach at 

General Electric in the 1960s and used briefly for the NASA Gemini program. However, 

water-management issues in PEMs made them less reliable and, therefore, less 

competitive than AFCs. AFCs were thus used by NASA as the primary power system 

through the 1990s. Several critical innovations, particularly Nafion membranes 

discovered by Walther Grot at DuPont, low Pt loadings in Pt-based alloys and thin-film 
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membrane electrode assemblies (MEAs), dramatically lowered the cost and improved 

the reliability of PEMFCs.6 The compact configuration of PEMFCs enables a small cell 

volume, light weight and CO2-tolerance offer PEMFCs great advantages over AFCs; 

especially for EV applications. 

 PEMFCs inherently require a significant amount of scarce and expensive Pt-based 

electrocatalysts to facilitate the sluggish oxygen reduction reaction (ORR) while only a 

minimal amount of Pt is required to catalyze the fast HOR in acid. As an alternative, 

anion exchange membrane fuel cells (AEMFCs) have drawn increasing attention since 

they enable the use of non-precious group metal (PGM) electrocatalysts and AEMs can 

effectively mitigate the carbonate precipitation issue of KOH solutions. Non-precious 

ORR electrocatalysts, such as 3d metals or metal oxides, perovskites and metal-

containing N-doped carbon, are attractive for their low cost, promising activity, and 

durability. However, AEMFCs also face another challenge; the rate of the HOR on Pt 

is two orders of magnitude slower in alkaline media than in acidic media, leading to a 

significantly higher Pt loading requirement at the anode. Thus, low-Pt and eventually 

non-PGM HOR electrocatalysts must be developed in order to enable the 

implementation of high-performance alkaline fuel cells at large scale and low cost.   

1.3 Primary Challenges of Proton Exchange Membrane Fuel Cells 

Fig. 1.3 shows a schematic of a PEMFC in which H2
 is oxidized at the anode and O2 in 

air is reduced at the cathode with protons and water transferring through the PEM. After 

decades of development, PEMFCs have been established as a commercially viable 

technology for powering electric vehicles (EVs).5-7 Since 2015, Toyota, General 

Motors, and other automobile manufacturers, have begun to supply the market with 
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limited quantitates of fuel cell EV (global FCV production in 2019 was ~10,000 units). 

 

Figure 1.3 Schematic of a proton exchange membrane fuel cell. Hydrogen at the anode 

and oxygen from air at the cathode react and produce electricity, water and some heat.   

      

   However, PEMFCs rely on a large amount of expensive Pt-based electrocatalysts to 

facilitate the sluggish oxygen reduction reaction (ORR) at the cathode. The catalyst cost 

is projected to be the largest single component (up to 40%) of the total cost of a PEMFC 

stack.7 (Fig. 1.4) 
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Figure 1.4 2018 PEMFC Stack Cost Breakdown. PEMFC stack cost as a function of 

production rate. Data reproduced from Ref. 7, 2019 U.S. DOE Fuel Cell R&D 

Overview.  

  Given the high price and scarcity of Pt, lowering its loading without compromising 

catalytic activity or durability, has remained as the central question of most 

electrocatalyst research for PEMFCs. Pt loading at the cathode has dropped significantly 

from 0.4 to about 0.1 mgPt/cm2 over the past decade. For example, Pt3Co catalysts, 

recently developed at Cornell and tested at GM, demonstrated a PEMFC performance 

of mass activity of >0.44 A/mgPt and a power density of >8 kW/gPt with Pt loadings of 

0.1 and 0.025 mg/cm2 in the cathode and anode, respectively).8  This would project the 

use of 8-10 g Pt per light-duty vehicle (80 kW power), similar to that in catalytic 

converters in gasoline powered vehicles today, and a system cost of around $50/kWnet. 

The ultimate goal is to achieve $30/kWnet for light-duty vehicles at a large production 

scale (Fig 1.5).  

 
Figure 1.5 Progress in lowering cost for light-duty fuel cell vehicles. The key driving 

force has been lowering the Pt loading at the oxygen cathode in PEMFCs. Reproduced 

from Ref. 7. 
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    Improving catalyst durability and lowering catalyst cost are two of DOE’s primary 

challenges for the commercialization of PEMFCs (Fig. 1.6). While there have been a 

variety of promising Pt-based ORR catalysts reported, few of them are able to deliver 

the required long-term durability in MEA measurements. The preliminary durability 

target, recommended by the U.S DOE, is less than 10% loss in mass activity (MA) at 

0.9 V after accelerated stability tests (AST) of 30,000 trapezoidal voltage cycles 

between 0.6 and 0.95 V. Our ordered Pt3Co/C was able to achieve a 5% loss in MA 

under such test conditions.8 However there is still a long way to go to meet the ambitious 

durability target of <10% performance loss after 8,000 h of automotive drive cycles set 

by the DOE.      

 

Figure 1.6 Spider map of U.S. DOE target of multiple components in fuel cell 

developments. Durability and cost are the primary challenges to fuel cell 

commercialization. Reproduced from Ref. 7. 

    In order to improve catalyst durability, we need to gain a comprehensive 

understanding of the structure/composition of catalysts, catalyst-support interactions 
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and the impact of fuel cell operating conditions. Most of the Pt or Pt-based catalysts are 

in nanoparticle (NP) form and dispersed on porous carbon supports, so as to maximize 

the number of active sites on the surface. Such a configuration can be kinetically 

unstable under aggressive fuel cell conditions with the catalyst experiencing 

degradation in the form of loss of electrochemical surface area (ECSA) and thus overall 

performance. Common degradation mechanisms include, but are not limited to, 

platinum dissolution, Ostwald ripening, particle coalescence/agglomeration, particle 

detachment and corrosion of the carbon support (Fig. 1.7).9     

     

Figure 1.7 Simplified degradation mechanisms of nanoparticle catalysts on carbon 

supports after fuel cell tests. Reproduced from Ref. 9. Copyright 2014 Beilstein Institute 

for the Advancement of Chemical Sciences. 

    Platinum can dissolve and redeposit in the membrane during PEMFC operation 

due to the reduction with H2 gas at the anode.10,11 Small Pt-based NPs are particularly 

vulnerable at high cell voltages and often dissolve and redeposit on larger Pt-based NPs, 
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a process often referred to as Ostwald ripening.12,13 Another degradation mechanism, 

particle coalescence/agglomeration, can take place during high-temperature annealing 

processes during synthesis (Chapter 8) or electrochemical tests.14,15 Two nearby Pt NPs 

can migrate and merge into one larger NP, causing a loss of ECSA. Sometimes, particle 

detachment can happen in which entire Pt NPs detach from the carbon supports due to 

a weakening particle-support interactions.16,17 

Carbon corrosion has played an important role (yet often neglected) in catalyst 

degradation mechanisms and can indirectly lower the ECSA of Pt-based NPs. Carbon 

corrosion can be unfortunately catalyzed by existing Pt-based NPs and cause 

detrimental structural changes in both supports and catalysts.18,19 Carbon corrosion 

weakens the catalyst-support interaction and facilitate particle movement, coalescence 

and eventually detachment. It results in the loss of the micro- and mesoporous structure 

of carbon and hinders the mass transport of reactants.20 Carbon corrodes in an 

environment of high relative humidity and oxygen at high cell voltages and forms more 

hydrophilic oxygenated functional groups, which may cause flooding and slow down 

the transport of oxygen to the catalyst surface.14 In some cases, carbon oxidative 

corrosion can generate carbon monoxide and poison Pt active sites.  

Finding alternatives to carbon is challenging since few materials can provide similar 

electronic conductivity, porosity, high surface areas and chemical stability in strong 

acidic media under oxidizing potentials. To mitigate carbon corrosion and enhance 

carbon-catalyst interactions, non-carbon materials, such as nitrides, carbides, and oxides 

of early transitional metals (Ti, V, W), have been reported to show promising resistance 

to corrosion under fuel cell operating conditions.9 Despite promising reports of 
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enhanced durability, these non-carbon materials will need to provide porous structures 

to support highly dispersed small Pt-based NPs, in order to deliver comparable activity 

to catalysts with carbon supports before any serious consideration in practical fuel cell 

applications.      

Although our present knowledge of catalyst degradation has focused on Pt-based NPs 

in acid, the strategies described here have proved to be useful for a variety of different 

electrocatalysts. In the following chapters, metal oxides, nitrides, Pd-based catalysts in 

alkaline media have shown different levels of activity and stability depending on the 

structures and compositions of the catalysts and applied durability test protocols.   

1.4 Alkaline Fuel Cells  

In comparison to PEMFCs, which primarily depend on Pt-based electrocatalysts,  

alkaline fuel cells have drawn increasing attention because they can enable the use of 

non-precious metal electrocatalysts. Non-precious catalysts, such as 3d metals or metal 

oxides, perovskites and metal-containing N-doped carbon, are attractive for their low 

cost, promising activity and durability. The recent development of anion exchange 

membranes (AEM) with high ionic conductivity and stability, revived the aging alkaline 

fuel cell landscape (Fig. 1.8). Various naming schemes have been employed to describe 

alkaline fuel cell technologies, such as anion exchange membrane fuel cells (AEMFCs), 

alkaline anion exchange membrane fuel cells (AAEMFCs), alkaline membrane fuel 

cells (AMFCs), alkaline polymer electrolyte fuel cells (APEFCs) and hydroxide 

exchange membrane fuel cells (HEMFCs). In this review, the term, AEMFCs, was 

chosen to be parallel to PEMFCs and convey the possibility to employ both hydroxide 

and carbonate conducting devices. 



 
 

16 
 

   

Figure 1.8 Comparison of PEMFC (A) and AEMFC (B). PEMFC predominantly use 

Pt-based catalysts while AEMFCs enable the use of low-cost 3d metal catalysts. (A) is 

reproduced from Ref. 5 Copyright 2012 Springer Nature. (B) is reproduced from 21 

Copyright 2008 NAS. 

     The first MEA performance of an AEMFC was reported by Zhuang et al to have 

a peak power density of only 50 mW/cm2 in 2008,21 using a Ag cathode, Ni-Cr anode 

and a quaternary ammonium polysulphone (QAPS) membrane (Fig. 1.9A). After 10-

years of continuous development in this community, we have recently achieved an MEA 

performance of 1.2 W/cm2 using a non-precious Co-Mn spinel oxide cathode, Pt-Ru 

anode and a quaternary ammonium polypiperidine (QAPPT) membrane (Fig. 1.9B, 

details in Chapter 5). The >20-fold performance enhancement arises, in part, from key 

advances in developing highly conductive and durable alkaline/anion exchange 

membranes (AEMs)/ionomers, non-precious ORR/HOR electrocatalysts, and 

optimization of MEA fabrication and testing protocols. AEMFCs can now achieve a 

comparable initial performance, using non-precious ORR catalysts, to state-of-the-art 

PEMFCs using Pt-based catalysts. 
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Figure 1.9 Performance enhancement of AEMFCs over the past decade. (A) MEA 

results using a Ag cathode (1mg/cm2), a Ni-Cr anode (Ni loading: 5mg/cm2) and a 

QAPS membrane.21 (B) MEA results using a Co-Mn spinel oxide cathode (oxide 

loading: 0.8 mg/cm2), a Pt-Ru anode (Pt loading, 0.25 mg/cm2) and a QAPPT 

membrane. (A) is reproduced from 21 Copyright 2018 NAS. 

   Practical FCEVs necessitate achieving not only a high initial performance, but also 

long-term durability during MEA operation in air. While non-precious ORR catalysts 

will bring new possibilities to fuel cell technologies, it is pivotal to assess the stability 

of non-precious catalysts and AEMs in high pH environments during fuel cell operation. 

Deconvolving the stability of catalysts and AEMs can be challenging given that 

catalysts can generate hydrogen peroxide which can damage membranes while the 

degraded membrane can partially block active catalytic sites. Since there was no mobile 

OH- anions in AEMs, the impact of CO2 on AEMFCs is much less than in traditional 

AFCs. However, CO2 in air can still noticeably decrease the AEMFC performance and 

this is an active area to study.      

1.5 ORR Electrocatalysis in Acidic Media 

The oxygen reduction reaction (ORR) at the cathode has a thermodynamic potential of 

1.23 V (vs. RHE), however, even the most active monometallic catalyst, Pt, exhibits an 

overpotential of about 300 mV. Thus, the catalyst development of fuel cells has 
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primarily focused on the oxygen cathode. This section starts with a fundamental 

understanding of the ORR mainly using Pt single crystals and then highlights strategies 

for designing nanoparticle catalysts.       

1.5.1 Single-Crystal ORR Electrocatalysts in Acidic Media 

General ORR mechanisms in acid and base are summarized in Fig. 1.10. Early studies 

of ORR mechanisms focused on acidic media, in part motivated by the development of 

PEMFCs. Early studies often used sulfuric or perchlorate acids since they are easier to 

purify than phosphoric acid. In acidic environments, O2 can be either reduced 

completely to H2O via a 4e- process or partially to H2O2 via a 2e- process.22 Both 

processes often occur concomitantly as competing reactions and determine the catalyst 

selectivity. The undesirably formed peroxide results in a lower energy density and can 

degrade the polymer membrane in fuel cells. The first elemental step involves the 

adsorption of molecular O2 (O2
*, reaction 1a) on the catalyst surface (Fig. 1.10). 

Traditionally, the adsorption energy of O2 or O (∆GO) has been proposed as the 

preliminary descriptor to explain the volcano-type correlation of ORR activity for 

different metal surfaces.23 An intermediate ∆GO is expected to result in an optimal ORR 

activity, based on the Sabatier principle, and the scaling relationships between ∆GO and 

∆GOH, since too weak oxygen adsorption impedes the kinetics of the first step, while too 

strong an oxygen adsorption hinders the later removal of OH species. However, one 

should keep in mind that the volcano plots cannot predict the potential-dependent 

reaction rate, RDSs or the significant effects of the electrolyte environment. In order to 

elucidate the complex nature of ORR mechanisms, it is highly desirable to couple 

spectroscopic and electrochemical studies.     
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Adsorbed O2*, generated in step (a), can be converted into HO2* (superoxide) via 

three different path ways: (b) a concerted proton-coupled electron transfer process 

(PCET); (c-d): a decoupled electron transfer process forming O2
-* (anion radical) 

followed by a fast protonation; (j, i): a fast surface chemical reaction with coadsorbed 

H2O* generating another *OH followed by a fast irreversible electron transfer process 

(Cs
fastE1

irrev).24 HO2* is the central ORR intermediate in acidic media with a soluble 

nature and short lifetime. It has remained elusive until the very recent development of 

in situ surface-enhanced vibrational spectroscopy (Fig. 1.12). The subsequent reactions 

of HO2* split at a bifurcation point: (e-g) a chemical process to *OH and O* followed 

by the conversion of O* to *OH; (f-h) a PCET process to H2O2 (peroxide) followed by 

the O-O breaking process to form two *OH. The final step is an irreversible PCET 

process of *OH and conversion to H2O. Among those multiple O-containing species, 

O2
-*, HO2* and H2O2* have the potential to diffuse into solution and establish an 

ad/desorption equilibrium with the corresponding soluble species (k, l and m). In 

particular, HO2 can disproportionate into H2O2 and O2 (n), and H2O2 can go through a 

similar process to produce H2O and O2 (o). Neither process involves electron transfer 

and thus will cause a loss of faradaic efficiency in the overall ORR.  
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Figure 1.10 General mechanisms proposed for the oxygen reduction reaction (ORR) in 

acid and base. Reaction pathways have been established based on extensive studies on 

Pt surfaces and may be applicable for other types of catalysts. A superscript * by an 

intermediate indicates a reaction intermediate adsorbed on the electrocatalytic surface. 

Cs
fastE1

irrev in acid represents a fast surface chemical reaction preceding an irreversible 

one-electron transfer process. PCET stands for proton-coupled electron transfer process. 

H2O serves as the proton donor in alkaline media. Reaction pathways originating from 

step “a” and “p” are the associative and dissociative pathways of the ORR, respectively. 

Details of the ORR mechanisms can be found in our recent Chemical Reviews, 

“Electrocatalysis in Alkaline Media and Alkaline Membrane Based Energy 

Technologies”.    

 

Although the ORR mechanism in base is not as well understood as in acid, similar 

reaction pathways have been proposed and are summarized in Figure 1.10 (lower part). 

In proton-deficient alkaline environments, O2 is reduced to OH- via a 4e- process or to 

HO2
- via a 2e- process. It is important to note that H2O, is the dominant proton donor 

for the PCET in base while H+ (H3O
+) is the dominant proton donor in acidic media. 
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Equally importantly, H2O is a reactant in base while H2O is a reaction product in acid, 

which leads to a fundamental difference in water management in AEMFCs vs. PEMFCs. 

In contrast to acidic environments, O2
-* (superoxide anion radical) and HO2

- 

(superoxide anion) are the dominant species in base, considering that the pKa values of 

HO2 and H2O2 are 4.7 and 11.6, respectively. In weak base (pH=8~11), a significant 

amount of H2O2 will co-exist with HO2
-. O2

- can go through a similar bifurcation process 

to form *OH by either chemical (iii, v) or electrochemical processes (iv, vi). During the 

ORR, the interfacial pH can be dramatically different from the bulk pH in weak acid 

(pH = 3~6) or base ( pH = 8~11) without sufficient buffer capacity, since H+ is 

constantly consumed or OH- is constantly produced. The interfacial pH can also be well 

controlled to be close to the bulk pH value with buffer solutions with weak or no specific 

adsorption of anions such as fluoride to reliably study the effect of pH on the ORR 

activity of Pt.25 

   The coverage of oxygen-containing species has been proposed to play an important 

role in the ORR mechanism. CV profiles of Pt reveals the growth process of adsorbed 

oxygen-containing species, OOHads, OHads, Oads, H2Oads and H2O2ads (Fig. 1.11). In the 

CV profile of Pt(111), hydrogen adsorption (Hads) is responsible for pseudo-capacitive 

current between 0.05 and 0.35 V (region I) while the formation of OHads and Oads occurs 

at potentials of ~0.6-0.8 and 0.8-1.15 V (regions II and III), respectively. Initially, at 

potentials of ~0.6-0.8 V, a stable water layer (H2Oads) converts into a H2Oads/OHads 

mixed layer with a total surface coverage equal to 2/3(θH2O + θOH).22 The symmetrical 

“butterfly” feature in region II suggests a fast and reversible OH adsorption. At 

potentials higher than 0.8V, OHads slowly coverts into Oads and the surface is covered 
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with H2Oads/OHads/Oads mixed layer. At potentials higher than 1.15V, Oads converts into 

Pt oxide species and destroys the well-ordered Pt(111) surface.        

 

Figure 1.11 CV profiles of Pt(111) at 50 mV/s in 0.1 M HClO4. Reproduced from 

Ref. 22. Copyright 2014 RSC.  

  In early studies, Adzic and Markovic proposed the reduction of OHads and Oads as the 

main bottleneck of the ORR mechanism, since OHads can block active sites for 

adsorption of O2 and other intermediates.26 However, Feliu et al. studied a variety of 

low-index and stepped Pt single crystal surfaces and found no clear correlation between 

the ORR activity and a OH coverage descriptor, the coverage of O-containing species 

coverage calculated from the integral charges from CVs.22 Besides of the coverage of 

O-containing species, the nature of adsorbed species, interfacial water structure and 

electrode surface charge may significantly impact electrocatalytic activity.  

   Spectroscopic evidence of reaction intermediates can provide valuable information 

to identify the key structural factors and rate-determining steps. Recently, Li and Feliu 

et al. reported on an in situ surface-enhanced Raman study of Pt single crystals in HClO4. 

It provided clear evidence of OOH adsorbed on Pt(111) and OH adsorbed on Pt(100) 

and (110) surfaces (Fig. 1.12).27 DFT calculations supported that OOH* dissociation on 
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Pt(111) has a larger energy barrier than on Pt(100) and thus it is more stable as a reaction 

intermediate to emerge in Raman spectra. They further examined the reaction 

intermediates on high-index stepped Pt. Pt(211) and (311), with (111) terraces/(100) 

steps and (100) terraces/(111) steps, showed the co-existence of both OH* and OOH*, 

which is consistent with the co-existence of (100) and (111) but with a weaker 

interaction of OOH* on stepped surfaces, relative to Pt(111).28   

    

Figure 1.12 In situ Raman study of Pt single crystals in acidic media. (A) ORR 

polarization profiles of three basal-plane Pt single crystals in O2-sat. 0.1M HClO4 at 

1600 rpm and 50 mV/s. (B-D) In situ Raman spectra of Pt (111), (100) and (110), 

respectively, at applied potentials from 1.1 to 0.6 V vs. RHE. Reproduced from 27. 

Copyright 2019 Springer Nature.        

Pt single crystals, prepared by the flame annealing technique (Clavilier method)29 
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and regulating the cut angle,30 have profoundly shaped the atomic and molecular-level 

understanding of electrochemical reaction mechanisms, especially the ORR. In 

nonadsorbing acid, such as HClO4, Markvoic et al. reported that the ORR activities of 

low-index Pt single crystals increased in the order of Pt(100) < Pt(111) ≈ Pt(110) (Fig. 

1.13A).31 In adsorbing acid, such as H2SO4, ORR activities increased in the opposite 

order, Pt(111) ≪ Pt(100) < Pt(110), which was due to the specific adsorption of SO4
2-

/HSO4
2- with a strongly inhibitory effect on Pt(111) (Fig. 1.13B).32 Overall, the three 

low-index planes of Pt showed lower ORR activity in H2SO4 than in HClO4. 

Additionally, Hoshi et al. reported that the ORR activity of low-index Pd single crystals 

followed the order of Pd(110) < Pd(111) < Pd(100), which is opposite to Pt in HClO4.
33     

                                       

Figure 1.13 (A) ORR polarization profiles of three low-index Pt single crystals in O2-

sat. 0.1 M HClO4 at 900 rpm and 50 mV/s. (B) ORR profiles of Pt in O2-sat. 0.05 M 

H2SO4 at 1600 rpm and 50 mV/s. Reproduced from Refs. 31 and 32. Copyright 1997 

ECS and 1995 ACS. 

 In order to extrapolate these results obtained in low-index basal planes to realistic 

nanoparticle catalysts, the surface of which often have steps and defects, it is important 

to study high-index Pt with tunable step density, which can be precisely controlled by 

orienting and cutting low-index Pt (Fig. 1.14).29  
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Figure 1.14 (A) Experimental setup for preparing single-crystal Pt with controlled 

terraces and steps. (B) Unit stereographic triangle of fcc-type single crystals.         

   Feliu et al. have systematically studied single-crystal Pt with (111) terraces/(100) 

steps (noted as [n(111×100)]) and (100) terraces/(111) steps (noted as [n(100×111)])  

(Fig. 1.15A).34 Both types of stepped Pt surfaces in either HClO4 or H2SO4 exhibited 

higher activity at higher step densities. Pt(211) showed the highest activity among 

stepped Pt with (111) terraces and (100) steps, which was due to the highest step density 

((211) or (422) = [3(111) × (100)]). Pt(15,13,13) had lowest step density 

([14(111)×(100)]) and thus lowest activity. Similarly, Pt (311) with its highest step 

density (2(100)×(111)]) showed the highest activity among stepped Pt with (100) 

terraces and (111) steps.  
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Figure 1.15 ORR activity of high-index Pt with stepped surface in acidic media. (A) 

Plot of exchange current density, j0, versus the angle of the surface with respect to the 

Pt(111) surface.30 (B) Plot of half-wave potential, E1/2, versus step density.34 

High-index Pt with (111) steps and (111) and (110) terraces are shown in Fig. 

1.15B.34,35 In H2SO4, stepped Pt[n(111)×(111)] exhibited an increased activity as the 

step density increased from Pt(111) to Pt(221). In contrast, the activity of stepped 

Pt[n(110)×(111)] showed no change in activity as the step density increased from 

Pt(331) to Pt(110). This unexpected result was ascribed to the fact that one [110] terrace 

naturally has two atoms in the (111) terrace and one in the (111) step, so that 

Pt[n(110)×(111)] can be regarded as a mono/bi-atomic (111) terraces separated by 

(111) steps. Thus, there is no room for bisulfate to form ordered adsorption layers and 

thus has no blocking effect towards O2 adsorption, which explains why the activity of 

Pt[n(110)×(111)] has no structure dependence. In HClO4, Pt (221) and (331) have 
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medium step density and stepped structures of [4(111)×(111)] and [2(110)×(111)], 

respectively, which showed higher ORR activity than either Pt(111) or Pt(110). This 

was due to the combined effects of both increasing step density (a positive factor) and 

increasing the inhibitory effects of OH adsorption and oxide formation on (110) 

domains (a negative factor). 

 

Figure 1.16 ORR activity of stepped Pt surfaces and interfacial water structures. (A) 

Normalized ORR current, j/jlim at 0.9 V during the positive-going scan on Pt single 

crystals in acid and base at 50 mV/s as a function of the angle of the surface normal to 

the (111) direction. (B) Simplified schematic of water orientation at a charged Pt(111) 

surface. Given the potential of zero free charge (pzfc) of Pt(111) at 0.28 V vs. SHE, the 

Pt(111) surface contains positive charges in acid and negative ones in base, respectively, 

under typical fuel cell operation potentials (0.7-1.0 V vs. RHE), which leads to 

preferential H-up and H-down water configurations in acid and base, respectively. (C) 

Activity plots of the kinetic current density, jk, at 0.85 V vs. RHE on Pt single crystals 

as a function of pH, which were measured by the RDE in O2-sat. NaF/HClO4 and 

NaF/NaOH buffer solution at 50 mV/s and 2500 rpm. The straight lines correspond to 

pH-dependent activity of Pt(111) and the dashed line indicates the optimal activity of 

Pt occurs at pH of ~9. Open square corresponds to Pt(111) in a NaOH/NaF mixture. (A) 

is reproduced from ref. 22 Copyright 2014 RSC. (C) is reproduced from ref. 38 

Copyright 2017 Elsevier.  
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Fig. 1.16 presents a comprehensive summary of ORR activities of different stepped 

and low-index Pt surfaces in acid and base.22 In acid, it is well established that the ORR 

activity increases with higher step density and stepped Pt surfaces are much more active 

than the three low-index planes (black profile, Fig. 1.16A). Those observations in model 

electrodes have stimulated extensive efforts to prepare Pt-based shape-controlled ORR 

NP electrocatalysts with high index facets. Theoretical simulations ascribed the higher 

ORR activity on the stepped surfaces to the lower OH adsorption energies and smaller 

coordination numbers on (110) or (100) steps.36 The (110) basal plane, despite having 

the highest step density as [2(111)×(111)], showed a lower activity than other stepped 

surfaces [n(111)×(111) or (n-1)(111)×(110)] (n > 2), which was ascribed to too weak 

OH and O adsorption energies. However, such thermodynamic approaches with 

∆GOHads, failed to explain the significant difference in ORR activity trends between acid 

and base. Specifically, Pt(111) exhibits the highest ORR activity, when compared to all 

stepped surfaces in base and the addition of (110) or (100) steps next to (111) terraces 

only caused a monotonic activity decay (red profile, Fig. 1.16A). Structural factors, such 

as the coverage of O-containing species and pztc, have also not resulted in satisfying 

explanations for the differences between acid and base.22 It is possible, and likely, that 

other significant changes in the near-surface environment have yet to be considered. For 

example, on Pt(111), the interfacial water structure in acid and base can be 

fundamentally different (Fig. 1.16B). The potential of zero free charge (pzfc) of Pt(111) 

is 0.28 V vs SHE and pH-independent, which is closely related to the water orientation 

on surfaces. Under typical ORR conditions (0.7-1.0 V vs. RHE), the ORR occurs over 

the range of 0.64~0.94 V vs. SHE in 0.1 M acid (e.g. HClO4) but over -0.07~0.23 V vs. 
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SHE in 0.1 M base (e.g. NaOH). Thus, a Pt(111) surface will carry a positive net charge 

in acid and induce an H-up O-down water orientation while it will exhibit a negative net 

charge in base and form an H-down O-up water configuration. A similar argument is 

also applicable to explain the much lower HOR activity in base given the much more 

rigid water network in base, relative to acid.37 In summary, besides traditional 

thermodynamic considerations of O species adsorption, the interfacial water-surface 

interaction and water-water H-bonded network offer another perspective to better 

rationalize the activity difference of stepped Pt surfaces in acid and base.  

The pH-effects on the ORR activity of Pt have been thoroughly investigated on 

various stepped surfaces in acid and base with NaF as buffer, with little to no specific 

anion adsorption (Fig. 1.16C).38 The kinetic current density, jk, at 0.85 V (surface-

specific activity, SA) was extracted from ORR polarization profiles based on the 

Koutecký-Levich equation (1/jm = 1/jk + 1/jlim where jm is the measured current density). 

The ORR activity of Pt(111) exhibited a linear correlation in both acid and base with a 

maximum activity predicted at a pH of ~9 (dashed line in Fig. 1.16C). It was proposed 

that the ORR activity of Pt(111) could achieve a maximum value when the onset 

potential of the ORR (~1.0 V vs. RHE), which is pH-independent vs. RHE, is close to 

its pzfc value (0.28 V vs. SHE) which is pH-independent vs. SHE. When those two 

values are equal, the interfacial water layer has the highest degree of disorder when the 

ORR occurs, which allows solution species to repel water most easily and adsorb with 

the lowest energy barrier for reorientating water. This argument would predict an 

optimal pH of ~11, and the difference from experimental observation (optimal pH at ~9) 

is likely because, in base, the pzfc of Pt(111) is within the OHads region and the ORR 
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kinetics are also influenced by the OH adsorption process.22 In contrast to Pt(111), the 

ORR activities of Pt(100) and (110) are largely pH-insensitive (blue and red dots in Fig. 

1.16C). This was rationalized by the fact that Pt(111) has a relatively weak OH 

adsorption over the normal ORR potential window of 0.7~1.0 V vs. RHE and OHads on 

Pt(111) tends to desorb completely at E < 0.7 V. However, Pt(100) and (110) have a 

relatively stronger OH adsorption and OH only begins to desorb at E< 0.3-0.5 V. Thus, 

the ORR activities of Pt(100) and Pt(110) are mainly dictated by OH adsorption 

processes and much less influenced by the interfacial water structure. At pH < 7, stepped 

Pt(544), (755) (n=9, 6, n(111)×(100)) has an ORR activities that lies in between Pt(111) 

and Pt(100) and Pt(554), (775) (n=9, 6, n(111)×(110)) showed activity in between 

Pt(111) and Pt(110). At pH > 7, all stepped Pt surfaces followed the same trend as Pt(111) 

since Pt(111) is much more active than Pt(100) or (110) and largely determines the ORR 

activity. There is no data reported for pH values from 7 to 10 due to the strong anion 

specific adsorption on Pt in that pH range, such as carbonate or phosphate, which 

complicates the interpretation of ORR profiles. In summary, catalyst surface structures 

(step symmetry and density), environment (pH, surface water, cation/anion) and 

temperature have significant impacts on H/OH adsorption and ORR/HOR activities.  

 Tuning ORR activity requires a rational understanding of the interaction between 

catalyst surface and reaction intermediates. Early catalyst studies have attempted to 

correlate ORR activities to electronic structures (d-band vacancies or d-band center), 

oxygen adsorption energy (∆GOads), or Pt-Pt bond distance (lattice strain), etc. Appleby 

et al. first reported that the ORR activities of precious metals showed a volcano-type 

relation with latent heat and d-band vacancies.39 Nørskov et al. used DFT calculations 
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to show that Pt has the highest ORR among all metals and located on the top of the 

volcano plot of activity as a function of oxygen adsorption energy.40 The location of Pt 

in the volcano plot is slightly off from the peak point by 0.2 eV, suggesting that 

weakening oxygen adsorption energy can potentially enhance its ORR activity. 

Markovic et al. reported that Pt3M formed alloys with 3d metals with Pt as topmost layer 

after annealing processes (Fig. 1.17A).41 Such structures used 3d metals to cause lattice 

contraction and weaken the oxygen adsorption (expressed as a downshift of d-band 

center). ORR activity of Pt3M outperformed Pt and showed a volcano plot as a function 

of d-band centers. They further reported that Pt3Ni(111) with Pt monolayer on the 

surface exhibited an ORR activity 10 times better than Pt(111), which was ascribed to 

the proper downshift of d-band center.(Fig. 1.17B).42   

 

Figure 1.17 ORR activities of Pt3M with surface Pt layer. (A) Volcano plot of ORR 

activity of Pt3M as a function of d-band center. (B) ORR Activity of Pt3Ni and Pt with 

different basal planes and the correlation to d-band center. (A) is reproduced from ref. 

41 Copyright 2007 Springer Nature (B) is reproduced from ref. 41 AAAS.  

In summary, the proposed volcano plots imply a simplified structure-activity 

correlation for the complex ORR mechanism. Optimal structural factors may exist, such 

as the adsorption energy of oxygen ( ∆ GOads), from the viewpoint of the Sabatier 
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principle. There exist scaling relationships between adsorption energies of reactive and 

intermediate species ( ∆ GOads and ∆ GOHads). Tuning ∆ GOads in the complex ORR 

mechanism may modify not just the Oads or OHads reduction kinetics but other 

intermediate reaction steps. In order to fully understanding the ORR mechanism, we 

need to consider multiple structural factors at the same time, such as the nature of 

absorbed species and their coverage, structure of surface water and its dissociation, 

electrode potential and local surface charge.  

1.5.2 Nanoscale ORR Catalysts in Acidic Media 

From a material-synthesis-by-design perspective, there are virtually unlimited 

possibilities of ORR electrocatalysts in nanoparticle (NP) forms. Sizes, morphologies, 

compositions and structures can all be fine tuned to design new materials with the hope 

of achieving high ORR activities with long-term durability. However, in this field with 

enormous numbers of catalyst candidates, few have demonstrated realistic MEA 

performances in PEMFCs. We have to critically evaluate the information when a 

literature report claims “great ORR catalysts”. This section will introduce several 

representative examples to highlight the design criteria of ORR electrocatalysts.  

   Following the guide of volcano plots, Pt-3d metal alloys have been extensively 

investigated since the incorporation of 3d metals can cause lattice contraction and 

weaken the adsorption energy of oxygen. Pt3Co and Pt3Ni have emerged as the two most 

promising catalyst candidates (Fig. 1.17A), with significantly higher ORR activities 

than Pt and promising long-term durability. Pt-based alloys, with higher fractions of Co 

or other 3d metals, such as Pt50Co50, suffer from severe Co leaching and membrane 

contamination in acidic media and remain questionable for practical PEMFCs 
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applications.  

   As-synthesized Pt3Co/C nanoparticle catalysts are often disordered alloys after low-

temperature synthesis but can be converted into ordered intermetallic phases upon high-

temperature thermal treatment.43 Our previous work showed that Pt3Co ordered 

intermetallics had a 2-3 atomic-layer-thick Pt shell on the surface and exhibited 

significantly higher ORR activity and durability than the Pt3Co disordered counterparts. 

The enhanced durability was attributed to the Pt-rich shell suppressing Co leaching and 

stable intermetallic Pt3Co core. Recently, after close examination of XRD data of Pt3M 

alloys in the literature, we found that Pt3M disordered alloys are often partially 

converted to ordered intermetallics (Chapter 8).8 We employed in situ heating 

synchrotron-based XRD and in situ heating TEM to quantify the degree of ordering, and 

found that the annealed Pt3Co/C intermetallics, with an optimal degree of ordering, 

exhibited significantly enhanced durability in MEA tests, relative to the disordered 

counterpart. 

   Following Stamenkovic’s report on the extraordinary ORR activity of single-crystal 

Pt3Ni (111)42 (Fig. 1.17B), researchers have worked on the synthesis of monodisperse 

octahedral nanoparticles with shape-controlled {111}-bounded facets.44-47 General 

methods involve the reduction of Pt and Ni acetylacetonate (acac) precursors in organic 

solvents with the addition of CO and/or surfactants of oleic acid (OA) and oleylamine 

(OAm). Pt3Ni NPs with various morphologies have been reported, including 

octahedrons, cubes, truncated octahedrons and nanoframes. Octahedral Pt3Ni NPs 

exhibited much higher ORR activity than cubic Pt3Ni or polycrystalline Pt/C (Figs. 

1.18A-B).44,45 Similarly, Pt3Ni nanoframes were synthesized by chemically dealloying 
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Ni-rich PtNi alloys and were claimed to achieve over a 20 times enhancement, of both 

mass and specific activity, relative to Pt/C.46 Ni-rich PtNi alloys could also form 

concave octahedral particles after electrochemical dealloying (Fig. 1.18C).47 However, 

the stability of facet-controlled octahedral Pt3Ni NPs or other Ni-rich PtNi alloys 

remains questionable even during short-term fuel cell operation at high current 

densities. As shown in Fig. 1.18D, octahedral PtNi NPs lost their distinct shapes after 

only one-day of MEA tests.48 Given that facet-controlled morphology is critical for 

maintaining high activity, it is understandable why sustainable high MEA performance 

has not been achieved with octahedral PtNi catalysts. This structural instability is 

possibly due to the leaching of Ni and the weak interaction between octahedral PtNi 

particles and carbon supports since PtNi nanoparticles are often loaded on carbon after 

solvothermal synthesis.  

   Despite numerous reports on octahedral Pt3Ni and Ni-rich PtNi nanoparticles, their 

structural instability, synthetic complexity and limited batch size have precluded their 

commercial viability for PEMFCs. major automotive companies, such as GM and 

Toyota, have adapted Pt3Co ordered intermetallics (Chapter 8) or Pt-Co alloys with a 

small fraction of Co as the practical ORR electrocatalyst for their PEMFC stacks since 

the impregnation-reduction method is facile to scale up and yield Pt3Co NPs in close 

contact with the carbon support.8,43  
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Figure 1.18 Activity and stability of octahedral PtNi alloys. (A) TEM images of Pt3Ni 

octahedrons and cubes. (B) Surface-specific activity and Mass-specific activity at 0.9 

V. (C) Structural evolution of Pt-Ni octahedral alloys through electrochemical 

dealloying (D) (a) Ni retention of disordered and octahedral PtNi at different stages of 

life. (b) as-prepared octahedral PtNi catalysts, (c) as-made MEA and (d) after 1 day of 

MEA tests. (A, B, D) are reproduced from ref. 44, 45, 48, respectively, Copyright 2010-

2016 ACS. (C) is reproduced from ref. 47 Springer Nature.   

 

1.6 ORR Electrocatalysis in Alkaline Media 

1.6.2 ORR Mechanism of Single-Crystal Electrocatalysts in Alkaline Media  

   Although the ORR mechanism is less well understood in alkaline media, relative to 

acidic media, early studies on single-crystal metals have provided us with valuable 

insights about the ORR mechanism in base. Markvoic et al. investigated the ORR 

activities of Pt, Au and Ag single crystals in alkaline media.49-51 ORR activities of Pt 
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single crystals increased in the order of Pt(100) < Pt(110) < Pt(111), which is similar to 

the order in 0.1M HClO4 but with a larger difference between Pt(110) and Pt(111) (Fig. 

1.19A). ORR activity of Au and Ag followed the trends of Au(111) < Au(110) ≪ 

Au(100) and Ag(100) < Ag(111) < Ag(110), respectively (Figs. 1.19B-C).50,51 Studies 

by Feliu et al. showed that Au(111) predominantly generates peroxide via the 2e- 

process.53 In comparison, Au(100) shows a high selectivity for the 4e- ORR at potentials 

above -0.2 V vs. SHE and a transition to 2e- at potentials below -0.2 V vs. SHE in 

alkaline media, which was ascribed to the existence of a negative charge density on the 

metal surface that inhibits further reduction of HO2
-. 
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Figure 1.19 ORR Activities of single-crystal precious metals in alkaline media. (A-C), 

ORR polarization profiles of Pt, Ag, Au with (111), (100) and (110) facets at 50mV/s 

and 1600rpm in 0.1M KOH. (A) is reproduced from ref. 49 Copyright 2003 RSC. (B) 

is reproduced from ref. 50 Copyright 2002 Elsevier. (C) is reproduced from ref. 51 

Copyright 2006 ACS.  

 

 

Figure 1.20 ORR activities of Pt monolayer on single-crystal substrates in base. (A-B) 

ORR polarization profiles of different metal single crystals in 0.1M KOH at 1600rpm 

and 5mV/s and correlation of kinetic current at 0.8V to calculated metal d-band center. 

(C) ORR activity of Pt monolayers on different metal single crystal substrates in 0.1M 

KOH as a function of calculated metal d-band center. 54 (D) ORR activity of Pt 

monolayer on different metal substrates in 0.1M HClO4 and the activation energies for 

O2 dissociation (filled circles) and for OH formation (open cycles), as a function of the 

calculated binding energy of atomic oxygen (BEO). Labels: 1. Pt/Ru(0001) 2. Pt/Ir(111) 

3. Pt/Rh(111) 4. Pt/Au(111) 5. Pt(111) 6. Pt/Pd(111).55 (A-C) are reproduced from ref. 

54 Copyright 2007 ACS. (D) is reproduced from ref. 55 Copyright 2005 Wiley. 

   Adzic et al. studied a variety of single-crystal metals and reported the following 
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activity order in alkaline media: Pt(111) ≈ Pd(111) > Au(111) > Ag(111) > Rh(111) 

> Ir(111) > Ru(111) (Figs. 1.20A-B).54 ORR activities exhibited a volcano-type 

dependence on the d-band center of the metals with Pt as the most active element. Pd 

exhibited ORR activity as high as Pt in alkaline media, in contrast to its low ORR 

activity in acidic media. For Pt monolayers deposited on different metals using galvanic 

displacement of Cu, the ORR activity in base followed the order: Pt_Pd(111) > Pt(111) 

> Pt_Au(111) > Pt_Rh(111) > Pt_Ir(111) > Pt_Ru(0001), which exhibited a volcano 

correlation of ORR activity vs. d-band center (Fig. 1.20C), a trend similar to their ORR 

activities in acidic media. Mavrikakis and Adzic showed that, for those PtML on single-

crystal substrates, the activation energy of O2 dissociation (filled circles) decreased 

while that of O-H formation (open circles) increased at a more negative (stronger) 

oxygen binding energy (Fig. 1.20D).55 The highest ORR activity of PtML on a Pd (111) 

substrate in acidic media was ascribed to the combination of optimal properties that 

facilitate O2 adsorption to dissociate the O-O bond, while also promoting the rapid 

hydrogenation of Pt-O, as indicated by the crossing of two Ea trend lines (Figure 1.20D). 

Given the similar values of the d-band center between Pt and PtML/Pd, other factors, 

such as interfacial water structures, could also contribute to the considerable activity 

enhancement of PtML/Pd. Additional in situ XANES suggested that PtML/Pd had a lower 

OH coverage and a more positive OH adsorption peak, relative to Pt, which is consistent 

with a weaker OH adsorption energy as predicted by simulations.56  

 

1.6.2 Nanoscale ORR Electrocatalysts in Alkaline Media 

Most of Pt-based catalysts developed for PEMFCs are also active for the ORR in 

alkaline media. 3d-metal-rich Pt-M alloys are more stable in alkaline media since the 

inevitable leaching problems in acidic media are largely suppressed at high pH 

environments. However, the main motivation of alkaline fuel cells is to find non-
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precious alternatives to Pt. Over the past decade, a variety of non-precious 

electrocatalysts have been explored, such as metal-containing nitrogen-doped carbons 

(M-N-C, M is often Fe or Co), perovskites, and transition metal oxides and nitrides. 

Early studies of M-N-C were inspired by the structure of Fe porphyrin in hemoglobin 

for carrying oxygen in blood. In the 1960s, Jasinski et al. reported the first Co 

Phthalocyanine (CoPc) molecular electrocatalysts for the ORR (Fig. 1.21A).57 Later, 

Yeager et al. reported the first heterogeneous Fe-N-C ORR catalysts synthesized from 

polyacrylonitrile (PAN) through heat treatment (Fig. 1.21B).58  

Figure 1.21 ORR activities of metal-containing N-doped carbon (M-N-C) catalysts. (A) 

Organic ligands for early ORR molecular electrocatalysts. (B) Common N-containing 

organic precursors for synthesizing M-N-C. (C) ORR activity (onset potential) as a 

function of pyridinc N contents in N-doped highly oriented pryrolitic graphite (HOPG) 

(D) RDE and MEA measurements of Fe/N/C synthesized from adenosine and 

comparision to Pt. ADF-STEM images of Fe/N/C show atomically dispersed Fe atoms 

and EELS spectra confirming the existence of Fe atoms. (C) is reproduced from ref. 62 

Copyright 2017 AAAS. (D) is reproduced from ref. 63 Copyright by the authors 

  Several important factors govern the ORR performance of Fe-N-C catalysts, such as 

Fe and N contents, porosity of carbon supports and coordination environments of N 
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around Fe (e.g., pyridinic, pyrrolic, quaternary or graphitic N). Fig 1.21C presents ORR 

activity trends, in terms of onset potential, with a higher content of pyridinic N in N-

doped highly oriented pyrolytic graphite (HOPG) yielding higher activity, suggesting 

that the pyridinic N atoms could be the possible active sites for the ORR.62 It has not 

been possible to resolve the active sites directly until the recent advance of STEM and 

EELS techniques. We recently showed that Fe-N-C, derived from adenosine, achieved 

an ORR activity comparable to Pt/C in RDE measurements and a peak power density 

(PPD) of 450 mW/cm2 in MEA measurements, which is the highest reported 

performance for M-N-C in AEMFCs up to date (Fig. 1.21D).63 STEM images and EELS 

elemental maps clearly showed the existence of single Fe atoms (indicated by the bright 

spots on the carbon support) and spectroscopic evidence of the presence of Fe. Despite 

numerous reports of Fe-N-C as active ORR catalysts in RDE measurements from 

various precursors,64,65 preliminary MEA measurements while encouraging, leg behind 

the state-of-the-art Pt/C cathodes with PPDs of around 1-1.5 W/cm2. This is primarily 

due to the intrinsically low density of active sites (N contents is generally 1-5 at.%) and 

slow mass transport, as a result of the very high loading of carbon (1-2 mg/cm2) and 

thus thick catalyst layers. AEMFCs with Fe-N-C cathodes may not satisfy the 

requirement of high volumetric energy density of electric vehicles but could be valuable 

for other medium-to-low power applications such an backup or stationary power.  

   Perovskites (e.g., LaMO3, M can be Co, Ni, Mn, etc.) have been reported to be active 

catalysts for the ORR but with inferior acitivity (half-wave potential below 0.75 V vs. 

reversible hydorgen electrode), likely due to their poor electronic conductivity and/or 

the µm-sized large grains after thermal treatment at 1000 oC or above for achieving 

single phases.66-67 Thus, the key for improving ORR activities of pervoksites is to 

achieve small particle sizes through low-temperature hydrothermal synthesis of certain 

compositions with intrinsically high conductivity (e.g. LaNiO3, which is briefly 
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discussed in Section 11.2.1). As a comprasion, 3d metal oxides, especially with spinel 

phases, have attracted increasing attention as ORR electrocatalysts due to to their high 

activity, high density of active sites, stable structure and low cost.68-69 Detailed studies 

of 3d metal oxides and nitrides will be covered as part of the main stories of this thesis 

from Chapter 2 to 7.         

 

1.7 Analytical and Operando/In Situ Scanning Transmission Electron Microscopy  

 The development and application of aberration-corrected scanning/transmission 

electron microscopes (S/TEM), equipped with electron energy loss spectroscopy 

(EELS) and energy dispersive X-ray spectroscopy (EDX), has offered invaluable 

complementary insights for establishing structure/composition-reactivity/durability 

correlations of electrocatalysts at a microscopic level. STEM with EELS and EDX can 

provide sub-Ångström spatial resolution with a tremendous amount of 

morphological/compositional information and electronic structure of the 

electrocatalysts. STEM-based characterizations have emerged as an indispensable tool 

for advancing our understanding of fuel cell electrocatalysts and their dynamic 

evolution during electrochemical reactions at the nm and atomic scales.70 As shown in 

Fig. 1.22, STEM images exhibited the structures of Pt-Fe ordered intermetallics at the 

atomic-scale and EELS elemental mapping showed a PdFe core with a 2-3 atomic-layer 

Pd-rich shell to mitigate the leaching of Fe for enhanced catalyst durability. S/TEM has 

been widely used to capture the morphological, chemical and crystal structures of 

individual nanoparticle catalysts, which is often missed in bulk X-ray analysis, leading 

to the discovery of novel nanomaterials and to a more rational design of catalysts. In 

particular, identical-location TEM (IL-TEM), can probe the facet and shape evolution 
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and catalyst degradation mechanisms at the same regions before and after 

electrochemical tests.71 

  

Figure 1.22 Schematic and examples of STEM-EELS elemental analysis.  

   While TEM has been instrumental in the development of solid-state electrocatalysts, 

conventional TEM operates under high vacuum conditions (~10-10 bar) and is 

incompatible for the study of materials in liquids and/or gases. Recent advances in TEM 

instrumentation and microchips, with thin, but robust, electron-transparent windows,72 

have enabled operando/in situ electrochemical liquid-cell STEM (EC-STEM) with nm 

and even atomic-scale spatial resolution in realistic electrolytes under operating 

conditions (Fig. 1.23). The environmental TEM enables the in situ study of the 

dynamical behavior of nanomaterials at high temperatures and pressures up to 

atmospheric pressure. In situ heating TEM can yield new information and insights on 
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the thermal stability of Pt-based catalysts, surface reconstructions and elemental 

distribution of Pt-based catalysts, We recently employed in situ heating STEM, together 

with in situ heating XRD, to quantify the degree of ordering in Pt3Co nanoparticles, and 

study the (order/disorder) phase transition and morphological changes during high-T 

annealing (Chapter 8).  

  Figure 1.23 Schematic of in situ S/TEM with EELS/EDX in liquid/gas phase 

   The majority of chemical reactions, particularly electrochemical process, occur at 

the electrode-electrolyte interface in solution phase. In situ liquid cell TEM is well 

positioned to provide unique insights on the interfacial electrocatalytic process with nm-

scale or higher resolution, composition and chemical bonding information. The 

electrochemical liquid-cell TEM work was pioneered by Ross et al. who employed a 

home-made liquid cell with a two-electrode system to perform TEM studies of Cu 

electrodeposition.73,74 Recently, in situ liquid-cell S/TEM have been used to investigate 

the durability of nanoparticle fuel cell catalysts during potential cycles,75,76 dis/charge 

mechanisms of electrode materials in lithium ion batteries,77-80 and structural evolution 

of electrocatalysts during CO2 reduction.81-83 Liquid cell TEM has been widely used to 

study beam-induced growth and corrosion of Pt, Pd or Au-based NPs,84-85 However, it 
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should be noted that, the electron beam has served as an active reactant to grow or 

corrode nanoparticles and has made the reaction mechanisms significantly different 

from regular (electro)chemical processes. Although liquid-cell TEM has been 

extensively employed to study chemical phenomena, very few studies have 

demonstrated reliable electrochemical results in liquid-cell TEM, which can be 

faithfully compared to standard electrochemical measurements. In Chapters 9-10, we 

place particular emphasis on in situ liquid-cell TEM studies to reliably quantify 

electrochemical processes and discuss the major challenges facing rigorous 

electrochemical measurements in liquid-cell TEM. Preliminary progress and testing 

protocols of in situ EC-STEM will be discussed in APPENDIX B.  
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CHAPTER 2 

Spinel Oxides as Non-Precious Oxygen Reduction Electrocatalysts 

for Alkaline Fuel Cells* 

2.1 Introduction 

As high-efficiency energy conversion devices, proton exchange membrane fuel cells 

(PEMFCs) have been recognized as a crucial technology for powering electric 

vehicles.1-4 However, PEMFCs rely on increasing the amount of expensive Pt-based 

electrocatalysts to facilitate the sluggish ORR at the cathode. The catalyst cost is 

projected to be the largest single component (up to 40%) of the total cost of a PEMFC.5 

Numerous past studies have been devoted to designing Pt-based alloy catalysts to 

partially replace the Pt with less expensive metals.6-9 However, the DOE target for total 

Pt loading of ~ 0.1 gPt/kW has yet to be achieved.10 As an alternative, anion exchange 

membrane fuel cells (AEMFCs) have drawn increasing attention, because they enable 

the use of non-precious metal electrocatalysts, which are stable in alkaline media.11,12 

To facilitate the ORR kinetics in alkaline media, research efforts have been devoted to 

searching for electrocatalysts, including precious metal-based alloys,13,14 nitrogen-

doped carbons,15,17 perovskites18 and transition metal oxides.19 3d transition metal 

oxides with the spinel structure are a novel family of ORR electrocatalysts in alkaline 

fuel cells, due to their high activity, long-term durability and low cost. 3d Metal oxides 

have been intensively studied as electrocatalysts for the ORR/OER in alkaline media. 

Cobalt oxides and manganese oxides have been reported to be effective electrocatalysts  

*Reproduced with permission from the following publication: 

Yao Yang, Yin Xiong, Megan E. Holtz, Xinran Feng, Rui Zeng, Francis J. DiSalvo, David 

Muller, Héctor Abruña. Octahedral Spinel Electrocatalysts for Alkaline Fuel Cells. Proc. Natl. 

Acad. Sci. 2019, 116, 244425-24432. Copyright © NAS.  
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for the ORR.20-21 Furthermore, Co-based bimetallic oxides have been reported to exhibit 

enhanced activities for the ORR in alkaline media.22-30 In spite of numerous studies of 

3d metal oxide electrocatalysts, the electrocatalytic mechanism remains poorly 

understood.13,19 One of the larger challenges is that their ORR activities depend on the 

synthetic methods employed by different research groups, and therefore different 

particle sizes, morphology as well as surface and crystal structures of the nanoscale 

electrocatalysts. These factors are formidable to control simultaneously and complicate 

the understanding of the intrinsic activities of these electrocatalysts. In this chapter, we 

reported on a family of 15 different AB2O4 spinels as ORR electrocatalysts with well-

controlled particle size and morphology. We systematically investigated their ORR 

activity and selectivity and established correlations with the structure and local chemical 

environment, using macroscopic-level XAS and microscopic-level STEM-EELS.  

2.2 Experimental Methods 

Synthesis:  A class of 15 types of AB2O4/C, A=Mn,Fe,Co,Ni,Cu and B=Mn,Fe,Co, 

was synthesized using a facile hydrothermal method (Fig. 2.1).  
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Figure 2.1. Hydrothermal synthesis method of 15 types of AB2O4/C where A can be 

Mn, Co, Ni, Fe and Cu and B can be Mn, Co and Fe. Ketjen black (KB) EC300J is a 

high-surface-area carbon (HSC-KB) with a Brunauer-Emmett-Teller (BET) surface 

area of 800 m2/g.   

Metal precursors, including Mn(Ac)2·4H2O, Ni(Ac)2·4H2O, Co(Ac)2·4H2O, 

Fe(NO3)2·9H2O and CuCl2·2H2O, were dissolved in 15 mL deionized (DI) water based 

on the target stoichiometry of A and B elements and sonicated for 15 min. 500 L 

concentrated NH3·H2O were diluted in 5 mL DI water and added into the metal 

precursor solution dropwise under vigorous stirring at 1200 rpm. The pH of the formed 

metal-NH3 complex solution was tested to be around 11 (Figure 2.2). Ethanol (20 mL) 

was added to the metal-NH3 complex solution to adjust the solvent polarity and for 

better dispersion of the high-surface-area carbon Ketjen Black (HSC KB) which was 

added later. The volume ratio of ethanol to H2O was controlled to be 1:1. 

 

Figure 2.2. Color changes when a diluted NH3 solution was added to the aqueous metal 

precursor solutions. This simple Metal-NH3 coordination chemistry is a useful visual 

guide for monitoring the reaction progress.    
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The resulting suspension/solution with HSC KB was kept under stirring at 1200 rpm 

and 60 oC for 12 h. The solution was then transferred to a 50 mL autoclave for 

hydrothermal reaction at 150 oC for 3h and the inner pressure in the autoclave was 

estimated to be about 30 atm. In general, the  pH and ethanol/H2O volume ratio in the 

solvent controlled the precipitation rate of metal hydroxides, and therefore influenced 

the final metal oxide particle size, morphology and distribution on the carbon substrate. 

AB2O4 supported on carbon was separated from the residual solution using a centrifuge 

at 6000 rpm and washed with EtOH/H2O (vol. 1:1) three times and dried in an oven at 

80 oC for 6h. AB2O4/C (40 wt.%) could be synthesized in 100 mg batches  and such a 

facile method has the potential to be scaled up. Fe(NO3)3∙9H2O was used because 

Fe(Ac)2 often led to the formation of Fe2O3 impurities. CuCl2 was used because Cu(Ac)2 

often led to the formation of CuO impurities. Mn(Ac)2 and CuCl2 were added later to 

the [Co(NH3)6]
2+ or [Fe(NH3)6]

3+  to maintain the cubic structures of ACo2O4 and 

AFe2O4 (A=Mn or Cu) to mitigate the Jahn-Teller distortion of Mn and Cu. Metal 

precursors for all other bimetallic oxides were added at the same time.     

X-ray Characterizations: The crystal structure of all the synthesized NPs was 

examined by powder X-ray diffraction (XRD) using a Rigaku Ultima IV 

Diffractometer. Diffraction patterns were collected at a scan rate of 2 o/min in 0.02o 

steps from 20o to 80o. Mn, Co and Fe K-edge X-ray absorption near edge structure 

(XANES) spectra were acquired at the F-3 and C-1 beamlines of the Cornell High 

Energy Synchrotron Source (CHESS) from 150 eV below the metal edge out to k=12 

using nitrogen filled ion chambers. XANES spectra were calibrated using metal foils 

and analyzed using the ATHENA software package. Raman spectra were acquired using 
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a RENISHAW inVia spectrometer with a 532 nm green laser. 

Electron Microscopy and Spectroscopy: Scanning transmission electron microscopy 

(STEM) images and elemental electron energy loss spectroscopy (EELS) maps were 

acquired on a fifth-order aberration-corrected STEM (Cornell Nion UltraSTEM) 

operated at 100 keV with a beam convergence semi-angle of 30 mrad. Sub-Ångström 

spatial resolution is achievable under such operating conditions. STEM images were 

processed using Richard-Lucy deconvolution (3 iterations). EELS spectral images were 

acquired with a 0.25 eV/channel energy dispersion (energy resolution, 1.0 eV) in a 

Gatan spectrometer with a size of 100~200 pixels and an acquisition time of 10-20 

ms/pixel. The Mn, Co and Fe elemental maps were extracted using their sharp L3 edges 

from EELS spectrum images and processed using principal component analysis (PCA, 

3 components) and the linear combination of power law (LCPL) to subtract the 

background, in ImageJ software. Fine EELS spectra with an energy resolution down to 

0.5 eV were used to investigate the electron-loss near-edge structure (ELNES). Metal 

oxide references, including CoO, MnO, Co3O4, Mn3O4, CoOOH and Mn2O3, were pure 

chemical reagents (A.R.) with average particle sizes of about 50 nm. CoOOH instead of 

Co2O3 was used as reference for Co3+ since Co2O3 is a chemically unstable compound. 

Beam damage was routinely examined before and after the acquisition of EELS 

spectrum images (200×200 pixels, 10 ms/pixel). ELNES spectra were aligned by 

calibrating the high-loss (core-loss) spectrum against the low-loss (zero loss peak, ZLP) 

spectrum pixel by pixel (acquisition time: 10 ms/pixel) in dual EELS mode. Spectra 

alignment were performed using customized MATLAB code and ZLP was routinely 

examined to be precisely at 0.0 ± 0.1 eV to ensure the accuracy of the peak position 
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for metal L edges and oxygen K edges. Beam damage of reference oxides was routinely 

examined before and after EELS mapping. TEM-EDX spectra were collected in a FEI 

Tecnai F-20 electron microscope equipped with an Oxford X-Max detector. The 

projected crystal models were generated using Crystal Maker software based on 

standard XRD database. 

Electrochemical Characterizations (RDE):  5.0 mg AB2O4/C (40 wt.%) and Pt/C 

(20 wt.%) catalysts were mixed with 1.0 mL 0.05 wt% Nafion /ethanol solution and 

subsequently sonicated for approximately 30 minutes to form homogenous catalyst inks. 

10 µL of the resulting AB2O4/C catalyst ink was loaded onto a glassy carbon (GC) 

electrode (diameter, 5 mm) as the working electrode (WE), achieving a metal oxide 

loading of 0.1 mg/cm2, followed by thermal evaporation of the solvent under infrared 

light. Similarly, 5 µL of a Pt/C catalyst ink were loaded on a GC electrode to achieve a 

loading of 25 g/cm2, a common value for comparison in fuel cell tests. Ag/AgCl in 

saturated KCl solution served as the reference electrode (RE) and a large-surface-area 

graphite rod was used as the counter electrode (CE). The potential difference between 

Ag/AgCl in saturated KCl and a reversible hydrogen electrode (RHE) in 1M KOH was 

calculated to be 1.0258 V based on the Nernst equation. To avoid any potential 

contamination of precious metal for the measurements on non-precious AB2O4/C, the 

three-neck electrochemical cell was washed using aqua regia (HCl+HNO3) and 

followed by rinsing thoroughly (3X) using ultrapure water. Electrochemical 

measurements were performed on a Solartron potentiostat. ORR measurements were 

carried on with a rotating disk electrode (RDE, Pine Instruments) in oxygen-saturated 

1M KOH solution at room temperature (23 oC). Reproducible experiments suggested 
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that the relative error in E1/2 was within ±  3 mV. The MA was calculated by 

normalizing the kinetic current, extracted from the Koutecky-Levich equation, to the 

mass loading of the metal oxide.   

Cyclic voltammetry: CV profiles were obtained at 10 mV/s in Ar-saturated 1M KOH. 

ORR polarization profiles were obtained at 5 mV/s and 1600 rpm after 10 CV cycles 

from 0.1 to 1.2 V vs. the reversible hydrogen electrode (RHE) at 10 mV/s to clean the 

surface and activate the catalyst. The capacitive background currents in CV profiles, 

measured in Ar-saturated 1M KOH solution (5mV/s, 0.3-1.1 V) were subtracted from 

the raw ORR data. ORR profiles were then obtained and plotted with metal oxide 

loadings of 0.1, 0.25, 0.5 and 1.0 mg/cm2. Durability tests were carried out by potential 

cycling from 0.6 V to 1.0 V at 100 mV/s for 10,000 cycles. The ORR profiles after 

10,000 cycles were measured in a fresh 1M KOH solution to avoid potential 

contamination from metal species in the solution.  

RRDE Measurements: The ORR reaction in alkaline media involves a main reaction 

of a 4e- process to H2O and a side reaction of 2a e- process to H2O2. Rotating ring-disk 

electrode RRDE voltammetry (Pine Instruments) was employed to detect the H2O2 

generated at the disk during the oxygen reduction process. The RRDE with a GC disk 

(0.2475 cm2) and a Pt ring (0.1866 cm2) was calibrated to have a collection efficiency 

of 37% using 10 mM K3Fe(CN)6 with 0.1 M K2SO4 supporting electrolyte. RRDE 

measurements were performed in 1 M KOH at 1600 rpm and 5 mV/s and the ring 

potential was held at 1.3 V vs. RHE to be sufficiently high to oxidize any H2O2 

generated at the disk. The H2O2 yield and electron number were calculated through the 

following equations at which No=37%:  
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H2O2 Yield =
2IR/N0

(IR/N0)+ID
× 100%; electron number =  

4ID

(IR/N0)+ID
 

2.3 Hydrothermal Synthesis of 15 Types of Spinel Oxides 

A family of 15 different spinel metal oxides, AB2O4, (A: Mn, Fe, Co, Ni, and Cu, and 

B: Mn, Fe, and Co), were synthesized using a facile hydrothermal method (Fig. 2.1). 

Briefly, one or two metal precursors were dissolved in water and reacted with 

ammonium hydroxide to form coordination compounds with NH3 ligands. 

Monometallic or bimetallic hydroxides gradually precipitated from the solution through 

aging processes, at controlled temperatures, with selected solvents. The metal 

hydroxides subsequently formed metal oxide nanoparticles, supported on high-surface-

area carbon Ketjen black (HSC KB) with a mass loading of 40%, upon reaction in an 

autoclave at a mild temperature (150 oC) under a modest pressure of about 30 bar. Using 

powder X-ray diffraction (XRD), the resulting products were found to be single-phase 

spinels (Fig. 2.3).  

 

Figure 2.3. Powder XRD patterns of AB2O4/C (A: Mn, Fe, Co, Ni, Cu, B: Mn, Fe, Co). 

Co3O4, Mn3O4 and Fe3O4 reference patterns are based on PDFs # 01-076-1802, 01-080-

0382 and 01-077-1545, respectively. ACo2O4/C, AMn2O4/C and AFe2O4/C were found 

to be cubic spinel, tetragonal spinel and reverse cubic spinel structures, respectively. 

The Co-based spinel family (ACo2O4) has a regular cubic spinel structure in which the 

A atoms occupy the tetrahedral sites while Co atoms occupy the octahedral sites (Fig. 
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2.4). ACo2O4/C (A = Mn, Fe, Ni and Cu) exhibited similar XRD patterns as Co3O4/C, 

with (311) as the strongest peak (Fig. 2.3a). The XRD patterns indicated that they all 

adopt the cubic spinel structure. XRD patterns of MnCo2O4/C and FeCo2O4/C exhibited 

a slight shift of the (311) reflections to lower angles, relative to Co3O4/C, which is likely 

due to the lattice expansion upon replacing Co with Fe/Mn, as expected from the larger  

 

Figure 2.4. Crystal model of Co3O4 (CoIICo2
IIIO4) with a cubic spinel structure where 

a=b=c=8.072 Å and α=β=γ=90o. In the regular cubic spinel structure of CoCo2O4 

(AB2O4), CoII atoms (orange) occupy the tetrahedral sites while CoIII atoms (green) 

occupy the octahedral sites (oxygen atoms are in grey). 3D crystal model was built based 

on Co3O4 (PDF # 01-076-1802) through the VESTA software. 

cationic radii of Mn and Fe relative to Co.31 In contrast to Co3O4, the Mn-based spinel 

family (AMn2O4) had a tetragonal spinel structure (Fig. 2.3b), due to the Jahn-Teller 

distortion.32 The XRD patterns of AMn2O4/C exhibited more diffraction peaks at around 

30o and 60o, when compared to ACo2O4/C, indicating a decrease in crystal symmetry 

(Fig. 2.3b). The XRD patterns of the Fe-based spinel family, (AFe2O4/C), on the other 

hand, adopt a cubic inverse spinel structure, where all of the A atoms and half of the Fe 

atoms occupy octahedral sites, while the other half of the Fe atoms occupy the 

tetrahedral sites. The XRD patterns of AFe2O4/C (A=Mn, Co, Ni and Cu) suggest a 

cubic spinel structure, similar to that of Fe3O4/C (Fig. 2.3c). When compared to 

Fe3O4/C, AFe2O4/C exhibited intriguing peak shifts of the (311) reflections: a shift to 
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 values in the case of MnFe2O4/C and a shift higher   values for CoFe2O4/C, 

NiFe2O4/C and CuFe2O4/C. These observations likely originate from the fact that 

relative to Fe, Mn has a larger atomic radius while Co, Ni and Cu have smaller radii, 

causing lattice expansions and contractions, respectively. ACo2O4/C exhibited an 

average domain size of around 15 nm except for NiCo2O4/C, which had a size of 30 nm. 

AFe2O4 exhibited an average domain size of around 12 nm except for Fe3O4/C which 

had a size of 30 nm. AMn2O4 had an average domain size of around 12 nm when A 

were Co and Fe, and a size of around 25 nm when A are Mn, Ni and Cu. 

2.4 RDE Measurement of ORR Activity and CV Analysis  

With the crystal structures of AB2O4/C confirmed by XRD, the ORR activities of 

AB2O4/C were preliminarily evaluated using the rotating-disk electrode (RDE) 

technique. The ORR polarization profile for Pt/C exhibited a half-wave potential (E1/2) 

of 0.890 V vs. the reversible hydrogen electrode (RHE), a benchmark activity value for 

Pt in 1M KOH (dashed lines in Figs. 2.5a-c). The ORR polarization profiles of 

ACo2O4/C in Fig. 2.5a suggest that ACo2O4/C reach a transport limited current, Id, close 

to that of Pt/C, indicating that the main reaction product is water, as is the case on Pt.  
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Figure 2.5. ORR activity of AB2O4/C spinel electrocatalysts. (a-c) ORR polarization 

profiles of 15 different AB2O4/C in O2-saturated 1M KOH at 1600 rpm and a scan rate 

of 5 mV/s. Mass loading of metal oxides and Pt: 0.1 mg/cm2 and 25 µg/cm2, 

respectively. (d-f) Mass-specific activity (MA) of AB2O4/C at 0.85 V vs. RHE, which 

was calculated by normalizing the kinetic current to the mass loading of the metal oxide. 

MnCo2O4/C, CoMn2O4/C and CoFe2O4/C were found to be the three most active ORR 

electrocatalysts.   

 

  It should be noted that, based on the Levich equation, the Id for the 4e- reduction of 

oxygen in 0.1 M oxygen saturated KOH or HClO4 should be -5.5 mA/cm2 at 1600 rpm. 

Since the O2 solubility in 1M KOH (as used in the present work) at 25 oC and 1 atm is 

8.42 × 10-4 mol/L, which is 70% of its value in 0.1 M KOH (1.21 × 10-3 mol/L),33 the 

Id for the 4e- reduction of oxygen in 1M KOH will be correspondingly lower with a 

value of -3.8 mA/cm2 at 1600rpm. Among the five types of ACo2O4/C catalysts, 

MnCo2O4/C clearly stands out as the most active candidate in the Co-based spinel 

family with an E1/2 value of 0.855 V vs. RHE. The mass-specific activity (MA) at 0.85 

V was employed as a metric value to partially evaluate the initial electrocatalytic 

activity. As shown in Fig. 2.5d, the MA at 0.85 V of MnCo2O4 (43 A/g) was about 1.5 

times as high as that of monometallic Co3O4/C (27 A/g), and over two-times, relative to 
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ACo2O4/C (A=Fe, Ni and Cu), respectively. For the Mn-based spinel family, ORR 

polarization profiles of AMn2O4/C demonstrate that CoMn2O4/C has significant ORR 

activity with an E1/2 value of 0.844 V, when compared to that of the monometallic 

Mn3O4/C (black curve). However, the AMn2O4/C materials involving Fe, Ni and Cu 

exhibited a decrease in activity (Fig. 2.5b). The MA at 0.85 V of CoMn2O4/C (31 A/g) 

was 2.5 times as high as that of monometallic Mn3O4/C (13 A/g), and over three times 

higher than other AMn2O4/C involving Fe, Ni and Cu (Fig. 2.5e). Finally, the ORR 

polarization profiles of the Fe-based spinel family, AFe2O4/C, exhibited an overall 

lower activity, relative to the Co-based and Mn-based spinel families. Id values of 

AFe2O4/C were noticeably lower than that of Pt/C, indicating that a significant amount 

of peroxide formed (Fig. 2.5c). Among the Fe-based spinels, the most active, 

CoFe2O4/C, had a MA value (18 A/g) twice as large as those of MnFe2O4/C (8.7 A/g) 

and NiFe2O4/C (8.7 A/g) and over a four-fold increase, relative to Fe3O4/C and 

CuFe2O4/C (Fig. 2.5f). it is worth pointing out that ferrous (Fe2+) ions are actually used 

as the catalyst in Fenton’s reagent to generate radicals that decompose organic 

compounds, which, in the present context, would also damage the polymer membrane 

in fuel cells.     

   In summary, MnCo2O4/C, CoMn2O4/C, and CoFe2O4/C have been demonstrated to 

be the three most active candidates among the 15 types of AB2O4/C spinels. MnCo2O4 

was selected as an example to test the impact of the carbon substrate on the activity.  

Cyclic voltammetric (CV) profiles of mono/bimetallic oxides were compared to 

reveal more information about the active redox couples for catalyzing the ORR (Fig. 

2.6). Co3O4/C exhibits two oxidation peaks at 1.08, 0.93 V and one reduction peak at 
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0.68 V (there is a hint of a second reduction peak at about 0.4 V but the large double 

layer precludes a more detailed analysis) while Mn3O4/C exhibits one active redox 

couple at 1.10/0.64 V. The lack of noticeable redox couples for Fe3O4/C from 0.2 to 1.3 

V explains why Fe3O4/C shows much lower ORR activity than Co3O4/C and Mn3O4/C.  

 

Figure 2.6 CV profiles (initial four cycles) of monometallic oxides (Co3O4/C, Mn2O4/C, 

Fe3O4/C) and selected bimetallic oxides (MnCo2O4/C, CoMn2O4/C, CoFe2O4/C) at a 

scan rate of 10 mV/s at metal oxide loading of 0.1 mg/cm2 in 1M KOH. Dashed arrows 

indicate the gradual evolution of redox peaks in the CV profiles. The tables list the 

oxidation and reduction peak positions. 

  Among those, MnCo2O4/C exhibited a larger redox current than CoMn2O4/C and 

CoFe2O4/C, and a pronounced minor redox couple at 1.05/1.04 V. Detailed analysis of 

the CV profiles suggests that this minor redox couple comes from monolayer species 

on the surface with a highly reversible reaction process (Fig. 2.7), which may partially 

explain the highest initial activity of MnCo2O4 among all AB2O4/C materials.  
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Figure 2.7. CV profiles of MnCo2O4/C after ten continuous cycles at a scan rate of 

10mV/s in 1M KOH. Charge ratio of the minor peak at 1.05 V to the major peak was 

calculated to be around 5.7: 100, indicating monolayer species on the surface with a 

highly reversible reaction process (oxidation/reduction potential of the minor peak is 

1.05/1.04 V, with a ∆Ep  of ~ 10 mV). The coulometric charge of oxidation peaks was 

integrated as marked by the shadowed areas in CV profiles.  

   MnCo2O4/C and CoMn2O4/C exhibited smaller Tafel slopes of 46 and 49 mV/dec, 

respectively, relative to Pt/C (66 mV/dec), suggesting a smaller overpotential to achieve 

the same kinetic current change (Fig. 2.8).  

 

Figure 2.8  Tafel plots and slopes of Pt/C, MnCo2O4 and CoMn2O4 .  
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2.5 RRDE Measurements of ORR Selectivity 

  After studying the ORR activity of AB2O4/C and corresponding redox couples, the 

catalyst selectivity was further investigated using the rotating ring-disk electrode 

(RRDE) technique. The ORR selectivity (H2O vs H2O2) of Pt/C was first examined 

using a GC-disk and Pt-ring RRDE, with the ring potential held at 1.3 V vs. RHE to 

oxidize any peroxide generated at the GC disk.34 As shown in Fig. 2.9 Pt/C exhibits a 

potential-dependent H2O2 yield of 2%~5% and an electron transfer number of 3.98-

3.90. 

 

Figure 2.9 RRDE profiles of Pt/C at a mass loading of 25 µg/cm2 on GC. (a) disk and 

ring currents measured in O2-saturated 1M KOH(aq) at 1600 rpm and a scan rate of 5 

mV/s. The ring potential, ER was held at 1.3 V vs, RHE to be sufficiently high to oxidize 

the generated H2O2 (b) H2O2 yield and electron number were calculated based on the 

ring and disk currents.   

RRDE profiles of CoMn2O4/C exhibited a peak ring current of ~ 35 µA, larger than 

that of Pt/C (~ 8 µA), indicating a larger fraction of peroxide formation. H2O2 yield and 

electron transfer number were calculated to be around 20% and 3.6, respectively. 

Inspired by previous studies on the impact of loading of Fe-N-C catalysts on H2O2 

formation,35-38 RRDE profiles of CoMn2O4/C at various loadings were measured. When 

the metal oxide loading was increased from 0.1 to 0.5 mg/cm2, a significant 
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improvement in ORR activity was observed with the E1/2 shifting positively by 30 mV 

from 0.86 V at 0.1 mg/cm2 to 0.89 V at 0.5 mg/cm2. This last value is essentially the 

same as the measured benchmark value of Pt/C (0.89 V) (Fig. 2.10a). 

   

Figure 2.10. ORR selectivity of CoMn2O4/C at various mass loadings of metal 

oxides. (a-b) RRDE profiles of disk and ring currents measured on a GC-disk and Pt-

ring RRDE in O2-saturated 1M KOH at 1600 rpm and a scan rate of 5 mV/s. Ring 

potential was held at 1.3 V vs. RHE to oxidize the H2O2 generated at the disk. (c-d) 

H2O2 yields and electron numbers calculated based on ring and disk currents. 

CoMn2O4/C at an optimal loading of 0.5 mg/cm2 achieved a E1/2 value of 0.89 V, equal 

to the Pt/C, and a H2O2 yield down to 5% at 0.85 V, comparable to Pt/C.   

       The ring current dropped noticeably at higher loadings and the H2O2 yield at 

0.9 V decreased from 18% at 0.1 mg/cm2 to 12.5% at 0.25 mg/cm2, and finally to as low 

as 5% at 0.5 mg/cm2 (Figs. 2.10b-c). The electron transfer number at 0.9 V increased 

from 3.65 at 0.1 mg/cm2 to as high as 3.9 at 0.5 mg/cm2 (Fig. 2.10d). A similar 
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improvement was also observed for MnCo2O4/C (Fig. S12 in this work, Yang, PNAS, 

2019). The peroxide yield of Co-Mn oxides in alkaline media was comparable to 

previous reports on similar catalysts.39 At an ultrahigh loading level of 1.0 mgmetal 

oxide/cm2, the ORR polarization profile of CoMn2O4 in the mass transport-controlled 

region (E < 0.8 V) no longer followed the typical diffusion-limited characteristic, 

indicating significant mass transport limitations arising from the very thick catalyst 

layer. Therefore, we propose that metal oxides, at higher loading, can provide a higher 

number of active sites and a sufficiently thick catalyst layer to decompose a significant 

portion of the electrogenerated  H2O2 before it escapes from the catalyst layer into 

solution. The high loadings of Co-Mn oxides are critical in practical membrane-

electrode assembly (MEA) measurements for a high peak power density of > 1 W/cm2, 

as we reported, in detail, in our recent work.25,26  

2.6 Powder XAS Structural Analysis     

     In order to establish why MnCo2O4/C, CoMn2O4/C and CoFe2O4 stand out as the 

three most active electrocatalysts toward the ORR, thorough investigations of the 

morphology, crystal structure and local chemical environment were carried out 

employing macroscopic-level XAS and microscopic-level STEM-EELS. The Mn 

XANES spectra in Fig. 2.11a indicate that gradually increasing the Co contents in Mn-

based spinels, from Mn3O4/C to CoMn2O4/C and MnCo2O4/C, leads to a progressive 

positive shift of the Mn edge energy, indicating a higher Mn valence state and charge 

transfer from Mn to Co. Symmetrically, a gradual increase in the Mn contents in Co-

based spinels, from Co3O4/C to MnCo2O4/C and CoMn2O4/C, results in a negative shift 

in the Co edge energy, again suggesting a lower Co valence state and charge transfer 
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from Mn to Co (Fig. 2.11b). This local interaction indicates that Mn and Co have 

mutually altered their electronic structures, which may explain the fact that both 

MnCo2O4/C and CoMn2O4/C exhibit significantly enhanced ORR activity, relative to 

their monometallic oxide counterparts, Mn3O4/C and Co3O4/C, respectively.  

 

Figure 2.11 Powder XANES spectra of spinel MnCo2O4/C and CoMn2O4/C. (a-b) 

XANES spectra of Mn and Co K-edges of Mn3O4/C, CoMn2O4/C, MnCo2O4/C and 

Co3O4/C, respectively. Black arrows indicate the positive and negative shift in the edge 

energy of Mn and Co, respectively.  

2.7 Atomic-scale STEM Imaging  

  The morphology and microstructure of MnCo2O4/C and CoMn2O4 were examined 

using an aberration-corrected STEM. Figs. 2.12a-b exhibit the well-defined octahedral 

morphology of MnCo2O4 nanoparticles. The STEM image intensity varies at different 

regions of the MnCo2O4 nanoparticles (Fig. 2.12a), indicating the possible existence of 

nm-scale pores or channels on the surface or inside the metal oxide nanoparticle, which 

may expose the inner part of the metal oxide to O2 molecules.40,41 The particle size 

distribution (PSD) histogram of ~200 MnCo2O4 nanoparticles indicates an average 

particle size of 35 nm. The majority of the MnCo2O4 nanoparticles appear to have 

multiple subdomains since the domain size, calculated from XRD, was 15 nm. 



 
 

67 
 

CoMn2O4/C nanoparticles were found to have similar octahedral morphology and 

multiple subdomains. 

 

Figure 2.12 HAADF-STEM images of spinel MnCo2O4/C and CoMn2O4/C. (a-b) 

Octahedral MnCo2O4 nanoparticles with an average particle size of 35 nm supported on 

HSC KB carbon. (c-e) Atomic-scale STEM image of MnCo2O4 and the corresponding 

crystal model projected on the [110] zone axis. Atom columns a exhibit brighter 

intensity than b and c due to the higher atom density, as shown in the tilted crystal model 

in (e). (f) Atomic-scale STEM image of CoMn2O4 on the [011̅] zone axis. Inset, atomic-

scale EELS elemental mapping of Mn showing the characteristic layered structure in 

spinel. (g-h) Crystal model of CoMn2O4 corresponding to the image in (f) with two 

perpendicular lattice planes of (011) and (200). Atom columns a exhibit higher intensity 

than b due to the higher atom density, as shown in the tilted crystal model in (h). 

   Furthermore, atomic-scale HAADF-STEM images of MnCo2O4 clearly show the 

spinel structure on the [110] zone axis (Fig. 2.12c). MnCo2O4 exhibits hexagonal 

repeating unit cells, as indicated by the dashed boxes with two d-spacings of 3.6 and 2.1 

Å (Fig. 2.12c), which match well with the theoretical values (3.64 and 2.12 Å), based 
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on the crystal model of MnCo2O4 (PDF # 01-084-0482). The atomic columns, labelled 

b and c, on the side of the MnCo2O4 unit cell in Fig. 2.12c, show a lower intensity than 

that of atomic columns, labelled a, at the center. The intensity variation comes from the 

fact that atomic columns, a, have a higher atom density than those of b and c, based on 

the tilted [110] zone axis (Fig. 2.12e). Atomic-scale STEM images of CoMn2O4 exhibit 

the characteristic layered structure on the [011̅] zone axis of a tetragonal spinel (Fig. 

2.12f). Two d-spacings of 4.9 and 3.0 Å, which were perpendicular to each other, 

matched well with the theoretical values (4.88 and 3.04 Å), respectively, based on the 

crystal model of CoMn2O4 (PDF # 01-077-0471) (Figs. 2.12f-g). Atomic-scale electron 

energy loss spectroscopy (EELS) of the Mn L2 edge provides evidence of the layered 

structure on the [011̅] zone axis (Fig. 2.12f, inset). It is of particular interest to observe, 

in Fig. 2.12f, that atomic columns, b, on the side, show a lower intensity than atomic 

columns, a, at the corner. This image intensity variation also originates from the fact 

that atomic columns, b, exhibit a lower atom density than atomic columns, a, based on 

the tilted [011̅] zone axis in Fig. 2.12h. A similar layered structure was observed for 

MnCo2O4 on a different [112̅] zone axis. 

2.8  EELS Elemental Mapping and Valence Analysis of Single Nanoparticles   

The chemical composition of selected metal oxides was then investigated using electron 

energy loss spectroscopy (EELS). EELS elemental maps were extracted from the sharp 

Mn, Co and Fe L3 edges of the core-loss EELS spectra (Fig. 2.14).  



 
 

69 
 

 

Figure 2.13 Core-loss EELS spectra of MnCo2O4/C, CoMn2O4/C and CoFe2O4/C with 

oxygen K edges and metal L3,2 edges after removing the background using linear 

combination of power laws (LCPL). Spectra intensity was normalized to the Co L3 

edges.  Metal L3 edges were employed to process metal EELS elemental maps after 

using principal component analysis (PCA) to deconvolve the signal from the noise. 

 

Figure 2.14 EELS elemental mapping of MnCo2O4/C, CoMn2O4/C and CoFe2O4/C. 

(a-d) STEM image of MnCo2O4/C and the corresponding EELS elemental maps of Mn 
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and Co. Composite map in (d) exhibits a Co-Mn core-shell structure with a 2-4 nm Mn 

shell. (e-l) STEM images of CoMn2O4/C (e) and CoFe2O4 (i), respectively and the 

corresponding EELS elemental maps of Mn-Co (f-h) and Fe-Co (j-l), respectively. 

Composite maps of Mn vs. Co in (h) and Fe vs. Co in (l) suggest relatively homogenous 

distributions of Mn with Co and Fe with Co, respectively.  

Figs. 2.15a-c present an octahedral MnCo2O4 nanoparticle with the corresponding 

EELS elemental maps of Mn (red) and Co (green). The composite map of Mn vs. Co of 

MnCo2O4 exhibits a core-shell structure with 2-4 nm Mn-shell on the surface (Fig. 

2.15d). We observed that CoMn2O4/C (Figs. 2.15e-h) and CoFe2O4/C (Figs. 2.15i-l) 

have a relatively homogenous elemental distribution of Co vs. Mn and Co vs. Fe, 

respectively. Atomic-scale STEM-EELS of MnCo2O4 suggests smooth elemental 

gradients from a Co-rich core to a Mn-shell without a distinct boundary (Fig. 2.16).  

 

Figure 2.15 STEM-EELS analysis of a single-crystal MnCo2O4 spinel nanoparticle. (a) 

HAADF-STEM image of one MnCo2O4 nanoparticle. (b) EELS elemental composite 

map of Co vs. Mn showing that the nanoparticle has a Co-Mn core-shell structure. (c) 

Fourier transform (FT) of the lattice image in (a) clearly demonstrates that this 

nanoparticle is a single crystal with {200} d-spacings on the [001] zone axis (c-direction 

of the unit cell). (d) Magnified STEM image from the dashed box in (a) showing the 

lattice with a square symmetry on the [001] zone axis. (e) Atomic-scale EELS elemental 

map of Co vs. Mn, corresponding to the image in (d), exhibits a smooth transition in 
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relative elemental concentration of Co and Mn from core to shell, with an ångstrom-

level spatial resolution (5×5 pixels per unit cell (3×3 Å)). (f) EELS line profiles, along 

the direction of the dashed line in (d), again demonstrating the gradual decrease/increase 

in Co/Mn concentration from core to shell. Mn concentration eventually decreases to 

zero due to the smaller sample thickness near the edge of the nanoparticle.  

This helps corroborate the previous CV analysis of the minor redox couple of 

MnCo2O4/C (Fig. 2.7), as the STEM-EELS mapping of MnCo2O4 further suggests that 

the monolayer species on the surface is Mn-rich, which may serve as a key structural 

factor for the pronounced ORR activity of MnCo2O4. 

   To gain a detailed description of the local electronic structure of MnCo2O4/C, we 

performed fine structure EELS investigations with high energy resolution. We 

employed the energy-loss near-edge structure (ELNES) that reflects the density of 

unfilled states (unfilled DOS) above the Fermi level (EF), which is particularly sensitive 

to the local atomic environment, such as valence state, chemical bonding and 

coordination (predominantly nearest-neighbor).42  Measurements of the fine structure 

can help us understand the electronic structure of the catalysts and ultimately establish 

its correlation with electrocatalytic performance. 3d transitional metals normally have 

sharp L edges in core-loss spectra (Fig. 2.15), which can be further divided into an L2 

edge (2p1/2 to 3d3/2 transition) and a stronger L3 edge (2p3/2 to 3d3/23d5/2 transition). In 

this work, ELNES spectra with an energy resolution of 0.5 eV were first calibrated 

against the simultaneously acquired zero loss peak (ZLP) and then employed to 

fingerprint the catalyst structure. 

We further investigated the core-shell structure of MnCo2O4 to see how the 

compositional changes across the nanoparticle affect the local binding of both Mn and 

Co using ELNES. We first obtained reference ELNES spectra for Co and Mn in 2+, 
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2.67+, and 3+ valence states (Fig. 2.16) using CoO (MnO), Co3O4 (Mn3O4), and 

CoOOH (Mn2O3), respectively. The edges progressively shift to higher energy values 

for higher valence states, due to the larger energy loss for ejecting electrons from metal 

p orbitals at higher metal valence states. Larger L3 to L2 intensity ratios at higher metal 

valence states also indicate more covalent metal-oxygen bonds.43 Co3O4 and Mn3O4 

(II,III) appear to have ELNES spectra between +2 and +3 valence states, and the spectra 

can be reproduced from linear combinations of CoO, MnO (II) and CoOOH, Mn2O3 

(III), respectively.39 

 

Figure 2.16 (a) ELNES spectra of Co oxide (A) and Mn oxide (B) oxide references with 

an energy resolution of 0.5 eV.  

 

Once the reference spectra were obtained, we compared them to the ELNES of the 

MnCo2O4 core-shell structure. Shell sections at the four corners were labeled as S-1, S-

2, S-3 and S-4 (Figs. 2.17a-b). ELNES spectra of Co and Mn in the shell exhibited 

similar features among the four different shell locations (S-1, S-2, S-3 and S-4), 

suggesting that all shell sections likely have a uniform chemical bonding environment 

of Co (Figs. 2.17e) as well as Mn.  
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Figure 2.17 Electron energy-loss near-edge structure (ELNES) of the core-shell 

MnCo2O4/C with an energy resolution of 0.5 eV.  (a-b) STEM image and EELS 

elemental map of one MnCo2O4 nanoparticle with a Mn-rich shell. Four different 

regions on the shell for further analysis were labeled as S-1, S-2, S-3 and S-4, 

respectively. (c) Comparison of average ELNES spectra of Co in the core and shell with 

standard Co oxide references. Co at the core clearly has a major contribution from 

Co3O4 (II,III) while Co at the shell  is Co2+ resembling the feature of CoO (II) 

reference. (d) Comparison of average ELNES spectra of Mn in the core and shell with 

standard Mn oxide references. Mn ELNES spectra, with a higher valence in the core 

than in the shell, exhibit broader features than Co, indicating a less-ordered nearest 

neighbor environment. (e) ELNES spectra of Co in the core and shell shows the similar 

features of Co L2,3 edges among S-1~4, which indicates the relatively uniform local 

chemical environment of Co at the shell. (f) ELNES average spectra of oxygen K-edge 

in the core and shell corresponding to the nanoparticle. The higher first-to-second peak 

ratio of ELNES spectrum in the core indicates a higher metal valence and metal-oxygen 

bond covalency. Similar ELNES features of the core and shell suggests they possibly 

share the same spinel structure.   

 

   The ELNES spectrum of the Co L3 edge in the core resembles the features of Co3O4 

(II,III), indicating Co in the core is predominantly cubic spinel, and Co2+ in the core 

occupies the tetrahedral sites while Co3+ in the core occupies half of the octahedral sites 

(Fig. 2.17c). In contrast, Co in the shell appears (convincingly) to be Co2+, resembling 
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the feature of the CoO (II) reference (Fig. 2.17c). Furthermore, ELNES spectra of the 

Mn L3 edge indicate that Mn in the core has a larger contribution from higher Mn 

valence, when compared to Mn in the shell (Fig. 2.17d). Mn L3 edges, at both core and 

shell, are much broader than the Mn oxide references, indicating a less-ordered nearest-

neighbor oxygen coordination environment, and a lower crystal symmetry, likely 

caused by a Jahn-Teller distortion of Mn3+[3d4].44 In summary, both Co and Mn have 

lower metal valences in the shell, suggesting that the shell may have more oxygen 

vacancies. Compared with the core, where Co occupies both tetrahedral and octahedral 

sites, Co in the shell prefers to stay in the tetrahedral sites as it is present mainly as Co2+. 

As a comparison, Mn in the shell occupies both tetrahedral and octahedral sites. 

   Besides the metal L edges, the oxygen K-edge can also provide valuable 

complementary information about the chemical bonding of the metal center.45 The first 

and second peaks in the ELNES spectra of the O K-edge represent the joint density of 

states between the O-2p and the partially filled transition metal 3d bands and empty 4s,p 

bands, respectively (Fig. 2.17f). Oxygen in the core exhibits a higher energy second 

peak, relative to O in the shell, which normally indicates that the metal center in the 

core has a higher valence.45 This positive shift agrees with the ELNES spectra of Mn 

oxide references where the second peak gradually shifts to higher energies as the Mn 

valence increases from MnO (+2) to Mn3O4 (+2.67) and Mn2O3 (+3) (Fig. 2.18a). 

Additionally, a larger first-to-second peak ratio in the core indicates that the metal center 

has a higher metal valence, meaning a higher DOS of unfilled 3d bands available for 

mixing with the O 2p bands and typically a higher metal covalency. This can also be 

clearly observed in the ELNES spectra of Co oxide references where CoOOH (+3) and 
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Co3O4(+2.67) have larger first-to-second peak ratios than CoO (+2) (Fig. 2.18b).  

 

Figure 2.18 (a) ELNES average spectra of O K-edge of CoO, Co3O4 and CoOOH 

references. (b) ELNES average spectra of O K-edge MnO to Mn3O4
  and Mn2O3 

references.    

 

2.9  Catalysis Durability and Degradation Mechanism  

Finally, with the intent of developing a Pt-free cathode for AEMFCs, non-precious ORR 

electrocatalysts need to not only exhibit high initial ORR activity, but also achieve long 

term durability.4-5 As shown in Fig. 2.19, MnCo2O4/C and CoMn2O4/C exhibited an 

activity decay comparable to Pt/C, in terms of the negative shift in the E1/2. The ORR 

activity decrease was partially ascribed to the loss of electrochemical surface area, as 

evidenced by the lower redox peak current after 10,000 CV cycles. Particle aggregation 

of both MnCo2O4/C and CoMn2O4/C was observed from STEM images of catalysts 

after 10,000 cycles, which was consistent with the surface area loss in CV profiles.  
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Figure 2.19 Durability tests of MnCo2O4/C and CoMn2O4/C. CV and ORR profiles 

before and after the accelerated aging protocol: continuous 10,000 cycles at a scan rate 

of 100 mV/s from 0.6 to 1.0 V vs. RHE in O2-saturated 1M KOH. Metal oxide and Pt 

loadings were controlled to be 0.1 mg/cm2 and 25 µg/cm2, respectively. Measurements 

after aging protocol were performed in fresh 1M KOH solution to avoid the influence 

of possible contamination from the aging solution species.  
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Figure 2.20 Quantitative TEM-EDX analysis of the relative elemental contents of 

MnCo2O4/C and CoMn2O4/C before and after 10,000 cycles in durability tests. Relative 

atomic ratios of Co and Mn were calculated by integrating Co and Mn Kα edges in EDX 

spectra and applying the Cliff-Lorimer equation. It should be noted that the quantitative 

results shown here are average values from more than five different regions in TEM 

grids and the relative errors are defined as one standard deviation (Sd).   

     Interestingly, from the TEM-EDX quantitative analysis, the relative contents of 

Mn and Co were virtually the same before and after CV cycles, indicating a relative 

stable elemental distribution through long-term cycling (Fig. 2.20). Furthermore, EELS 

maps of catalysts after durability testing suggest that MnCo2O4/C still preserves the Co-

Mn core-shell structure although with a thinner Mn-shell (Fig. 2.21), while CoMn2O4/C 

after 10,000 cycles exhibits the similar uniform distribution of Co and Mn as the initial 

state (Fig. 2.22). The aforementioned structural investigation provides us with a 

microscopic picture of the catalyst evolution during durability tests. 
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Figure 2.21 STEM-EELS mapping of MnCo2O4/C after 10,000 CV cycles in durability 

tests. STEM images and EELS maps of one MnCo2O4 particle in (a-d) and 4-5 

aggregated MnCo2O4 nanoparticles in (e-h) exhibit a thinner Mn shell, when compared 

to the initial MnCo2O4 nanoparticles in Figs. 2.17.  

 

Figure 2.22 EELS elemental mapping of CoMn2O4/C after 10,000 CV cycles in 

durability tests, showing a relatively homogenous distribution of Mn vs. Co.  
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2.10  Conclusion 

In summary, we report on a systematic study of 15 different AB2O4/C spinel 

nanoparticles with well-controlled octahedral morphology. The three most active ORR 

electrocatalysts were MnCo2O4/C, CoMn2O4/C and CoFe2O4/C. CoMn2O4/C exhibited 

a half-wave potential of 0.89 V in 1M KOH, equal to the benchmark activity of Pt/C, 

which was ascribed to charge transfer between Co and Mn, as evidenced by X-ray 

absorption spectroscopy. Scanning transmission electron microscopy (STEM) provided 

atomic-scale, spatially-resolved images, and high-energy-resolution electron-loss near-

edge structure (ELNES) enabled fingerprinting the local chemical environment around 

the active sites. The most active MnCo2O4/C was shown to have a unique Co-Mn core-

shell structure. ELNES spectra indicate that the Co in the core is predominantly Co2.7+ 

while in the shell, it is mainly Co2+. Broader Mn ELNES spectra indicate less-ordered 

nearest oxygen neighbors. Co in the shell occupies mainly tetrahedral sites, which are 

likely candidates as the active sites for the ORR. The methodology of using analytical 

electron microscopy and spectroscopy in this work can enable researchers in the broad 

catalyst community to understand and design electrocatalysts with atomic-scale 

precision. This in-depth structural investigation will offer insightful strategies for 

material design and developments in the renewable energy community, in general, and 

in fuel cells, in particular.  
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CHAPTER 3 

Activity Enhancement of Co-Mn Spinel Oxides Guided by STEM-EELS*,† 

3.1 Introduction 

 After previous comprehensive investigations of a variety of spinel oxide catalysts, 

AB2O4/C, Co-Mn bimetallic oxides were found to the most promising catalyst for the 

ORR in alkaline media. From a perspective of material design, the rich and complex 

structures and compositions of Co-Mn spinel oxides needs to be further explored and 

controlled more precisely in order to optimize the catalytic activity. Since the surface 

composition of electrocatalysts mainly determines the catalytic activity, this chapter will 

focus on how to fine tune of surface composition and better understanding of the 

structure-activity correlation of metal oxide electrocatalysts for the ORR. STEM 

imaging and EELS elemental mapping serve as powerful tools to guide the 

hydrothermal synthesis and verify the microstructure and local compositions of Co-Mn 

spinel oxides at the atomic scale. Other spectroscopic techniques and theoretical 

calculations have been used to identify the potential active sites and reaction path. 

Experimental details should be referred to the following publication.        

 

 

 

*Reproduced and modified with permission from the following publication 

Ying Wang, Yao Yang, Shuangfeng Jia, Xiaoming Wang, Kangjie Lyu, Yanqiu Peng, He 
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Oxygen Reduction for Alkaline Polymer Electrolyte Fuel Cells. Nat. Commun. 2019, 10, 1506. 
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3.2 Fine Tuning of Spinel Oxide Surface Compositions by Aging Temperatures 

In a typical synthesis of Mn1.5Co1.5O4 spinel (MCS) catalyst supported on carbon black, 

Co(OAc)2·4H2O (63.5 mg) and Vulcan XC-72 (preheated at 110oC in air, 60.0mg) were 

added to ultrapure water (30 mL). After ultrasonic blending for 15 min, 0.5 mL of 

NH3·H2O was added under magnetic stirring, followed by the addition of 

Mn(OAc)2·4H2O aqueous solution (62.5 mg dissolved in 5 mL water). The mixture was 

aged at a controlled temperature under magnetic stirring for 2h. After that, the 

suspension was ultrasonically blended for 10 min, and then transferred to a 40 mL 

Teflon autoclave for hydrothermal reaction at 150oC for 3h. The resulting product was 

collected by centrifugation and washed with water, then freeze dried under vacuum. To 

ensure a homogeneous distribution of Co and Mn in MCS, the aging temperature must 

be set to 60oC. To prepare MCS with Mn segregation on the surface (denoted as Mn-

rich MCS), the aging temperature was set to 40oC; while to prepare Co-segregated 

samples (Co-rich MCS), the aging temperature was set to 80oC before the addition of 

Mn(OAc)2 aqueous solution. (Fig. 3.1) 

Figure 3.1. Hydrothemal synthesis of Mn1.5Co1.5O4/C (MCS) with controlled aging 

temperatures.   
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3.3 STEM-EELS and XRD Investigations of Chemical Compositions and 

Structures   

The chemical compositions of MCS catalysts were examined using HAADF-STEM 

images and EELS elemental mapping. MCS catalysts, at a low aging temperature of 40 

oC, exhibited a Mn-rich shell with a thickness of 2-3 nm on the surface, based on the 

composite EELS elemental map in Fig. 3.2. At an intermediate aging temperature of 60 

oC, Mn and Co distributed homogenously on the surface while at a high aging 

temperature of 80 oC, MCS catalysts clearly showed a Co-rich Shell with a thickness of 

2-3 nm on the surface. Those distinct surface chemical compositions are unambiguously 

verified by STEM-EELS analysis and highlights the importance of precious control of 

aging temperatures.  

 

Figure 3.2 Correlations of ORR activities of Co1.5Mn1.5O4/C, surface compositions 

based on EELS and overall crystal structures based on synchrotron XRD.   
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We rationalizes the surface segregation at different temperatures based on the different 

solubility of Mn(OH)2 and Co(OH)2. At 25 oC, Mn(OH)2 has a solubility of 4 × 10-5  

mol/L while Co(OH)2 has a smaller solubility of 4 × 10-7  mol/L.1-2 At a relatively low 

temperature of 40 oC, Mn(II) in solution possibly precipitates more slowly than Co(II) 

given the higher solubility of Mn(OH)2, which leads to a final Mn-rich surface 

composition. Increasing temperatures to 60 and 80 oC probably gradually slows down 

the precipitate rate of Co(OH)2, relative to that of Mn(OH)2, resulting in a homogeneous 

and Co-rich surface composition, respectively. Further fine tuning of Co/Mn-shell 

thickness and local compositions is potentially achievable by adjusting the 

concentration of metal precursors and NH3, solvent type and volume, and heating 

temperature and time in autoclave.     

   The crystal structure of MCS with different compositions were examined by 

synchrotron-based XRD (Fig. 3.2, top right). MCS, with a homogenous distribution of 

Co and Mn, exhibited a cubic spinel structure (green line), resembling the feature of 

cubic MnCo2O4. MCS catalysts, with Mn-rich surface (i.e., Co-rich core), exhibited a 

cubic structure (red line), like cubic MnCo2O4. The relative positive shift of (400) peak 

in Mn-rich MCS, relative to homogenous MCS, was ascribed to the lattice contraction 

caused by larger amount of smaller Co atoms in the core region. As a comparison, MCS 

catalysts with Co-rich surface (i.e., Mn-rich core) showed a tetragonal structure (blue 

line) like tetragonal CoMn2O4 reference. The distinct differences in structures between 

Mn-rich and Co-rich MCS indicates that the relative composition in the core region 

largely determines the overall crystal structure.         
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After thorough structural examinations, the ORR activity of MCS catalysts with 

different compositions were evaluated in RDE measurements in 1M KOH. 

Homogenous MCS (Co and Mn evenly distributed on the surface) showed an half-wave 

potential of 0.862 V vs. RHE, significantly higher than that of Co-rich MCS (0.851 V) 

and Mn-rich MCS (0.850 V) (Fig. 3.2, top left). The mass-specific activity (MA) at 

0.85V showed about 70% enhancement from Co-rich or Mn-rich MCS to homogenous 

MCS catalysts. In summary, with precise control of surface composition guided by 

STEM-EELS analysis, the ORR activity of Co-Mn spinel oxides was optimized when 

Co and Mn are mixed homogenously at the atomic-scale on the surface.   

3.4 RDE and MEA Measurements of MCS Catalysts  

    To evaluate the catalyst performance for practical applications, one need to carry 

membrane electrode assembly (MEA) tests. The RDE experimental conditions are 

distinctly different from those in a alkaline polymer electrolyte fuel cell (APEFC), 

where the electrode is fed with humidified gas, and the catalyst surface is under a humid 

atmosphere rather than in contact with an ocean of aqueous solution, as is the case under 

RDE conditions. Thus, it is not surprising that good-performing electrocatalysts in RDE 

tests can often exhibit poor performance under fuel-cell operation. Moreover, and much 

to our surprise, the Mn-Co spinel catalyst (denoted hereafter as MCS) reported in this 

work, exhibited moderate activity in RDE tests, but outstanding APEFC performance. 

Fig. 3.3A presents typical RDE profiles for the ORR catalyzed by Pt and MCS in 1.0 M 

KOH solution. A negative shift of 50 mV in the half-wave potential clearly indicates 

that the ORR occurs at a lower rate on MCS than on Pt, and this trend does not change 

with potential as evidenced in the Tafel plots (Fig. 3.3A, inset). Such an observation 
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would usually lead to the conclusion that the MCS would not be a good choice as ORR 

electrocatalyst for APEFCs. However, the fuel cell tests tell a different, and most 

unexpected, story (Fig. 3.3B). An APEFC with a Pt-Ru anode and a Pt cathode, 

exhibiting a peak power density (PPD) of 1 W/cm2, is a benchmark of current APEFC 

research.3,4 Upon replacing the Pt cathode with our MCS cathode, the cell performance 

underwent a slight loss at low current densities, but, as the current density increased, it 

kept increasing in a steady fashion, reaching a higher PPD of 1.1 W/cm2, a performance 

metric never previously achieved in APEFCs with a non-precious metal cathode 

catalyst.   

 

Figure 3.3 Performance of the Mn-Co spinel (MCS) catalyst towards the oxygen 

reduction reaction (ORR), relative to a commercial Pt catalyst. (A) Rotating disk 

electrode (RDE) measurements in O2-saturated KOH solution (1 mol/L) using 40 wt% 

Pt/C (Johnson Matthey, 50 gPt/cm2) and 40 wt% MCS/C (72 gmetal/cm2), respectively, 

at 1600 rpm and 5 mV/s. Inset: Tafel plots. (B-C) Alkaline polymer electrolyte fuel cell 

(APEFC) tests with H2 and O2 at different relative humidities (RH). Anode catalyst: 60 

wt% Pt-Ru/C (Johnson Matthey, 0.4 mgmetal/cm2). Cathode catalyst: 60 wt% Pt/C 

(Johnson Matthey, 0.4 mgPt/cm2) or 40 wt% MCS/C with an optimized loading of 0.58 

mgmetal/cm2. Alkaline polymer electrolyte: aQAPS-S8 membrane (35 m in thickness) 
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and aQAPS-S14 ionomer (20 wt% in electrode)4. Operation temperature = 60oC. 

Backpressure = 0.1 MPa. (D) Performance comparison: Kinetic current densities (jk) at 

0.85 V, calculated from the RDE data recorded in 1 mol/L NaOH/H2O and 1 mol/L 

NaOD/D2O, and the peak power density (PPD) resulting from APEFC tests. 

   Moreover, the MCS cathode dramatically outperforms the Pt cathode at low relative 

humidity (RH) over a wider range of current densities. As illustrated in Fig. 3.3C, when 

the humidity was lowered to 50% RH, a significant drop in cell performance was 

observed for the Pt cathode, with the PPD decreasing by one third to 0.67 W/cm2. 

However, for the MCS cathode, the PPD remained virtually unchanged at 0.92 W/cm2. 

The ability to work at low RH is a unique advantage for APEFC cathodes, where water 

(which is a reactant; vide-infra) is often depleted, particularly when the cell is operated 

at high current densities.5 It should be noted that the Pt cathode has been well optimized 

to reach its maximum performance, the observed superiority of the MCS cathode, at 

high current densities and low humidity, is not due to a structural effect of the electrodes. 

In fact, the Pt cathode is thinner in the catalyst layer, which possesses lower electrical 

resistance than the MCS cathode. Since the operation conditions (gas backpressure, flow 

rate, etc.) are the same for both electrodes, the mass transport should not be particular 

to the thinner Pt cathode. The obvious difference in the water/humidity dependence of 

the cathode performance are ascribed to a certain catalyst-water interaction. 

Fig. 3.3D summarizes the activity comparison between Pt and MCS under different 

experimental conditions in RDE and fuel-cell tests. While Pt is superior, over the MCS, 

under water-rich conditions, it becomes inferior at low water content. This suggests the 

presence of an effect, on the ORR catalytic activity, that is sensitive to the water content 

and works oppositely on Pt and MCS. In APEFCs, H2O is not only necessary for ionic 

conduction, but is also a reactant in the ORR. 
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    Proton transfer processes in this reaction are as crucial as the electron transfer 

events themselves,6,7 as evidenced (via H/D isotope effects) by the significant 

diminution of the kinetics of the ORR in NaOD/D2O solution (Fig. 3.7D). Thus, the 

ORR will be highly sensitive to the amount, and state, of H2O just above the catalyst 

surface,8,9 especially when H2O is a minority species in the gaseous phase. The high 

catalytic activity of MCS toward the ORR at low H2O content suggests the presence of 

a special affinity for H2O, in addition to the appropriate interactions with O2. 

3.5 Structural and Surface Analysis of MCS Catalysts   

In an effort to unveil the origin of these effects, in-depth characterization of the 

structure and surface properties was carried out. Synchrotron X-ray diffraction (XRD, 

Fig. 3.4A) clearly indicates the presence of the cubic spinel structure (AB2O4) with a 

lattice constant a = 8.2938 Å. The formal valence of Mn and Co in the MCS sample 

exhibiting optimal ORR performance (nominally Mn1.5Co1.5O4) were analyzed using X-

ray absorption near edge structure (XANES, Fig. 3.4B), which yielded values of +2.76 

and +2.56, respectively. The stoichiometry of the spinel (AB2O4) was thus determined 

to be [Mn0.3Co0.7][Mn0.6Co0.4]2O4, indicating that while Co is distributed almost 

uniformly at the tetrahedral (A) and octahedral (B) sites of the spinel lattice, Mn is 

enriched at the B site. The elemental ratio of Mn/Co is 3/2 at the catalytically active B 

site.10 The high-angle annular dark-field STEM images (HAADF-STEM, Fig. 3.4C), 

taken on the [110] and [112] zone axes, provide atomic views of the arrangement of 

metal ions inside the MCS lattice. The high-contrast patterns match well the lattice 

model reconstructed based on the above-determined stoichiometry. 
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Figure 3.4 Structural characterization of the MCS catalyst exhibiting optimal ORR 

performance. (A) Synchrotron X-ray diffraction (XRD) pattern, identifying the spinel 

cubic crystal structure with a lattice constant a = 8.2938 Å (inset). The raised baseline 

at around 10o is due to the carbon black support of the MCS. (B) X-ray absorption near 

edge structure (XANES) spectra. The K-edge absorptions of Mn and Co were collected, 

each with three reference samples. The formal valences of Mn and Co were determined 

to be +2.76 and +2.56, respectively, corresponding to a stoichiometry of 

[Mn0.3Co0.7][Mn0.6Co0.4]2O4. (C) High-angle annular dark-field images from scanning 

transmission electron microscopy (HAADF-STEM) images of the MCS lattice, taken 

on zone axes of [110] and [112]. Models of lattice projection are provided, with a unit 

cell embedded in the picture, to interpret the atomic resolution images.   

In an attempt to distinguish the functionality of the Mn sites and Co sites on the 

spinel surface, we deliberately prepared MCS samples with Mn-segregated and Co-

segregated surfaces, denoted as Mn-MCS and Co-MCS, respectively. The success in 

controlling surface segregation was ascertained by elemental mapping using electron 

energy loss spectroscopy (Fig. 3.5A, inset), as discussed before. Samples were then 

characterized with X-ray photoelectron spectroscopy (XPS) to identify the oxygen-

containing surface species (Fig. 3a). In addition to O2– that constitutes the spinel, OHads 
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and H2Oads were identified by their distinct chemical shifts.11,12 While Mn segregation 

resulted in an enhancement in the O2– component and a diminution of H2Oads, Co 

segregation caused a reversal effect with a clear increase in the H2Oads component. 

These results suggest that the actual MCS surface consists mainly of Mn-OH/Mn-O and 

Co-OH/Co-OH2, in agreement with the zeta-potential analysis in solutions of varying 

pH. As shown in Fig. 3.5B, the potential of zero charge (PZC) of MCS appears at pH = 

5.5, and shifts to pH = 8.5 upon Co segregation, and to pH = 3.3 upon Mn segregation. 

These observations suggest that the Co sites interact weakly with O, and tend to be 

positively charged, likely as Co-OH2
+, while the Mn sites have a strong affinity for O, 

and tend to be negatively charged, likely as Mn-O–. 

 

Figure 3.5. Surface analyses of the MCS catalysts. (A) Oxygen 1s spectra of X-ray 

photoelectron spectroscopy (XPS) for MCS and two reference samples with Mn or Co 

enriched on the surface (denoted as Mn-MCS and Co-MCS, respectively). Insets are 

electron energy loss spectroscopy (EELS) mapping for these samples (also see figs. 
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S11–S13). Spectral deconvolution identified three distinct chemical environments of O, 

corresponding to those of H2Oads, OHads, and O2– 26,27. (B) Zeta potential measurements 

for MCS, Mn-MCS, and Co-MCS particles dispersed in solutions of different pH. (C) 

Density functional theory (DFT) calculated adsorption energies for H2O, O2, and O on 

the Mn and Co sites of the MCS (100) surface, in comparison to those on Pt (111). No 

stable adsorption structure was found for O2 on the Co site of MCS (100). See tables 

S1–S6 for supplementary data of DFT calculations. The adsorption energy of O was 

defined relative to half the energy of O2, such that negative values indicate a 

spontaneous dissociation of O2 on the surface. 

The above experimental observations of the surface character of the MCS are in 

qualitative agreement with density functional theory (DFT) calculations (Fig. 3.5C). 

The Mn sites on MCS are highly active for binding both O2 and H2O, but the Mn-O2 

interaction is stronger than the Mn-OH2 interaction, suggesting that the Mn sites prefer 

to bind O2 over H2O when the MCS is exposed to humid air. In contrast, the Co sites 

have a notable affinity for H2O but appear not to bind O2 by itself (given that O2 can 

adsorb at the bridge sites between Mn and Co atoms). Hence, when the MCS cathode is 

exposed to humid O2, the Mn sites and Co sites on the surface bind different adsorbates, 

preferentially yielding Mn-O2 and Co-OH2, respectively. 

The DFT calculations can also provide an assessment of the capability of breaking 

the O-O bond at a catalytic site. Specifically, the adsorption energy of an O atom is 

calculated relative to half the energy of O2, such that negative values designate a 

thermodynamically spontaneous dissociation of O2. As presented in Fig. 3.5c, the 

dissociation of O2 is energetically highly favorable on the Mn site, but disfavored (albeit 

slightly) on the Co site. One can thus conclude that the MCS possesses a synergistic 

surface for ORR catalysis, with the Mn sites binding and cleaving O2, and the Co sites 

enriching and activating H2O, so as to facilitate the proton-couple electron transfer 
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processes of the oxygen reduction reaction in fuel cell. 

 

Figure 3.6. Mechanistic analysis of the MCS-catalyzed ORR. (A) Schematic illustration 

of the proposed synergistic mechanism of ORR on MCS, featuring the dissociative 

reduction of O2 at the Mn site, the proton mediation by the Co site, and the surface 

proton transfer in between (reactions I and II). Inset central: DFT-calculated energy 

barriers for reactions I & II on MCS (100) (See tables S7–S8 for details). Inset upper-

right: DFT-calculated bond energies of O–H in H2O and Co-OH2. (B) Results of in-situ 

attenuated total reflection Fourier transform infrared (ATR-FTIR) studies for MCS and 

Pt electrodes in Ar or O2 saturated KOH solutions. See fig. S14 for relevant FTIR 

spectra. The IR signals of interest were from the bending vibration of H2O (inset). The 

Stark effect (wavenumber shift with potential) is a measure of the H2O adsorption on 

the surface. (C) Local density of water on MCS (100) and Pt (111) surfaces at 300 K, 

obtained from atomistic molecular dynamics (MD) simulations. Inset: Snapshots of 

water molecules in a surface layer up to 0.3 nm thick. 

3.6 Proposed Synergistic Reaction Mechanism  

The proposed synergistic mechanism of the MCS-catalyzed ORR is illustrated, 
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stepwise, in Fig. 3.6A. Assuming that Mn-OH and Co-OH represent the initial states, 

the O2 is preferentially bound to the Mn site to yield Mn-O2, along with a 1e– reduction 

to produce OH–. H2O is preferentially bound to the Co site, as Co-OH2, also with a 1e– 

reduction to generate OH–. A surface proton transfer (reaction I) can then occur from 

the Co-OH2 to the proximate Mn-O2, leading to a regenerated Co-OH and a Mn-OOH 

species that is followed by a 1e– reduction to produce Mn=O and OH–. The Mn=O can 

take the second proton, transferred from Co-OH2, to regenerate the Mn-OH (reaction 

II). The extraordinary feature of this mechanism includes the proton mediation by the 

turnover of Co-OH/Co-OH2 and the surface proton transfer between the proximate Co 

and Mn sites. On the one hand, based on DFT calculations, the O–H bond energy 

decreases from 5.14 eV to 3.42 eV when the H2O is bound to the Co site (Fig. 3.6A, 

upper-right inset). On the other hand, the energy barriers for reaction I and II are small 

(Fig. 3.6A, central inset). We believe that these energetic features are fundamental to 

the H2O activation and proton-transferred reduction of O2 on MCS.  

To ascertain the involvement of surface H2O in the MCS-catalyzed ORR, in-situ 

attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR) was 

employed to detect the subtle changes in the H2O vibrations on Pt and MCS surfaces 

under electrochemical conditions (Fig. 3.6B). The H2O bending vibration, (HOH), 

turns out to be at higher wavenumbers on Pt than on MCS, indicating that the Pt-H2O 

interaction is weaker than the MCS-H2O interaction.13 Even more compelling evidence 

for the strong adsorption of H2O on the MCS surface is provided by the Stark effect, 

namely, a significant potential-dependent shift in the (HOH) wavenumber of 25 cm-

1/V. In contrast, such a Stark effect is negligible on a Pt surface. These experimental 
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observations are consistent with the DFT calculations (Fig. 3.5C) that show that the 

adsorption energy of H2O on Pt (111) is only one third of that on MCS (100). 

Additional valuable information was provided by in-situ ATR-FTIR experiments, 

showing that the (HOH) wavenumber decreased on both Pt and MCS when the 

atmosphere was switched from Ar to O2 (Fig. 3.6B). This can only be ascribed to the 

additional interaction between the surface H2O and the surface oxygen species, 

providing unambiguous evidence for the involvement of surface H2O in the ORR. 

Moreover, the (HOH) Stark effect remained unchanged on MCS during the ORR, 

indicating that the surface H2O has not been repelled by the co-adsorption of O2; 

whereas the originally weak Stark effect of (HOH) on Pt could barely be observed 

during the ORR, suggesting that the H2O is likely to be further away from the Pt surface 

when covered by oxygen species. The identification of the different functionalities of 

the Mn sites and Co sites, and the direct observation of the involvement of surface H2O 

in the MCS-catalyzed ORR, provide strong support for the synergistic mechanism (Fig. 

3.6A). The above computational and experimental observations clearly establish the 

superior activity of MCS over Pt for the ORR under conditions of high current density 

and low humidity. The lower ORR activity of MCS in RDE tests is also understandable. 

In O2 saturated KOH solutions, the molar ratio of H2O/O2 is over 104, so that the 

hydrophilic MCS surface is dominated by H2O,14,15 despite the oxophilicity of the Mn 

sites. Molecular dynamics (MD) simulations (Fig. 3.6C) show that liquid water can wet 

the MCS surface with a proximity of 0.23 nm, in comparison to 0.3 nm on a Pt surface. 

Thus, there is more space for O2 adsorption on a Pt surface than on an MCS surface 

under water-flooding conditions. 
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3.7 Conclusion  

Although MCS-like materials were used as ORR catalysts in the literature,16-18 the cell 

performance has not reached such a high level as reported in this work, and the 

mechanistic understanding has been vague. Here we report on a Mn-Co spinel catalyst 

that, when employed as the cathode in an APEFC, can deliver greater power, at high 

current densities, than a Pt cathode. The power density of an APEFC employing such a 

Mn-Co cathode reached 1.1 W/cm2 at 2.5 A/cm2 at 60oC. Moreover, this catalyst works 

much better than Pt at low humidity. In-depth characterization revealed that the 

remarkable performance of this Mn-Co catalyst originates from synergistic effects in 

which the Mn sites bind O2, and the Co sites, in close proximity, activate H2O so as to 

facilitate the proton-coupled electron transfer processes of oxygen reduction. Such an 

electrocatalytic synergy is pivotal to the high rate of the ORR, particularly under water 

depletion/low humidity conditions. Our findings represent not only the discovery of a 

practical, high-performance non-precious metal catalyst for APEFCs, but also reveal a 

new strategy for the ORR catalyst design. In addition to the electronic effects that have 

often been used and/or invoked to tune the reactivity of solid surfaces toward O2,
19,20 

designing synergistic surfaces that can activate H2O and facilitate proton transfer 

processes is also pivotal for ORR catalysts, in particular for metal oxides working in 

alkaline media, where both O2 and H2O are reactants. 
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CHAPTER 4 

High-Loading Composition-Tolerant Co-Mn Spinel Oxides with MEA Performance 

beyond 1 W/cm2  in Alkaline/Anion Exchange Membrane Fuel Cells*,† 

 

4.1 Introduction 

   Hydrogen fuel cells have been recognized as a critical renewable energy technology, 

especially for powering electric vehicles (EVs).1-3 Despite the tremendous effort in 

lowering Pt loading in the cathode of proton-exchange membrane fuel cells (PEMFCs), 

a significant amount of Pt (>0.2 gPt/kW) is still necessary to provide a power density of 

>1 W/cm2 at ≥ 0.65 V and the catalyst cost accounts for more than one-third of a 

PEMFC stack cost.4-8 Alternatively, alkaline polymer electrolyte fuel cells (APEFCs) 

or anion-exchange membrane fuel cells (AEMFCs), in principle, enable the use non-

precious metals or metal oxides as stable ORR electrocatalysts.9-19    

 During the development of PEMFCs and APEFCs or Alkaline/Anion Exchange 

Membrane Fuel Cells (AEMFCs), the RDE has been widely used, in research 

laboratories, to screen electrocatalysts and evaluate their activity/durability. For 

example, RDE measurements showed a rather good quantitative agreement with MEA 

tests for the benchmark activities of Pt/C in PEMFCs.3  

 

*Reproduced and modified with permission from the following publication 

Yao Yang, Hanqing Peng, Yin Xiong, Qihao Li, Juntao Lu, Li Xiao, Francis J. DiSalvo, Lin 

Zhuang, Héctor Abruña. High-loading Composition-Tolerant Co-Mn Spinel Oxides with 

Performance beyond 1W/cm2 in Alkaline Polymer Electrolyte Fuel Cells.  

ACS Energy Lett. 2019, 4, 1251. © ACS 
 

†Yao Yang, Héctor Abruña, Lin Zhuang, Hanqing Peng, Li Xiao, Cobalt-Manganese Spinel 

Oxide Catalysts. U.S. Patent Pending, No. 62/818.843, Filed Date: March 15, 2019. 

https://pubs.acs.org/doi/abs/10.1021/acsenergylett.9b00597
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   However, RDE and MEA measurements have significant differences in terms of the 

test conditions, water management, mass transport mechanism, etc. For instance, 

although the spectacular ORR activity of shape-controlled Pt-based alloy catalysts, up 

to a factor of 20 relative to Pt/C, was reported from RDE measurements,25-29 those 

reports have not translated into realistic MEA results in PEMFCs. Only after one-day 

of MEA testing, octahedral PtNi catalysts exhibited a loss of their distinct shapes and 

leached out a significant amount of Ni, contaminating the membrane.4 In other RDE 

studies, it was shown that 1-3 atomic-layers of Pt on the surface of Pt-based alloys 

yielded the highest ORR activity under acidic conditions.8,29-31 However, MEA results 

in PEMFCs suggested that 4-7 atomic layers of Pt were required to effectively mitigate 

the transition metal leaching problem, while still being thin enough to maintain the 

lattice strain for enhanced activities.32-34 In our previous study on Co1.5Mn1.5O4/C for 

APEFCs (Chapter 3), only modest activity was observed from RDE measurements. 

However, a high power density in MEA measurements, surpassing that of Pt/C at lower 

relative humidity, was achieved through optimizing the surface composition.18 The 

RDE-MEA correlation/discrepancy show it is important to include MEA tests in early-

stage catalyst development, in addition to RDE measurements for catalyst screening.  

   In this work, we reported on Mn-Co spinel oxide electrocatalysts as the oxygen 

cathode in practical MEA tests in APEFCs. MnCo2O4/C (80 wt.%) exhibited a peak 

power density of 1.2 W/cm2, a benchmark value compared to the state-of-art non-

precious cathodes using N-doped carbon (< 0.5 W/cm2),15,35-38 and 3d metal oxides (0.5-

1 W/cm2).18,19 With further optimization on MEA components, we predict that  Co-

Mn oxides could eventually achieve or surpass the performance of precious metal 
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cathodes (e.g., Pt, Pd and Ag-based catalysts) in APEFCs (1.0-1.5 W/cm2).13,14,39-44 The 

MEA measurements in literatures were summarized in Table 4.1.          

Cathode 

Catalysts[Ref] 

Cathode 

Loading 

(mg/cm2) 

Anode  

/ PGM 

loading 

(mg/cm2) 

Membrane 

/ionomer 

Tcell 

/ oC 

Gas 

type 

Pback /  

MPa 

(Ca/An) 

RH (%) 

(Ca/An) 

PPD / 

W/cm2 

MnCo2O4/C 

This work  

 

metal 

oxides, 0.8 

0.4  QAPPT 80 

60 

60 

H2/O2 

 

0.1/0.1 

0.1/0.1 

0 

100/100 1.2 

1.0 

0.92 

CoMn2O4/C 

This work 

metal 

oxides, 0.8 

0.4  QAPPT 80 H2/O2 

 

0.1/0.1 100/100 1.1 

N-C-CoOx
[19] 2.4 0.1 

               

LDPE-BP 

MA/ETFE 

65 H2/O2 

H2/Air 

0.1/0.1 

0.08/0.12 

N/A 0.73 

0.55 

N-C-CoOx
[19] 2.4 0.7 

               

LDPE-BP 

MA/ETFE 

65 H2/O2 

H2/Air 

0.1/0.1 

0.08/0.12 

N/A 1.05 

0.66 

Co1.5Mn1.5O4/C[18] metal 

oxides,0.8 

0.4 αQAPS-S8  

 

60 H2/O2 

 

0.1/0.1 100/100 

50/50 

1.1 

0.67 

Fe/N/C 

nanotubes[15] 

2.0 0.4 αQAPS- 

S14  

 

60 H2/O2 

 

0.1/0.1 100/100 0.45 

N-doped Carbon[35] 1.0 0.6 ETFE-

BTMA/ 

ETFE 

60 H2/O2 

 

0/0 83/83 0.7 

Fe-N-C[36] 3.5 0.2 Tokuyama 

A201 

70 H2/O2 0.14/0.14 100/100 0.225 

Fe-N/C[37] 2.0 0.5 VTLC-PET 80 H2/O2 N/A 100/100 0.38 

g-CN-CNF[38] 2.0 0.1 Tokuyama 

A201 

50 H2/O2 0.05/0.05 100/100 0.171 

Pt/C 

This work 

 

0.4 Pt/C, 0.4 QAPPT 80 

80 

60 

60 

H2/O2 

H2/Air 

H2/O2 

H2/O2 

0.1/0.1 

0.1/0.1 

0.1/0.1 

0/0 

100/100 

100/100 

100/100 

100/100 

1.5 

1.0 

1.3 

1.0 

Pt/C[18] 0.4 0.4 αQAPS-S8  60 H2/O2 0.1/0.1 100/100 

50/50 

1.0 

0.67 

Pt/C[41] 0.4 0.6 LDPE-

AEM 

80 H2/O2 

H2/Air 

0/0 100/100 1.45 

0.63 

Pt/C[42] 0.6 0.75 TPN/FLN-

55 

80 H2/O2 

 

0.285/0.285 100/100 1.46 

PdCu/C[13] 0.6 Pd-

CeO2/C,0.4 

ETFE-

BTMA 

70 

60 

H2/O2 0.1/0.2 39/35 1.0 

0.83 

Ag/C[41] 0.8 0.6 LDPE-

AEM 

80 H2/O2 0/0 100/100 0.90 

Ag/C[43] 1.0 0.6 EFTE-

AEM 

70 H2/O2 

H2/Air 

0/0 84/84 

 

1.11 

0.70 
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Ag/C[14] 0.86 0.4 LDPE15-

AEM 

/ETFE 

80 H2/O2 

H2/Air 

0/0 92/92 1.62 

0.85 

Table 4.1. Literature survey on APEFC measurements. PGM refers to Pt group metals, 

including Pt, Ru, Rh, Pd, Ir and Os. PtRu/C was used as the anode catalyst unless 

otherwise noted. PPD refers to peak power density. The reference number in the main 

text was used here.  

4.2 Experimental Methods 

    Hydrothemal synthesis, structural characterization and electrochemical 

measurements adapted same procedures as Chapter 2. High-surface-area carbon Ketjen 

Black (HSC KB) was weighted to achieve target metal oxide loadings of 40, 60 and 80 

wt.% in the catalyst/carbon composites. Catalyst synthesis could be achieved at the 

gram-level per batch with desirable single phase and controllable particle size, showing 

the potential for large-scale production.  

Membrane-electrode assembly (MEA) tests: The alkaline polymer electrolyte (APE) 

and ionomer binder used in fuel cells were both quaternary ammonium poly(N-methyl-

piperidine-co-p-terphenyl) (QAPPT) with an ion-exchange capacity (IEC) of 2.58 

mmol/g. Synthesis details of QAPTT can be found in our previous report.40 The catalyst 

ink was prepared by mixing PtRu/C (60%w/w in metal content) or Co-Mn oxides/C 

with ionomer binder (catalyst:ionomer = 4:1 wt./wt.), dispersed with n-propanol and 

ultrasonicated for half an hour. The ink was then sprayed on the  QAPPT membrane 

(Cl- form, 30 ± 3 μm in dry state),  forming a catalyst-coated membrane (CCM) 

with an electrode area of 4 cm2. The metal loading of PtRu in the anode was 0.4 mg/cm2. 

Next, the prepared CCM was soaked in 1 M KOH for 24 h at 55oC to exchange Cl-  

with OH-, and washed with distilled water before fuel cell tests to remove the excess 

KOH. The resulting CCM was positioned between two pieces of Teflon-treated carbon 
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paper (AvCarb GDS3250) to make the membrane electrode assembly (MEA) in situ: no 

hot-pressing was required. H2/O2 single cell APEFCs were tested using an 850E Multi 

Range fuel cell test station (Scribner Associates, USA) in a galvanic mode at 60oC or 

80oC. H2 and O2 were fully humidified at 60oC or 80oC (100% RH) and fed with a flow 

rate 1000 mL/min and a backpressure of either 0 or 0.1 MPa symmetrically on both 

sides. The fuel cell was briefly activated at a constant current and then the cell voltage 

at a series of current density was recorded. 

4.3 Crystal Structure Studies of Co-Mn Oxides at Various Oxide Loadings 

MnCo2O4 and CoMn2O4 nanoparticles (NPs) were synthesized using a facile 

hydrothermal method, as described in Chapter 2. Crystal structures of MnCo2O4/C and 

CoMn2O4/C were examined using powder X-ray diffraction (XRD) (Figure 4.1).  

 

Figure 4.1. (a) Powder XRD patterns of MnCo2O4 and (b) CoMn2O4 nanoparticles with 

40, 60 and 80 wt.% metal oxide loadings on high-surface-area carbon Ketjen Black 

(HSC KB), compared to XRD references of spinel-type MnCo2O4 and CoMn2O4. 

Domain sizes of MnCo2O4 and CoMn2O4 nanoparticles are listed on the left side of the 

XRD patterns.  

MnCo2O4/C with metal oxide loadings of 40, 60 and 80 wt.% all exhibited single-phase 
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cubic spinel structures when compared to the MnCo2O4 reference (Figure 4.1a). Such a 

high loading of 80 wt.% has not been reported before for the oxygen cathode in 

hydrogen fuel cells although it is a common value used for fabricating the metal oxide 

cathodes in Li-ion batteries.45 Average domain sizes of 40, 60, 80 wt.% MnCo2O4/C 

were calculated to be 14, 14 and 30 nm, respectively, using the major (311) peak based 

on the Scherrer equation. Larger domain sizes of 80 wt.%, relative to 40 and 60 wt.%, 

suggested that nanocrystals could grow into a larger size at a higher coverage of metal 

oxides on carbon. As a comparison, CoMn2O4/C, with various metal oxide loadings, 

showed a single-phase tetragonal spinel structures due to the strong Jahn-Teller effect 

of Mn (Figure 4.1b). The domain size of 80. wt% CoMn2O4/C was calculated to be 22 

nm using the (211) major diffraction peak (PDF # 01-077-0471), which was slightly 

larger than those at 40 and 60 wt.% (15 nm).  

  The microstructure of Co-Mn NPs supported on HSC KB was examined using 

aberration-corrected high-angle annular dark-field (HAADF) scanning transmission 

electron microscopy (STEM) imaging. As shown in Figure 4.2a, MnCo2O4 NPs (40 

wt.%) with an octahedral morphology were well embedded in the carbon matrix. 

Particle size distribution (PSD) histograms exhibited an average size of 35 nm (Figure 

4.2b), indicating the majority of the MnCo2O4 NPs have several sub-domains, given the 

XRD domain size of 14 nm. Atomic-scale STEM image further showed the internal 

structure of individual MnCo2O4 NPs. As shown in Figures 4.2c, single-crystal 

MnCo2O4 particles showed lattice d-spacings of 2.9 Å, which matched the theoretical 

value, 2.93 Å, of MnCo2O4 (220) reflection (PDF # 01-084-0482). Since STEM image 

intensity is proportional to atomic number and relative atomic density, the variation in 
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image contrast suggests the existence of nm-sized pores.  

 

Figure 4.2. (a) HAADF-STEM image of MnCo2O4 with 40 wt.% metal oxide loading 

on HSC KB. (b) Particle size distribution (PSD) histogram of MnCo2O4 nanoparticles. 

(c) Atomic-scale STEM image of one MnCo2O4 particle with (220) lattice d-spacings 

(2.9 Å). (d) Pore size distribution of MnCo2O4 without carbon support, derived from the 

N2 adsorption-desorption isotherm in the inset. The y-axis represents the logarithmic 

differential pore volume distribution, dV/dlog(D), derived from the BJH method.  

Dashed lines indicate the existence of micropores (1.9 nm) and small mesopores (4.0 

nm) in the porous MnCo2O4 NPs.  

4.4 Porosity and Conductivity Studies of Co-Mn Oxides  

   To quantify the porosity of MnCo2O4 without the influence of the mesoporous 

carbon substrate, MnCo2O4 metal oxides were also synthesized without adding HSC 
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KB. The pore size distribution was derived from the N2 adsorption-desorption isotherm 

using the Barrett-Joyer-Halenda (BJH) method (Figure 4.2d). It shows major 

micropores of 1.9 nm as well as minor small mesopores of 4.0 nm, which are consistent 

with the pore sizes indicated from previous STEM images (Figures 4.2c). The specific 

surface area was estimated to be 34 m2/g based on the BET analysis (Figure 4.2d, inset). 

The electrical conductivity of porous MnCo2O4, without carbon support, was estimated 

to be 19 mS/m, when compared to typical values of Si (1.6 mS/m) and amorphous 

carbon (102-103 S/m, Figure 4.3). Given the fact that bulk MnCo2O4 is an insulator with 

a band gap of 2.11 eV,46 the electronic conductivity of MnCo2O4 NPs may come from 

crystal defects and small particle sizes, leading to a smaller ohmic resistance for the 

ORR. CoMn2O4 NPs (40 wt.%) exhibited a similar octahedral morphology with an 

average particle size of 22 nm, which also indicated the existence of sub-domains and 

nm-sized pores, give the XRD domain size of 15 nm and the STEM image contrast 

variation. 

 

Fig. 4.3. Two-point conductivity measurements. Sample holder was made of Aluminum 

with a resistance less than 0.2 Ohm. The length and diameter of the same column was 

measured using a Vernier calipers. The calculated conductivity represents a lower 

bound, relative to the true value since the sample may be further compressed under a 

bigger pressure. More accurate measurements could be obtained if using the standard 
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four-point conductivity measurements.   

  

4.5 RDE Measurements of Co-Mn Oxides at Various Oxide Loadings  

   After thorough structural examination, the Mn-Co spinel oxides with various metal 

oxide loadings were employed as electrocatalysts for the ORR in alkaline media. ORR 

polarizations profiles were acquired in O2-saturated 1M KOH at a rotation rate of 1600 

rpm and a scan rate of 5 mV/s with a catalyst loading of 0.25 mg/cm2. While the metal 

oxide loadings increased from 40 to 60 and finally 80 wt.%, CoMn2O4/C showed a 

similar ORR activity with a high half-wave potential (E1/2) of around 0.84 V vs. RHE 

and ∆E1/2 < 3 mV (Figure 4.4a). Noticeable changes only appeared when the potential 

was lower than 0.8 V vs. the reversible hydrogen electrode (RHE). CoMn2O4/C with an 

80 wt.% metal oxide loading achieved the desired diffusion-limited current density at a 

more positive potential, relative to samples with 60% and 40% loadings. When 

compared to CoMn2O4/C, MnCo2O4 also exhibited a similar ORR activity with changes 

in E1/2 less than 5 mV as the metal oxide loading increased from 40 to 80 wt.% (Figure 

4.4b).  

 

Figure 4.4. (a) ORR polarization profiles for MnCo2O4 and (b) CoMn2O4 with 40, 60 
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and 80 wt.% metal oxide loading on HSC KB in O2-saturated 1M KOH at a rotation 

rate of 1600 rpm and a scan rate of 5 mV/s with a catalyst loading of 0.25 mg/cm2.  

 

Similar improvement in the high-polarization region was also observed at higher 

loading despite the small differences between 40% and 60 wt.%. The minor redox peaks 

of MnCo2O4 at 1.05V were assigned to monolayer active species on the surface with 

highly reversible reaction process (Figure 2.8). The less smooth changes in the current 

density at around 0.6 V were ascribed to the influence of MnCo2O4 reduction peaks at 

0.6 V (Figure 2.8). One may conclude that MnCo2O4/C and CoMn2O4/C with high 

loading (60 and 80 wt.%) do not present significant advantages as ORR electrocatalysts, 

relative to the 40 wt.%, which is commonly reported as the metal oxide loading for both 

RDE and MEA measurements in the literature.19-24 However, later practical MEA tests 

of Mn-Co oxides demonstrated the unexpected difference in performance with various 

metal oxide loadings on carbon (vide infra).      

4.6 MEA Measurements of Co-Mn Oxides at Various Oxide Loadings and Fuel 

Cell Test Conditions 

  The H2-O2 cell performance was tested using the quaternary ammonium poly(N-

methyl-piperidine-co-p-terphenyl) (QAPPT, IEC=2.58 mmol/g), which was developed 

early in our group for stable cell operation at 80 oC as the alkaline membrane (thickness 

of 30 ± 5 µm) and ionomer binder in MEA measurements.40 60 wt.% PtRu/C (0.4 

mgPtRu/cm2) was used as the anode catalyst and Mn-Co spinel oxides as the cathode 

catalyst. The cell was operated at 60 or 80oC with or without 0.1 MPa back-pressure. 

Both CoMn2O4/C and MnCo2O4 exhibited an impressive enhancement in peak power 

density (PPD) at 80oC with 0.1 MPa back-pressure, as the metal oxide loading increased 
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from 40 to 60 and 80 wt.% (Figures 4.5a-b). The PPD of CoMn2O4/C showed a two-

fold enhancement from 0.63 W/cm2 at 40 wt.% to 1.2 W/cm2 at 80 wt.% while the PPD 

of CoMn2O4/C was also boosted from 0.46 W/cm2 at 40 wt.% to 1.1 W/cm2 at 80 wt.% 

(Figures 4.5a-b and Tables 4.2-4.3). To the best of our knowledge, this performance of 

>1 W/cm2 at a current density of >2.5 A/cm2 represents the highest PPD ever achieved 

by non-precious ORR electrocatalysts in APEFCs,15,19, 35-38 and is comparable to the 

state-of-the-art MEA results of Pt/C (Figure 4.6).  

 

Figure 4.5. MEA measurements of AEMFCs using Co-Mn spinel oxides in the cathode, 

60 wt.% PtRu/C (0.4 mgPtRu/cm2) in the anode, and QAPTT as the alkaline membrane 

(30 ± 5 µm) and ionomer binder (20 wt.% in the catalyst layers). Fully humidified H2 

and O2 gas were fed into the cell at a flow rate of 1000 mL/min. (a-b) MEA results of 

MnCo2O4/C and CoMn2O4/C with 40, 60, and 80 wt.% metal oxide loadings on HSC 

KB. The catalyst loadings in the cathode were all controlled to be 0.8 mgmetal oxide/cm2 

and the cell operating conditions were 80 oC with 0.1 MPa back-pressure. (c) MEA 

results of MnCo2O4/C (80 wt.%) with a series of catalyst loadings from 0.4 to 2.0 

mg/cm2 in the cathode with operating conditions of 80 oC and 0.1 MPa back-pressure. 
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(d) MEA results of MnCo2O4 at different operating conditions (60 or 80 oC; with or 

without 0.1 MPa back-pressure). Metal oxide loadings on carbon were controlled to be 

80 wt.% and catalyst loadings in the cathode were 0.8 mgmetal oxide/cm2. All the 

monotonic cell voltage-current density profiles correspond to the left y-axes while all 

the parabolic power density-current density profiles correspond to the right y-axes.  

    

80% MnCo2O4/C 60oC 0MPa 60oC 0.1MPa 80oC 0.1MPa 

0.4 mg/cm2 700 840 890 

0.8mg/cm2 920 1040 1190 

1.2mg/cm2 560 780 1080 

2.0mg/cm2 970 970 1050 

60% MnCo2O4/C 

0.8 mg/cm2 
540 610 780 

40% MnCo2O4/C 

0.8 mg/cm2 
470 N/A 630 

 

Table 4.2. Peak powder density summary of MnCo2O4/C with different metal oxide 

loading on carbon and different catalyst loadings in the cathode under different 

operating conditions. Optimized conditions are marked in blue.   

80% CoMn2O4/C 60oC 0MPa 60oC 0.1MPa 80oC 0.1MPa 

0.8mg/cm2 780 960 1100 

2.0mg/cm2 700 840 900 

60% CoMn2O4/C 

0.8mg cm-2 
420 490 580 

40% CoMn2O4/C 

0.8 mg cm-2 
340 N/A 460 

 

Table 4.3. Peak powder density summary of CoMn2O4/C with different metal oxide 

loading on carbon and different catalyst loadings in the cathode under different 

operating conditions. Optimized conditions are marked in blue.   
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Figure 4.6.  MEA measurements of Pt/C in APEFCs. Pt/C was used as  both the 

cathode and anode with same Pt loading of 0.4 mg/cm2 on both sides (H2/O2 at 

100/100% RH). All the monotonic cell voltage-current density profiles correspond to 

the left y-axis while all the parabolic power density-current density profiles correspond 

to the right y-axis.     

This significant performance enhancement from 40wt.% to 80 wt.% Co-Mn oxides was 

ascribed to the enhanced mass transport efficiency at higher metal oxide loadings. The 

catalyst loadings in MEA were fixed at 0.8 mgmetal oxide/cm2, so that the carbon loadings 

in MEA were 1.2 mg/cm2, 0.53 mg/cm2 and 0.20 mg/cm2 at metal oxide loadings of 40, 

60 and 80 wt.%, respectively. SEM images of the cross section showed that the 

thickness of the catalyst layer decreased from 38 at 40 wt.% to 16 at 60 wt.% and finally 

to 8 µm at 80 wt.% (Figure 4.7). A thinner catalyst layer of <10 µm at 80 wt.% is more 

efficient for O2, H2O and OH- transport, which could more effectively supply reactants 

specially for high current densities (>2 A/cm2), leading to a higher PPD performance.     
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Figure 4.7. Cross-sectioned SEM images of the catalyst coated membrane (CCM) with 

metal oxide loadings of 40, 60 and 80 wt.% (a-c) with a fixed catalyst loading of 0.8 

mgmetal oxide/cm2 in the MEA. The cathode catalyst layer decreased from 38 µm at 40 

wt.% to 16 µm at 60 wt.% and 8 µm at 80 wt.% as the carbon loading decreased from 

1.2 to 0.53 and 0.20 mg/cm2, respectively. The thickness of the alkaline membrane in 

the middle is 30 ± 5 µm and the thickness of the anode (PtRu/C, 60 wt.% with a 

loading 0.4 mgPtRu/cm2) is around 5 µm. The as-prepared CCM was assembled in a fuel 

cell device and later taken out for cross-section SEM imaging, so that the thickness of 

the catalyst layer can represent the situation inside a fuel cell more accurately since the 

assembly process can compress the CCM to a certain degree.        

The impact of the catalyst loading in the cathode was investigated from 0.4 to 2.0 mgmetal 

oxide/cm2 (Figure 4.5c). The cell PPD performance improved significantly, from 0.89 to 

1.2 W/cm2 when the catalyst loadings increased from 0.4 to 0.8 mg/cm2, which was 

attributed to the increased amount of catalyst active sites. However, further increases in 

the catalyst loading from 0.8 to 2.0 mg/cm2, resulted in a noticeable decrease in the PPD 

from 1.2 to 1.0 W/cm2. With catalyst loadings higher than 0.8 cm2, the mass transport 
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limitation became dominant, relative to the increase in the amount of active sites. 

Different cell operating conditions were also systematically studied, including  cell 

temperatures and operation with or without back-pressure (Figure 4.5d). The MEA with 

MnCo2O4/C (80 wt.%) exhibited a PPD enhancement from 0.92 W/cm2 to 1.0 W/cm2 

by applying a 0.1 MPa back-pressure to both H2 and O2 and a further PPD increase from 

1.0 to 1.2 W/cm2 when the temperature increased from 60 to 80 oC with a 0.1 MPa back-

pressure. CoMn2O4 showed a similar PPD increase from 0.78 W/cm2 at 60 oC with no 

back-pressure to 1.1 W/cm2 at 80 oC with back-pressure.(Figure 4.8) This suggests that 

Co-Mn spinel oxides have an excellent temperature-tolerant performance at both 60 and 

80 oC, which is critical to maintain the high energy efficiency of fuel cells.2-4 Few 

precious14,40 or non-precious18 ORR electrocatalysts can work at such a high 

temperature of 80 oC at a PPD above 1 W/cm2. This high power density was attributed 

to the combination of the high-loading active Co-Mn oxide electrocatalysts and stable 

QAPPT membrane/ionomers.      

                    

Figure 4.8. MEA measurements of CoMn2O4 at different operating conditions (60 and 

80 oC; with or without 0.1 MPa back-pressure). Metal oxide loadings on carbon were 

controlled to be 80 wt.% and catalyst loadings in the cathode were 0.8 mgmetal oxide/cm2. 

All the monotonic cell voltage-current density profiles correspond to the left y-axis 

while all the power density-current density profiles correspond to the right y-axis.    
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4.7 Conclusion 

In summary, we describe Co-Mn spinel oxide electrocatalysts with metal oxide 

loadings of up to 80 wt.% on carbon supports. Despite little variation in ORR activity 

derived from rotating disk electrode (RDE) measurements, practical membrane 

electrode assembly (MEA) tests exhibited significant enhancement in power density 

when loadings increased from 40 to 80 wt.%. This was ascribed to the enhanced mass 

transport through the thin catalyst layer at 80 wt.% (< 10 µm). This work highlights the 

importance of incorporating MEA tests, even in early-stage catalyst development. 

APEFCs with a record peak performance of over 1W/cm2 power density were achieved 

for both non-precious MnCo2O4/C (1.2 W/cm -2 at 2.6 A/cm-2) and CoMn2O4/C (1.1 

W/cm -2 at 2.4 A/cm-2) with a high metal oxide loading of 80 wt.%. at 80oC with 0.1 

MPa back-pressure. This work suggests that MEA performance of Co-Mn spinel oxides 

is generally high even as the Co mole fraction of the cations varies from 2/3 to 1/3 from 

MnCo2O4/C to CoMn2O4/C. Consequently, even when Mn-Co oxide nanoparticles have 

variations in Mn and Co contents after large-scale synthesis, it will be less challenging 

to achieve the desired performance in practical fuel cell applications.  
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CHAPTER 5 

Operando X-ray Absorption Spectroscopy Investigation of Synergistic Reaction 

Mechanism of Spinel Oxide Catalysts 

 

5.1 Introduction     

   Our Previous work demonstrates that Co-Mn bimetallic spinel oxides are 

significantly superior to monometallic spinel oxides, Co3O4/C and Mn3O4/C and show 

impressive performance in MEA measurements. Ex situ measurements using STEM-

EELS, XRD, XAS and XPS have provided a good baseline understanding of as-

synthesized catalysts. However, the catalytic mechanism of the ORR using metal oxides 

remains unclear and catalysts, characterized ex situ, may not maintain the same 

properties under real-time electrochemical conditions, which calls for in situ/operando 

techniques to identify the true catalytically active sites for ORR catalysis. Synchrotron-

based X-ray absorption spectroscopy (XAS) is a powerful in situ technique to study 

electrocatalytic mechanisms because the beam characteristics (energy and flux) can be 

managed so as to not influence the electrochemical reactions. The high penetration of 

high energy X-rays enables the operando study of electrochemical interfaces.1  

*Reproduced and modified with permission from the following publications 

Yao Yang, Ying Wang, Yin Xiong, Xin Huang, Luxi Shen, Rong Huang, Hongseng Wang, 

James P. Pastore, Seung-Ho Yu, Li Xiao, Joel Brock, Lin Zhuang, Héctor Abruña, In Situ X-

ray Absorption Spectroscopy of a Synergistic Co−Mn Oxide Catalyst for the Oxygen Reduction 

Reaction. J. Am. Chem. Soc. 2019, 141, 1463. © ACS 

 

Yin Xiong,# Yao Yang,# Xinran Feng, Francis DiSalvo, Héctor Abruña, A Strategy for 

Increasing the Efficiency of the Oxygen Reduction Reaction in Mn-Doped Cobalt Ferrites.  

J. Am. Chem. Soc. 2019, 141, 4412. © ACS (Note: Y.X. conducted material synthesis and 

electrochemical tests. Y.Y. performed operando XAS measurements with the help of X.F.) 

https://pubs.acs.org/doi/abs/10.1021/jacs.8b12243
https://pubs.acs.org/doi/10.1021/jacs.8b13296
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   Recently, operando XAS has been extensively used to study structural and 

electronic properties of precious metal ORR catalysts, such as d-band vacancy, 

interatomic distances in Pt and Pt-based alloys2-4 and surface oxide formation at the Pt-

electrolyte interface.5-7 This method has also been employed to follow the structural 

changes of manganese oxide,8 cobalt oxide9 and cobalt phosphate10 as electrocatalysts 

for water oxidation. Previously, we demonstrated that Co-Mn oxide is a highly effective 

electrocatalyst towards the ORR and proposed that Co and Mn serve as co-active sites 

to catalyze the reduction of oxygen in alkaline media. To the best of our knowledge, 

this work represents the first study using operando XAS to study the synergistic effects 

of bimetallic and trimetallic oxide with high ORR activity. Operando X-ray absorption 

near edge structure (XANES) was employed to probe structural changes of Co and Mn 

in both steady state (constant applied potential) and non-steady state (dynamic cyclic 

voltammetry).   

5.2 Experimental Methods  

    Synthesis of Mn-Co and Mn-Co-Fe spinel oxides adapted the same procedures in 

Chapters 2 and 3. Details can be found in corresponding publications.  

    Operando Electrochemical Cell Fabrication and Operation:  20 mg of Co1.5 

Mn1.5O4/C (40% mass loading) was dispersed in 50 mL of a Nafion (0.05% mass 

fraction) ethanol solution. Carbon paper (200 µm thick) was used as the substrate for 

the catalyst layer and the skeleton of the carbon paper was filled with carbon powder to 

increase the surface area and its mechanical strength for later device assembly. Carbon 

paper was later tailored into 1×5 cm2 pieces as catalyst support.  The catalyst-ionomer 
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mixture was sprayed on one end of the carbon paper (1×1 cm2) using an airbrush and 

the rest, 1×4 cm2, served as a non-active conductor with negligible effects on the 

catalytic current, compared with the active metal oxide catalysts. The thickness for the 

6mg/cm2
 loading was estimated to be about 40 µm by SEM. 

As described in the cell design in Figs. 5.1 and 5.2, the electrochemical cell includes 

two pieces of Teflon, which is chemically inert in the strong base conditions of 1M 

KOH. The two Teflon pieces could be tightly sealed using six screws. A Teflon U-

shaped sealing ring was placed between the two Teflon pieces and the gap between them 

could be adjusted to make the electrolyte thickness less than 200 µm. On top of the 

electrochemical cell, a Teflon cap with one gas inlet and another gas outlet was used to 

seal the cell using another six screws to minimize the influence of trace amounts of O2 

during electrochemical testing.  Inside the electrochemical cell, the section of the 

carbon paper with the catalyst layer was immersed into the electrolyte near the window 

for X-ray transmission. A carbon rod was used as the counter electrode (CE) and placed 

near the working electrode (WE). Ag/AgCl (sat. KCl) was used as the reference 

electrode (RE) and was placed at the bottom of the cell so that the distance between the 

WE and RE could be minimized. This, in turn, minimized the IR drop during 

electrochemical testing. 1M KOH was used as the electrolyte and saturated with N2 gas 

to exclude dissolved O2.  

  Operando X-ray Absorption Measurements: Mn and Co K-edge X-ray absorption 

near edge structure (XANES) spectra were acquired at the F-3 beamline of the Cornell 

High Energy Synchrotron Source (CHESS). Each X-ray data point acquisition took two 

seconds and then the X-ray beam was blocked for one second (via shutter) to minimize 
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potential beam damage. All spectra were calibrated and aligned using the spectra of Mn 

and Co metal foil. XANES spectra and linear combination fitting (LCF) for valence 

analysis were performed using the ATHENA software package. 

5.3 Device Design and Methodology for Operando XAS measurements         

 Co-Mn oxide particles, supported on carbon, were synthesized via a hydrothermal 

method and their crystal structure was examined by X-ray diffraction (XRD) (Fig. 3.5). 

The superior ORR activity of the bimetallic Co1.5Mn1.5O4/C, over monometallic 

Co3O4/C and Mn3O4/C, suggests an underlying catalytic mechanism involving both Co 

and Mn to catalyze the reduction of oxygen. Synchrotron-based XAS was employed to 

investigate the catalytic mechanism of Co1.5Mn1.5O4/C under real-time operando 

electrochemical conditions. As part of this study, we designed a new electrochemical 

cell for operando XAS measurements (Fig. 5.1). Details of the cell design can be found 

in the photo of the actual cell in Fig. 5.2. 
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Figure 5.1.  Schematic of the operando XAS electrochemical cell. Working electrode 

(WE, catalyst on carbon paper) and counter electrode (CE, carbon rod) were immersed 

in 1M KOH solution. Reference electrode (RE, Ag/AgCl in saturated KCl) was 

connected to the cell by a salt bridge and the distance between RE and catalysts at the 

end of carbon paper was minimized to reduce IR drops caused by the resistance in the 

thin electrolyte layer (< 200 µm) in X-ray window. X-rays come from the Cornell High 

Energy Synchrotron Source (CHESS).   

 

Figure 5.2. (A) Operando electrochemical cell for X-ray absorption spectroscopy 

experiments. (B) Magnified cell shows the Teflon cap for N2-filled environment. (C) 

Inner structure of the operando cell. The electrolyte thickness can be controlled to be 

less than 200 µm by six screws. WE, CE and RE represent working electrode (catalyst 

on carbon paper), counter electrode (carbon rod) and reference electrode (Ag/AgCl in 

saturated KCl), respectively.  

   The electrochemical cell was made of chemically inert Teflon and the thickness of 

the electrolyte, for XAS in transmission mode could be controlled to be less than 200 

µm. The working electrode (WE) consisted of a 40 µm catalyst layer sprayed on 200 

µm thick carbon paper, as shown in a scanning electron microscopy (SEM) image (Fig. 

5.3). The reference electrode (Ag/AgCl) was connected to the cell by a salt bridge and 
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placed right underneath the carbon paper working electrode to minimize IR drops in 

electrochemical tests. Prior to the operando XAS measurements, cyclic voltammetry 

(CV) of the Co1.5Mn1.5O4/C electrode was carried out in both the operando XAS home-

made cell and a conventional three-neck electrochemical cell to verify device 

performance. (Fig. 5.4) Compared to the CV profile of the catalyst on a glassy carbon, 

the CV of the catalyst on carbon paper exhibited virtually the same characteristic 

behavior of the Co-Mn oxide with one pair of oxidation/reduction peaks at 0.95V/0.55V 

vs. RHE. The oxidation/reduction peaks of the CV on carbon paper were slightly shifted 

to the left, compared with those on the glassy carbon electrode because the mass 

transport is slower in the thin layer of electrolyte in the home-made XAS cell.  

 

Figure 5.3. SEM image of Co1.5Mn1.5O4/C (about 40 µm) on carbon paper (about 200 

µm). Note that the carbon paper skeleton was filled with carbon powder to increase the 

surface area for catalyst loading and to enhance mechanical strength for device 

fabrication. 
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Figure 5.4. (A) CV of Co1.5Mn1.5O4/C sprayed on carbon paper electrode in the 

operando electrochemical cell. (B) CV of Co1.5Mn1.5O4/C deposited on a glassy carbon 

electrode in a conventional three-neck electrochemical cell.  During tests in both (A) 

and (B), sweep rate, sweep range and catalyst loading were set to be 10 mV/s, 0.1-1.4 

V vs. RHE and 0.5mg/cm2
, respectively. 

 

Figure 5.5. Control Experiment for CV of catalysts when X-ray beam was turned off 

and on.     

     The CV of the catalysts was then tested with the X-ray beam on and off to assess 

potential beam damage. (Fig. 5.5) The CV profile of the catalyst with the X-ray beam 

on exhibited nearly the same electrochemical behavior as the CV with the beam off 

when the CV was run at a sweep rate of 1 mV/s, which indicates that the studies of the 
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electrocatalytic mechanism will not be affected by the X-ray beam for the time interval 

of the in situ X-ray experiments.    

    To investigate the steady-state electrochemical response of the Co-Mn oxide 

catalysts, the applied potential was held constant while in situ XANES spectra were 

acquired, after the current had dropped to background levels. Based on the CV response 

of the catalysts at a sweep rate of 1 mV/s in the home-made cell (Fig. 5.5), constant 

applied potentials of 0.95 V, 1.15 V and 0.75 V correspond to the oxidation peak and 

its two onset potentials while potentials of 0.55 V, 0.75 V and 0.4 V correspond to the 

reduction peak and its two onset potentials. (These were arbitrarily chosen to be 200 

mV above and below the peak.)  

5.4 Operando XANES of Mn-Co Oxides under Steady State (Constant Potentials) 

The XANES spectra around the Mn K-edge exhibit systematic changes in the local 

electronic structure of the Co1.5Mn1.5O4 crystal (Fig. 5.6). Mn XANES spectra were 

calibrated against the characteristic absorption edge of elemental Mn (metal foil) at 6539 

eV, which corresponds to the ejection of electrons from the Mn 1s orbital. The 

magnified inset on the left of the shoulder peak at 6553.0 eV shows a gradual increase 

in the peak intensity and a small shift to lower energies when the applied potential 

decreases from 1.15 V to 0.4 V, indicating a lower Mn valence at the more negative 

electrochemical potentials. The most intense peak, near 6559 eV, originates from an 

electronic transition from 1s to 4p orbitals, since the 4p are the lowest allowed 

unoccupied orbitals. In the pre-edge region, the peak at 6540 eV arises from the 

electronic transition from 1s to 3d orbitals. Although 1s→3d transition is generally not 
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allowed due to the dipole selection rule ∆𝑙=±1, it can be observed if the absorber 

coordinates in a non-centrosymmetric geometry, allows for hybridization of dipole-

forbidden d orbitals and dipole-allowed p orbitals, which indicates that the MnO6 

octahedra are slightly distorted due to Jahn-Teller effect.  

 

Figure 5.6.  Operando XANES spectra of the Mn K-edge at a series of applied 

potentials. Inset on the right side shows the result of the Mn valence analysis by using 

the linear combination fitting (LCF) method and MnO(II), Mn3O4(II,III), Mn2O3(III), 

and MnO2(IV) as references.  

      In order to study the Mn valence changes more quantitatively, we used the linear 

combination fitting (LCF) method with pure manganese oxides including MnO(II), 

Mn3O4(II,III), Mn2O3(III) and MnO2(IV) as references. As shown in Fig. 5.7, the LCF 

is able to fit well the experimental Mn XANES spectra and allows calculating the 
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relative contributions in terms of the different Mn oxide references. The magnified inset 

on the right in Fig. 5.6 shows the relative contents of Mn oxide references at a series of 

constant applied potentials as derived from the LCF fitting. When the applied potential 

decreases from 1.15 V to 0.4V, MnO2% decreases by 19% while Mn3O4% and Mn2O3% 

increase by 12% and 7%, respectively. Overall, the average Mn valence drops from 3.15 

to 2.91. This systematic valence conversion of Mn(III,IV) to Mn(II,III) indicates that 

various Mn species can serve as the active site to catalyze oxygen reduction.   

 

Figure 5.7 (A) Valence analysis of Mn K-edge at 0.4 V vs. RHE. Linear combination 

fitting (LCF) indicates the relative content of MnO (0%), Mn3O4 (73.2%), Mn2O3 

(11.5%) and MnO2 (15.3%).  

     Similar to Mn valence changes at a series of applied potential, XANES spectra 

around the Co K-edge also show the regular changes in the local electronic structure of 

Co atoms in the Co1.5Mn1.5O4/C catalyst (Fig. 5.8). Co XANES spectra were calibrated 

against the characteristic absorption edge of elemental Co (metal foil) at 7709 eV. The 



 
 

128 
 

magnified inset of Co XANES spectra around 7722.5 eV reveals a gradual increase in 

the peak intensity and a small shift to lower energies when the applied potential 

decreases from 1.15 V to 0.4 V, indicating lower Co valence at lower applied potentials. 

LCF was also employed to quantitatively analyze Co valence with Co(OH)2(II), 

Co3O4(II,III) and CoOOH(III) as cobalt oxide references (Fig. 5.9). When the applied 

potential varied from 1.1 V to 0.4 V, CoOOH% decreases by 14% while Co(OH)2 

increases by 19%. In contrast to changes for Mn3O4%, the Co3O4% remained relatively 

stable under different applied potentials. Overall, the average Co valence decreased 

from 2.75 to 2.57, indicating a valence conversion from Co(III) to Co(II). Given the fact 

that Co valence changes with the applied potential took place at the same time as Mn 

suggest that, Co and Mn could serve as co-active sites to catalyze the oxygen reduction 

reaction.  
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Figure 5.8.  Operando XANES spectra of the Co K-edge at a series of applied 

potentials. Inset on the right side shows the result of the Co valence analysis, using the 

LCF method with Co(OH)2(II), Co3O4(II,III) and CoOOH(III) as references. 
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Figure 5.9. Valence analysis of Co K-edge at 0.4 V vs. RHE. Linear combination fitting 

(LCF) indicates the relative content of Co(OH)2 (27.5%), Co3O4 (44.5%), and CoOOH 

(15.3%).  

 

5.5 Operando XANES of Mn-Co Oxides under Non-Steady State (Dynamic CV)    

   While Co and Mn valence changes could be monitored under steady state, it would 

be much more interesting and informative if we could also track the dynamic change of 

Co and Mn at the same time under non steady conditions. However, a typical high-

quality XANES spectrum takes 20-30 min to acquire, making it impossible to acquire 

one XANES spectrum while the potential is being scanned in a cyclic voltammogram 

(CV). Alternatively, characteristic photon energy values corresponding to the Co, Mn 

valence changes can be used as probes to track the dynamic valence changes during a 

CV scan.  Co XANES at 7722.5 eV and Mn XANES at 6553.0 eV were used as the 

characteristic E values since the largest changes in the X-ray intensities occurred at 

those E values. In order to quantify the speed at which a non-steady state could be 

tracked, a new concept we call “electrode potential resolution” was defined as the 

potential interval over which a single X-ray data point could be acquired. In this work, 

the electrode potential resolution = potential sweep rate × X-ray acquisition time = 1 

mV/s × 3 s = 3 mV, which means that the X-ray signal is averaged over a 3 mV 

potential range, closely approximating a non-steady measurement. We divided the 

cyclic voltammogram into two regions, based on the sign of the current (upper inset of 

Fig. 5.10). The positive current from 0.42 to 1.25 V (clockwise) indicates oxidation 

currents where Mn, Co are converted into higher valence species, during the negative 
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currents from 1.25 to 0.42 V the oxidized Co and Mn are converted back to the lower 

valence species. 

 

Figure 5.10. Periodic changes in the relative X-ray intensities (ln(I1/I2)) at 7722.5 eV 

(Co K-edge) and 6553.0 eV (Mn K-edge) as a function of the cyclic potential sweep. 

Intensity variations at 7722.5 eV and 6553.0 eV reflect the conversion between Co(II) 

and Co(III), Mn(II,III) and Mn(IV), respectively. The upper inset shows the 

corresponding CV at 1 mV/s over the potential range of 0.3-1.4 V vs. RHE. Oxidation 

and reduction currents in the CV are divided by two boundary potentials, 0.42V and 

1.25V vs. RHE.    

As shown in Fig. 5.10, the relative X-ray intensities of Co and Mn changed with the 

same periodic pattern as the cyclic potential sweep was applied. The relative X-ray 

intensity was calculated by ln(I1/I2) where I1 and I2 are the incident and transmitted X-

ray beam intensities, respectively. When the electrode potential goes from the upper 

limit (1.4 V) to the lower limit (0.3 V) (reductive current), the relative X-ray intensities 
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go from minimum (higher Co, Mn valence) to maximum values (lower Co, Mn valence), 

which indicates that Co1.5Mn1.5O4 is reduced and Co(III) is converted into Co(II) and 

Mn(III,IV) is converted into Mn(II,III). Co(II), Mn(II,III) reach their maxima at 0.42 V, 

instead of at the lower potential limit (0.3 V) while Co(III), Mn(III,IV) reach their 

maxima at 1.25 V, instead of at the higher potential limit (1.4 V). This is fully consistent 

with the boundary potentials (0.42V, 1.25V) of oxidation and reduction currents in the 

CV discussed above. The exact minimum and maximum of the relative X-ray intensities 

were determined from the first derivatives. The periodic patterns of Co,Mn valence 

changes are in sync with each other, which strongly indicates a synergistic catalysis 

mechanism between Co and Mn towards oxygen reduction reaction. Furthermore, 

dynamic changes in the Co and Mn valences were reversible over the time period of two 

hours, meaning that the catalyst is relatively stable. To rigorously evaluate the effect of 

the applied cyclic potential sweep, a control experiment was performed by acquiring the 

X-ray signal over the Mn XANES region without an applied potential. No change in the 

X-ray intensity was observed, indicating  the dynamic changes of Co and Mn valences 

must primarily arise from the applied potential sweep, and not from possibly generated 

photoelectrons by the incident X-ray. In summary, the periodic changes of Co, Mn 

valences unambiguously establish the synergistic effect of Co and Mn towards the ORR. 

The superior activity of Co1.5Mn1.5O4/C when compared to Co3O4/C and Mn3O4/C may 

come from the fact that Co+2/3 and Mn+2/3/4
 redox couples serve as co-active sites to 

catalyze the oxygen reduction reaction.  
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   In summary, operando X-ray absorption spectroscopy (XAS) has been employed to 

identify the active sites of a bimetallic Co1.5Mn1.5O4/C catalyst, which exhibits 

impressive activity towards the ORR in APEFCs. To explore the mechanism, we used 

operando XANES to track the oxidation state changes of Co and Mn not only under 

constant applied potential (steady state), but also during dynamic cyclic voltammetry 

(CV, non-steady state). The periodic conversion between Mn(III,IV), Co(III) and 

Mn(II,III), Co(II) during the CV indicates that Co and Mn work together to catalyze 

oxygen reduction. The discovery of this synergistic catalytic mechanism may be the 

reason for the high activity of the Co-Mn oxide electrocatalyst.  

5.6 Design Trimetallic Mn-Co-Fe Oxides with Improved Durability  

     Aiming for a practical, Pt-free, cathode for AEMFCs for automotive applications, 

non-precious ORR electrocatalysts need to not only fulfill the requirements of high 

initial ORR activity, but also address durability concerns. We designed a family of Mn-

Co-Fe trimetallic oxides to effectively improve the durability of our first-generation 

Mn-Co catalysts. 

     A family of MCF was prepared using a facile hydrothermal method followed by 

a high-temperature treatment. Their crystal structures were examined by powder XRD, 

as presented in Fig. 5.11. All of the prepared samples, named as CoFe2O4 (MCF-0), 

Mn0.3(CoFe2)0.9O4 (MCF-0.3), Mn0.6(CoFe2)0.8O4(MCF-0.6), Mn0.8(CoFe2)0.73O4 (MCF-

0.8), Mn1(CoFe2)0.66O4 (MCF-1), and Mn1.2(CoFe2)0.6O4 (MCF-1.2), possess cubic 

spinel structures. The broad peak at around 25 in the XRD belongs to carbon, and the 

remaining of diffraction peaks matched well with the standard cubic spinel CoFe2O4 
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(PDF#01-077-0426, a=b=c=8.401 Å) and MnFe2O4 (PDF # 01-073-3820, a=b=c=8.498 

Å). There is a progressive shift to lower 2θ angle at higher Mn contents, corresponding 

to the gradual substitution of  Co and Fe by Mn with larger atomic size. The average 

domain size of all MCF samples, as estimated from XRD measurements, was found to 

be around 10-15 nm, which is consistent with STEM images. 

  

Figure 5.11. XRD patterns of as-synthesized MCF cubic spinel nanoparticles: CoFe2O4, 

Mn0.3(CoFe2)0.9O4, Mn0.6(CoFe2)0.8O4, Mn0.8(CoFe2)0.73O4, Mn1(CoFe2)0.66O4 and 

Mn1.2(CoFe2)0.6O4. The red and black vertical lines correspond to standard CoFe2O4 

(PDF # 01-077-0426) and MnFe2O4 (PDF # 01-073-3820) XRD patterns, respectively; 

inset represents the enlarged region of the CoFe2O4 (440) diffraction peak.   

    The crystal structure of Mn0.8(CoFe2)0.73O4/C (MCF-0.8) with optimal activity was 

further examined at the atomic scale using high-angle annular dark-field (HAADF) 

scanning transmission electron microscopy (STEM) imaging at 100 keV (Cornell Nion 

UltraSTEM). Since CoFe2O4 (a=8.401 Å) shares a very similar cubic spinel crystal 
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structure to MnFe2O4 (a=8.498 Å), the crystal structure of MCF-0.8 from STEM 

imaging analysis can be built based on the structure of CoFe2O4 (PDF # 01-077-0426). 

Figs. 5.12A-B present the atomic-scale lattice image of MCF-0.8 and the corresponding 

crystal model viewed along the [112̅] zone axis. Two perpendicular d-spacings were 

measured to be 4.9 and 3.0 Å, well consistent with the theoretical (111), 4.85 Å and 

(22̅0), 2.97 Å lattice planes, respectively.  Since the intensity of a HAADF-STEM 

image is proportional to the atomic number (I ∝ Z1.7), it is intriguing to observe in 

Figure 2A that atom columns, a, at the corner, exhibit a higher intensity related to that 

of atom columns, b, on the side, even though they are supposed to be the same element, 

according to the 2D projected crystal model in Figure 2B. This apparent inconsistence 

can be resolved by deliberately tilting the [112̅] zone axis f to reveal the atom columns 

underneath. Despite being the same element, atom columns, a, clearly have a higher 

atom density than that of atom columns, b, resulting in a higher image intensity as 

observed in Fig. 5.12A. It is also observed that atom columns, c, at the center of the 

lattice image in Fig. 5.12A seem to be elongated in the (111) direction, which, in fact, 

corresponds to an assembly of three atom columns next to each other. The distances 

among the three of them are too short and beyond the spatial resolution of STEM 

images.  
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Figure 5.12. Atomic-scale HAADF-STEM images of MCF-0.8. (A-B) atomic-scale 

image and the corresponding crystal model on the [112̅] zone axis. Two lattice d-

spacings were measured to be 4.9 and 3.0 Å, which matched well with the theoretical 

values of (111), 4.85 Å and (22̅0), 2.97 Å, respectively. (C) The crystal model on the 

[112̅] zone axis slightly tilted to reveal the underneath atom columns. (D-E) Another 

atomic-scale image and the corresponding crystal model on the [110] zone axis. (F) The 

crystal model on the [110] zone axis was slightly tilted to reveal the underneath atom 

columns. 

  Figs. 5.12D-E exhibit another atomic-scale lattice image of MCF-0.8 and the 

corresponding crystal model on the more basic [110] zone axis. Hexagonal repeating 
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unit cells are indicated in the dashed boxes with two nearby sides of 3.7 and 2.2 Å with 

an angle of 125, which are consistent with the theoretical values of 3.66 and 2.15 Å, 

respectively, with an angle of 126. Similar to Fig. 5.12A, atom columns, a, at the center 

of the lattice image in Fig. 5.12D, exhibit a higher intensity than that of atom columns, 

b and c, on the side. The intensity variations also come from the fact that atom columns, 

a, have higher atoms density than that of b and c, as shown in the tilted [110] zone axis 

(Fig. 5.12F). Noticeably, atom columns b and c, exhibit no significant difference in 

image intensity, although they could be different element combinations, Co and Fe or 

Mn and Fe. Given that Mn, Fe and Co have very similar atomic numbers, the image 

intensity variations are likely below the noise level threshold of the electron detector. In 

summary, the aforementioned atomic-scale STEM imaging analysis directly visualized 

and confirmed the cubic spinel crystal structure of MCF-0.8.  

 

Figure 5.13. EELS elemental maps of MCF-0.8. (A) HAADF-STEM image of a typical 

nanoparticle composed of smaller sub-domains. The lattice image in the dashed box was 

magnified in (E) to show (220) and (22̅0) with same d-spacing values of 3.1 Å on the 

zone axis of [001]. (B-D) EELS elemental maps of Mn (red), Fe (green) and Co (blue), 

respectively. (F-H) EELS elemental composite maps of Mn vs. Fe, Mn vs. Co and Fe 

vs. Co, respectively.  
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The chemical composition of MCF-0.8 nanoparticles was investigated using 

electron energy loss spectroscopy (EELS) elemental mapping. Fig. 5.13A shows a 

typical MCF-0.8 nanoparticle composed of multiple sub-domains. The region in the 

dashed box was magnified in Figure 3E to show the lattice image, which is on the [001] 

zone axis with the perpendicular (220) and (22̅0) lattice planes (3.1 Å). Figures. 3B-D 

present the EELS elemental maps of Mn (red), Fe (green) and Co (blue) for the particle 

in Fig. 5.13A. Figs. 5.13F-H show the composite EELS maps of Mn vs. Fe, Mn vs. Co 

and Fe vs. Co. The composite EELS map of Mn vs. Fe suggests a homogenous elemental 

distribution in which Mn and Fe are intimately mixed on a nearly atomic scale. The 

composite EELS maps of Mn vs. Co and Fe vs. Co exhibit a relatively homogenous 

elemental distribution with a local enrichment of Co at the edge of the particle. This 

EELS chemical mapping study combined with the previous analysis of atomic-scale 

STEM images in Fig 5.12, unambiguously demonstrate that MCF-0.8 has a cubic spinel 

crystal structure with a relatively homogenous elemental distribution of Mn, Co and Fe.    

The cyclic voltammetric profiles (CVs) of all MCF NPs, with different Mn content 

were obtained in an Ar-saturated 1 M NaOH solution at a scan rate of 5 mV/s from 0.15 

to 1.2 V vs. RHE (Fig. 5.14A).To identify the redox couples more accurately, the CVs 

of MCF, together with CoFe2O4 and MnFe2O4 were investigated and as presented  in 

Figure S5. There are two redox couples in the 0.15-1.2V potential window for all Mn-

containing oxides. Mn exhibits two oxidative peaks in the positive potential scanning 

direction, at around 0.68 and 0.91 V respectively, corresponding to the gradual evolution  

from Mn (II) to higher valence states (Mn (III, IV)). Conversely, two reductive peaks 

were observed at 0.72 and 0.6 V repeatedly indicating the conversion back to Mn (II). 
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Co (III) exhibited a single oxidative peak at around 0.97 V, which overlapped with the 

more pronounced features from Mn. With increasing Mn and decreasing Co contents, 

the first peak at higher potential shifts gradually from 0.97 to 0.91 V, which is consistent 

with the compositional variation. No redox couples from Fe were observed in the CV 

profiles, as its redox reactions typically occur at more negative potentials.11-12  

 

Figure 5.14. Electrocatalytic properties of as-synthesized MCF nanoparticles. (A) 

Cyclic voltammetry (CV) profiles of synthesized MCF NPs in Ar-saturated 1 M NaOH 

solution, scanned at a rate of 5 mV/s at room temperature. (B) ORR polarization curves 

in O2-saturated 1 M NaOH at a scan rate of 5 mV/s and rotation at a rate of 1600 rpm. 

(C) Comparison of mass activity and half-wave potential of different MCFs at 0.9 V vs. 

RHE. (D) Polarization profiles of MCF-0.8 after 10,000 potential cycles.  

Rotating disk electrode (RDE) voltammetry was employed to assess the ORR 
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activity of all MCF electrocatalysts. The polarization curves shown in Fig. 5.14B were 

obtained in 1 M O2-saturated NaOH solution, at 5 mV/s and 1600 rpm. The half-wave 

potential (E1/2) exhibited a correlation between the electrochemical activity and the Mn 

content following the order of MCF-0 (0.84 V) < MCF-0.3 (0.868 V) < MCF-0.6 (0.875 

V) < MCF-1.2 (0.87 V) < MCF-1 (0.88 V) < MCF-0.8 (0.888 V), as shown in Fig. 5.14C 

(right Y-axis). With increased Mn content, the kinetics were enhanced at first, and then 

decreased to higher Mn content, with an optimal performance at MCF-0.8, suggesting 

a “volcano trend”. The mass-specific activity (MA) of the MCFs at 0.9V was calculated 

by normalizing the kinetic current to the catalyst mass from the Koutecky−Levich 

equation, (Fig. 5.14C, left Y-axis). MCF-0.8 exhibited the highest MA value of 7.25 

mA mgoxide
-1, outperforming its counterparts with other Mn contents. To gain further 

insight into the long-term durability of MCF-0.8, a stability test was carried in Ar-

saturated 1M NaOH solution for 6,000 and 10,000 cycles between 0.6 to 1.0 V, the 

typical working potential region of APEFCs. There was a progressive negative shift in 

the polarization curve after 6,000 and 10,000 cycles and the diffusion limiting current 

decreased slightly, especially in the high polarization region. The degradation of the 

electrocatalysts after 10,000 cycles was ascribed to the loss of active material upon 

extended  cycling. This was further confirmed by comparing the CV profiles before 

and after potential cycles, where the Mn/Co redox peaks gradually faded and broadened 

as an indication of losing Mn and Co active sites in addition to possible particle 

aggregation. Despite this minor degradation after durability testing, the MCF-0.8 still 

exhibited a remarkable ORR electrocatalytic activity, with an E1/2 of 0.874 V and ∆E1/2 
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of only 14 mV (Fig 5.14D). 

 To further understand the degradation mechanism(s), STEM imaging and EDX 

spectroscopy were employed to investigate the structural and chemical evolution after 

cycling. STEM image of MCF-0.8 nanoparticles, after electrochemical cycles, indicated 

particle aggregation/coalescence. STEM-EDX was used to quantitatively analyze the 

relative amounts of Co, Fe and Mn before and after electrochemical cycles. Relative 

amounts of Co, Fe and Mn were calculated from the EDX spectra, where the intensity 

of Fe was normalized to 1 for comparison (Fig. 5.15). It is clear that the Mn loss is 

nearly 50%, relative to its original content, Co lost around 30%, while the Fe content 

was stable during the cycling process. The quantitative results are shown in Tables 5.1 

and 5.2. The relative atomic percentages of as synthesized MCF-0.8 were 29.2, 23.8 and 

47.0 % for Mn, Co and Fe, respectively, which is quite consistent with the theoretical 

ratio of reactants of 27, 24 and 49 %. After electrochemical cycling, the relative amounts 

of Mn and Co dropped from 29.2 to 20.2 % and from 23.8 to 18.3 %, respectively, while 

the content of Fe increased from 47.0 to 61.5 %.  
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Figure 5.15. EDX spectra of MCF-0.8 before and after electrochemical cycles. The X-

ray intensities were normalized to the value of Fe Kα edge for comparisons. It should 

be noted that the Mn major Kα edge is at 5.89 keV and the Mn minor Kβ edge at 6.49 

keV overlaps with Fe’s major Kα edge(6.40 keV). Fe’s minor Kβ edge at 7.05 keV 

overlaps with Co’s major Kα edge at 6.93 keV, which explains why Fe and Co peaks 

have small shoulder peaks on the right side of their peaks.    

    Based on the Cliff-Lorimer thin-film criterion,13 if the sample is assumed to be a 

thin foil so that the X-ray absorption or fluorescence can be safely ignored, the elemental 

concentration of two elements can be proportional to the X-ray intensity ratio (peak 

integral):  
𝐶1

𝐶2
= 𝑘12 

𝐼1

𝐼2
, where k12 is a constant.  

          Mn, Co and Fe relative contents were calculated by integrating their K edge 

peaks and taking into account their k-factors. The results were summarized in the 

following table.  

MCF_0.8 Mn at.% Co at.% Fe at.% 

As-synthesized 26.4 28.2 45.4 

After CV cycles 18.3 23.8 57.9 
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   Table 5.1. EDX quantitative analysis of MCF_0.8 catalysts before and after 

electrochemical cycles without considering the overlap between Mn Kβ and Fe Kα and 

between Fe Kβ and Co Kα.  

    Considering Mn Kβ overlaps with Fe Kα and Fe Kβ overlaps with Co Kα, the 

above table overestimates the relative contributions of Fe and Co. The intensity ratio of 

Kβ/Kα is 17/150 for Mn, Co and Fe.14 Assuming the actual relative contents of Mn, Fe 

and Co are x at.%, y at.% and z at.%, three following equations were set to solve the 

actual relative contents.  

1. x + y + z = 100 

2. 

17

150
𝑥+𝑦

𝑥
= 

45.4

26.4
 

3. 

17

150
𝑦+𝑧

𝑦
= 

28.2

45.4
 

      Solving equations results in the actual relative contents of Mn (29.2 at.%), Co 

(23.8 at.%) and Fe (47.0%), which is more consistent with the ideal relative contents of 

Mn (26.7% at.%), Co (24.3 at.%) and Fe (48.6 at.%) in Mn0.8(CoFe2)0.73O4 catalysts 

(MCF_0.8). The actual relative contents of MCF_0.8 after electrochemical cycles were 

also calculated using the same strategy and summarized in the following table together 

with that of as-synthesized MCF_0.8. 

MCF_0.8 Mn at.% Co at.% Fe at.% 

As-synthesized 29.2 23.8 47.0 

After CV cycles 20.2 18.3 61.5 

   Table 5.2. More accurate EDX quantitative analysis of MCF_0.8 catalysts before 

and after electrochemical cycles after considering the overlap between Mn Kβ and Fe 

Kα and between Fe Kβ and Co Kα.  

 



 
 

144 
 

5.7 Operando XANES of Trimetallic Mn-Co-Fe Oxides under Steady State 

The superior ORR activity and durability of the trimetallic oxide MCF-0.8 over both 

CoFe2O4/C and MnFe2O4/C, suggest that the underlying catalytic mechanism involves 

multiple metal active sites catalyzing the reduction of oxygen. Operando synchrotron-

based XAS was employed to investigate the catalytic mechanism of MCF-0.8 under 

real-time electrochemical conditions. We have designed a customized electrochemical 

cell for operando XAS measurements in our previous report (Figs. 5.1 and 5.2). The 

cell consisted of a working electrode of a MCF-0.8 catalyst loaded on porous carbon 

paper, a Ag/AgCl (1M KCl) reference electrode and a carbon rod counter electrode. 

Details of the cell design can be found in Figure S3. To investigate the structural 

evolution of the Co-Mn oxide catalysts at steady state, the applied potential was held 

constant while operando XAS spectra were acquired, after the current had dropped to 

background levels. According to the CV profile of the catalysts at a scan rate of 1 mV/s 

in the home-made cell (Fig. 5.16A, inset), constant applied electrochemical potentials 

(E) of 1.2 V, 1.0 V and 0.8 V vs. RHE correspond to the oxidation peak and its two 

onset potentials while values of 0.8 V, 0.6 V and 0.4 V vs. RHE correspond to the 

reduction peak and its two onset potentials. E value of 0.2 V vs. RHE was also included 

to investigate the electrochemical behavior of MCF-0.8 in a strongly reducing 

environment. Fig. 5.16A exhibits the operando XANES spectra of the Mn K-edge of 

MCF-0.8 at various applied potentials, suggesting systematic changes in the local 

electronic structure. Mn XANES spectra were calibrated, based on the characteristic 

absorption edge of elemental Mn (metal foil) at 6539.0 eV, which corresponds to the 

excitation of electrons from the Mn 1s orbital. The white line in these Mn spectra, near 
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6559 eV, originates from an electronic transition from 1s to 4p orbitals, since the 4p are 

the lowest allowed unoccupied orbitals of 3d transition metals based on the dipole 

selection rule, ∆𝑙=±1. The shoulder peak at 6553 eV shows a gradual increase in the 

peak intensity and a small shift to lower energies when the applied potential decreases 

from 1.2 to 0.2 V, indicating a lower Mn valence state at more negative potentials. More 

specifically, this peak at 6553 eV exhibited no significant changes when the potential 

varies from 1.2 to 0.8 V and became pronounced when E decreased from 0.8 to 0.6 V. 

When the potential was below 0.4V, it became more prominent and similar to the feature 

in the MnO (II) reference, qualitatively suggesting a larger contribution from a lower-

valence Mn.  

Figure 5.16. Operando XANES spectra of the Mn, Co and Fe K-edges of MCF-0.8 and 



 
 

146 
 

the evolution of the average metal valence and metal-oxygen atomic distance at a series 

of applied potentials. (A) Operando XANES spectra at the Mn K-edge of the MCF-0.8 

(solid lines) and the reference manganese oxides (dashed lines). Inset shows the selected 

applied potential from the CV profile at a scan rate of 1mV/s in the home-made 

electrochemical cell at which signals were detected. (B) Operando XANES spectra at 

the Co K-edge of the MCF-0.8 (solid lines) and the reference cobalt oxides (dashed 

lines). Inset shows the gradual shift of the Co K-edge to lower photon energies with 

changing in intensity. (C) Operando XANES spectra at the Fe K-edge of the MCF-0.8 

(solid lines) and the reference iron oxides (dashed lines). Inset shows the incremental 

shift of Fe K-edge to lower photon energies with a change in intensity. (D) Calculated 

average metal valence (solid lines, left Y-axis) as a function of potential based on the 

linear combination fitting using XANES spectra of reference metal oxides. Measured 

metal-oxygen (M-O) atomic distance as a function of potential (dashed lines, right Y-

axis) based on the operando EXAFS analysis.  

  In order to study the gradual changes in the Mn valence more quantitatively, linear 

combination fitting (LCF) analysis was performed using pure manganese oxides, MnO 

(II), Mn3O4 (II, III), Mn2O3 (III) and MnO2 (IV) as reference spectra. Details of peak 

fitting can be found in Fig. 5.17. When E decreased from 1.2 V to 0.8V, the relative 

contents of different metal oxides remained relatively unchanged, corresponding to the 

little change in the XANES spectra (Fig. 5.16A). When E continues to decrease from 

0.8 V to 0.2 V, the relative contents of MnO2 (IV) and Mn2O3 (III) quickly dropped 

from 7%, 10%, respectively, to nearly 0 % and the relative contents of Mn3O4 (II, III) 

dropped from 60% to 35%. Concomitantly, the relative contents of MnO (II) increased 

dramatically from 23% to 65%, corresponding to the more dominant features of MnO 

(II) in XANES spectra of MCF-0.8 at lower potentials. The calculated average valence 

of Mn decreased substantially and continuously from 2.58 to 2.23 when E decreased 

from 1.2 to 0.2 V (Figs. 5.17A-B). A lower Mn valence at lower applied potentials 

would suggest a longer Mn-O chemical bond and weaker binding strength to oxygen, 
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which are clearly confirmed by the corresponding operando EXAFS spectra in Fig. 

5.18A. The Mn-O atomic distance increased continuously from 1.31 to 1.61 Å when E 

decreased from 1.2 to 0.2 V, as shown in Fig. 5.18A. This systematic evolution of the 

Mn valence and the M-O atomic distance strongly indicate that various Mn species can 

serve as the active site to catalyze the oxygen reduction reaction.  

 

Figure 5.17. (A) Valence analysis of Mn K-edge at 1.2 V vs. RHE. Linear combination 

fitting (LCF) (red dashed line) indicates the relative content of MnO (22%), Mn3O4 

(56%), Mn2O3 (8.1%) and MnO2 (14%) at 1.2 V. This LCF has a small R-factor of 

0.00276 and reduced 𝜒2 of 0.000710, indicating a good fitting quality. (B) Average Mn 

valence at a series of applied potential, which was calculated from the relative 

contribution of four manganese oxide references. (C) Valence analysis of Co K-edge at 

1.2 V. Linear combination fitting (LCF) (red dashed line) indicates the relative content 

of CoO (75.5%), Co3O4 (0%) and Co2O3 (24.5%) at 1.2 V. This LCF has a small R-

factor of 0.0179 and reduced 𝜒2 of 0.00517, indicating a reasonable fitting quality. (D) 
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Average Co valence at a series of applied potential, which was calculated from the 

relative contribution of three cobalt oxide references.    

 

Figure 5.18. Operando EXAFS of Mn (A) and Co (B) at a series of applied potential.  

The Metal-oxygen (M-O) bond distance increases as the applied potential decreased 

from 1.2 to 0.2 V, corresponding to a lower metal valence and weaker binding strength 

to oxygen. EXFAS spectra were processed by setting the background value (Rbkg) to 

1.2 in Athena software with the FT-window set to 3 to 10 Å-1  and no phase correction.        

     Co K-edge XANES spectra exhibited similar changes to those of Mn in the MCF-

0.8 electrocatalyst. (Fig. 5.16B). Co XANES spectra were calibrated based on the 

characteristic absorption edge of elemental Co (metal foil) at 7709.0 eV. The operando 

Co XANES spectra and the magnified inset in Fig. 5.16B, exhibit a gradual increase in 

the peak intensity at around 7725 eV, and a continuous shift to lower energies when E 

decreased from 1.2 to 0.2 V, indicating lower Co valences at lower applied potentials. 

The absorption edge of Co had the most significant changes when E dropped from 0.8 

to 0.6 V, indicating an abrupt change in its oxidation state and electronic environment. 

LCF analysis was also employed to quantitatively study the Co valence with CoO (II), 

Co3O4 (II, III) and CoOOH (III) as cobalt oxide references (Figs 5.17C-D). When E 

varied from 1.2 V to 0.6 V, the relative contents of CoOOH decreased from 24% to 
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nearly 0% while that of CoO increased from 76% to nearly 100%, corresponding to the 

abrupt change in XANES spectra in Fig. 5.16B. The XANES spectra of Co remained 

essentially unchanged with 100 % CoO when the applied E further was decreased from 

0.6 to 0.2 V. In contrast to changes of relative contents of Mn3O4, the relative contents 

of Co3O4 were calculated to be consistently zero at various potentials, suggesting a 

negligible contribution from Co3O4. The calculated average valence of Co decreased 

from 2.246 to 2.0 when E varied from 1.2 to 0.6 V, and stayed at 2.0 from 0.6 to 0.2V, 

as shown in Fig. 5.17D (green line). Operando EXAFS of Co further revealed that the 

Co-O atomic distance gradually became longer, from 1.45 to 1.60 Å, when E shifted 

from 1.2 to 0.2 V, as shown in Fig. 5.18B (black dashed line). This is consistent with 

the lower Co valence at lower applied potentials, suggesting a weaker Co binding 

strength to oxygen. Although the gradual evolution of the average Co valence and Co-

O atomic distance at various applied potentials were less pronounced than for Mn, the 

changes in the valence state of Co and Mn shared a similar pattern, suggesting that Co 

and Mn could serve as co-active sites to catalyze the reduction of oxygen.  

  Contrary to Co and Mn, the operando XANES of Fe at the K-edge indicated no 

significant changes during the entire potential range from 1.2 to 0.2 V (Fig. 5.16C). The 

magnified inset exhibits a small increase in the peak intensity at around 7131 eV and a 

slight shift to lower energies. Further LCF analysis of the Fe valence suggests a 100% 

contribution from Fe2O3 (III) at 1.2 V. The Fe valence remained unchanged over the 

entire E range, from 1.2 to 0.2 V, when considering the small statistical error of the LCF 

analysis (reduced 𝜒2 < 0.001). The operando EXAFS spectra around the Fe K-edge in 

Fig. 5.19 suggest that the Fe-O atomic distance remained relatively stable at 1.43 Å with 
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no more than ± 0.05 Å variation when E decreased from 1.2 to 0.2 V. Given the above 

analysis of the average Fe valence and the Fe-O inter atomic distance, unlike Co and 

Mn, the local electronic structure of Fe stays relatively unchanged over a wide potential 

range from 1.2 to 0.2 V, indicating that Fe can serve as a “stabilizing agent” in MCF-

0.8, and at least in part, contribute to the remarkable durability of MCF-0.8 even after 

10,000 electrochemical cycles.  

   
Figure 5.19 Operando EXAFS of Fe at a series of the applied potential. The iron-

oxygen (Fe-O) bond distance exhibits no significant variation as the applied potential 

decreased from 1.2 to 0.2 V, indicating a relatively stable Fe-O bond.  

 Fig. 5.16D serves as a compact summary of the dynamic evolution of average metal 

valence (solid lines, left Y-axis) and metal-oxygen (M-O) inter atomic-distance (dashed 

lines, right Y-axis) at various applied potentials. The average Mn and Co valences share 

a similar decreasing trend at lower applied potentials (red and green solid lines), but 

some differences in the details can be noted. The Mn-O distance continuously and 

dramatically decreased from 2.581 to 2.233 Å while the Co-O distance decreased from 

2.246 to 2.000 Å when E varied from 1.2 to 0.6 V and remained at 2.000 Å even when 
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E was below 0.6 V. Considering that the typical working voltages of the membrane 

electrode assembly (MEA) in alkaline fuel cells are from 0.6 to 1.0 V, the dynamic 

changes of the valence of Mn and Co suggested that both could serve as active sites and 

catalyze the reduction of oxygen. The Mn-O atomic distance increased at lower 

potentials which is consistent with the decrease of Mn valence at lower potentials, 

suggesting a weaker binding energy of Mn towards oxygen. Changes of the Co-O inter 

atomic distance followed a similar pattern through with less pronounced changes than 

for Mn at various potentials (dashed green line). The Co-O inter atomic distance 

continuously increased when E was below 0.6V while the Co valence mainly remained 

at 2.0, indicating that other factors in the electronic structure and local chemical 

environment may also influence the binding energy of Co towards oxygen. The lack of 

significant changes in the Fe valence and the Fe-O inter atomic distance (solid and 

dashed blue lines) suggest that Fe could serve as a stabilizing core element to maintain 

the integrity of the spinel structure and enhance the long-term durability.  

5.8 Operando XANES of Trimetallic Mn-Co-Fe Oxides under Non-Steady State 

   We investigated the evolution of the local electronic structures of Mn, Co and Fe 

using operando XANES and EXAFS under steady state, constant applied potential 

conditions. We then explored the dynamic changes in the valence state of the metal 

active sites during cyclic voltammetry (CV). Such experiments require a non-

conventional strategy to enable fast recording of absorption differences, of transmitted 

X-rays, down to the level of seconds, so as to enable following the relatively potential 

fast changes during CV. This strategy was first reported in our previous study (Fig. 5.1). 

and employed in this work to enable understanding the synergistic effects of the multi-
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active sites in MCF-0.8. Instead of acquiring a full XAS spectrum over a time long 

period (20-30 min). The absorbed X-ray intensity variations were recorded within 

seconds, at a characteristic energy where the largest changes in the intensity of 

absorption occurred in the above mentioned steady-state measurements (Figure 5A). 

The X-ray absorption intensity was calculated as ln(I1/I2) where I1 and I2 are the incident 

and transmitted X-ray beam intensities, respectively. In this particular case, the 

characteristic energy values of Mn, Co and Fe were determined to be 6553, 7225 and 

7131 eV, respectively. A scan rate of 1mV/s, combined with a X-ray acquisition time 

of 3s, indicates that the X-ray signal will be averaged over a 3mV potential range, 

closely approximating to non-steady (dynamic) measurements. From the CV profile at 

1 mV/s in the upper inset of Fig. 5.20, we observed that the oxidation currents (positive 

values) and the reduction currents (negative values) were divided by two boundary 

potentials, 1.12 and 0.28V. One would expect that the oxidation/reduction currents will 

reflect metal active sites being converted into higher/lower valence states, and that a 

periodic change of the metal valence will follow the triangular potential scan (vide 

infra). 

 Fig. 5.20 reveals the periodic changes in the relative X-ray intensity, ln(I1/I2), as a 

cyclic potential scan is applied. When the applied potential starts at the upper boundary 

value, 1.12 V and is scanned to the lower limit, 0.15 V, the relative X-ray intensity of 

Mn increases dramatically, and keeps increasing to the maximum intensity until the 

potential passes the lower limit, 0.15 V and reaches the lower boundary potential, 0.28 

V. Higher X-ray intensities, as shown in Figure 5A, indicate higher contents of lower 

Mn valence since the selected energy is closer to the Mn (II) white line energy. The 
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processes from 1.12 to 0.28 V represent the conversion from Mn (III, IV) to Mn (II, III). 

Symmetrically, when the potential varies from the lower boundary potential, 0.28 V to 

the upper limit, 1.2 V, the X-ray intensity keeps decreasing to the minimum values until 

the potential first passes the upper limit, 1.2 V and reaches the upper boundary potential, 

1.12 V. The processes from 0.28 V to 1.12 V represent for the conversion from Mn (II, 

III) to Mn (III, IV). Mn valences change in a periodic fashion in the subsequent two 

cyclic potential scans. This is fully consistent with the boundary potentials (0.28 V, 1.12 

V) of oxidation and reduction currents in the CV discussed before, unveiling a real-time 

glimpse of an intriguing electrocatalytic mechanism of Mn active sites in MCF-0.8.  

Compared to the changes of Mn, the relative X-ray intensity of Co at 7225 eV also 

increases as the potential drops from 1.12 V, but reaches a relatively stable plateau at 

around 0.6 V, which is consistent with the dramatic changes in the Co XANES spectra 

from 1.2 to 0.6 V with little, if any, changes below 0.6 V (Fig. 5.16B). During the cyclic 

potential scan, the periodic behavior of the relative X-ray intensity of Co, corresponds 

to the reversible conversion between Co(III) at high E to Co(II) at lower E. In sharp 

contrast to the patterns of Mn and Co, the relative X-ray intensity of Fe at 7131 eV, 

remains essentially unchanged during the cyclic potential scan, suggesting no 

significant changes in the Fe valence. A smaller X-ray intensity variation of Fe evident 

at very negative potentials at around 0.15~0.28 V may suggest a slight reduction from 

Fe(III) to Fe(II), which is consistent with the incremental increase in the X-ray intensity 

of the Fe K-edge XANES (Fig. 5.16C). Such a small conversion from Fe(III) to Fe(II) 

may not be revealed in the change of Fe valence, considering the statistical error of LCF 

analysis. 
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Figure 5.20. Periodic changes of the relative X-ray intensities (ln(I1/I2)) at 6553 eV (Mn 

K-edge, red lines), 7225 eV (Co K-edge, green lines) and 7131 eV (Fe K-edge, blue 

lines), respectively, as a function of the cyclic potential sweep at 1 mV/s from 1.2 to 

0.15 V vs. RHE. Intensity variations at 6553, 7225 and 7131 eV reflect the conversion 

among Mn(IV), Mn(III) and Mn(II), between Co(III) and Co (II), and Fe(III) and Fe(II), 

respectively. Relative X-ray intensity increases, suggesting a conversion of the metal 

from higher valence to lower valence as the applied potential goes from 1.2 to 0.15 V, 

and reach a maximum value at 0.28 V. Concomitantly, the relative X-ray intensity 

decreased as the applied potential goes from 0.15 to 1.2 V and reach a maximum value 

at 1.12 V. The upper inset shows the corresponding CV at 1 mV/s over the potential 

range of 0.15-1.2 V vs. RHE. Oxidation and reduction currents in the CV are divided 

by two boundary potentials, 0.28V and 1.12 V vs. RHE.    

The relative changing X-ray intensities of Mn, Co and Fe following repeating patterns 

during three continuous cyclic potential scans, suggest a reproducible and stable 

electrochemical behavior of the three metal active sites under electrochemical operating 
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conditions. To rigorously exclude other factors, such as X-ray generated photoelectrons, 

which may result in periodic patterns of X-ray intensity variations, a control experiment 

was performed by recording the X-ray signal without an applied potential. A stable 

background in the X-ray intensity indicates that the periodic changes of Mn and Co 

valences primarily arise from the applied cyclic potential scan.  

5.9 Conclusion  

  In Summary, we have performed Operando synchrotron-based X-ray absorption 

spectroscopy (XAS) studies to investigate a synergistic Co-Mn oxide catalyst which 

exhibits impressive activity towards the ORR in alkaline fuel cells. X-ray absorption 

near edge structure (XANES) was used to track the dynamic structural changes of Co 

and Mn under both steady state (constant applied potential) and non-steady state (cyclic 

voltammetry, CV).  Under steady state conditions, both Mn and Co valences decreased 

at lower potentials, indicating the conversion from Mn (III,IV), Co(III) to Mn(II,III), 

Co(II). Fast X-ray data acquisition, combined with slow sweep rate in CV, enabled a 3 

mV resolution in potential change, approaching non steady state. Changes in the Co and 

Mn valence states are simultaneous with each other and exhibit periodic patterns that 

track the cyclic potential sweeps.  

     Furthermore, operando X-ray absorption spectroscopy (XAS) reveals that the 

superior performance of the trimetallic Mn-Co-Fe spinel oxides originates from the 

synergistic catalytic effect of Mn and Co, While Fe helps preserve the spinel structure 

during cycling to enhance durability. We employed operando XAS to track the 

evolution of the oxidation states and the metal-oxygen distances under not only constant 

applied potentials (steady state) but also during dynamic cyclic voltammetry (CV) (non-
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steady state). The periodic conversion between Mn(III, IV)/Co(III)  and Mn(II, 

III)/Co(II) as well as the essentially constant oxidation state of Fe during the CV suggest 

collaboration efforts among Mn, Co and Fe. Mn and Co serve as the synergistic co-

active sites to catalyze the oxygen reduction, apparently resulting in the observed high 

activity, while Fe works to maintain the integrity of the spinel structure, likely 

contributing to the remarkable durability of the catalyst. 

To the best of our knowledge, this represents the first study, using operando XAS, to 

resolve the synergistic catalytic mechanism of bimetallic and trimetallic oxides towards 

the ORR. Strategies and insights described herein can provide a promising approach to 

unveil the reaction mechanism for other multi-metallic electrocatalysts.  
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CHAPTER 6 

Non-Precious ORR Electrocatalysts beyond Spinel Oxides* 

6.1 Introduction  

  In previous chapters 2-5, we showed that Mn-Co spinel oxides exhibited a promising 

ORR activity in RDE measurements and achieved a high peak power density of over 1 

W/cm2 in membrane electrode assembly (MEA) measurements.   

In the first part of this chapter, we went one step further to explore Mn-Co bimetallic 

oxides with different crystal structures, in order to better understand the catalyst 

structure and the observed ORR activity. We discovered a new compound, MnCo2O3, 

or MnO(CoO)2/C, with a rock-salt-type structure, through a partial reduction of 

MnCo2O4/C under NH3 treatment. MnCo2O3/C that exhibited an enhanced ORR 

activity, relative to MnCo2O4. The microstructure and chemical environment of newly 

discovered catalysts were examined by STEM and high-energy-resolution ELNES, a 

method intensively used for spinel oxides in chapter 2.  

 In the second part of this chapter, we aimed to develop a new family of non-precious 

catalysts, metal nitrides. Bulk metal oxides, such as cobalt and manganese oxides, have 

a low intrinsic electronic conductivity due to their large band gap (> 2 eV) and may only 

achieve a semi-conductor level conductivity even when they present as small 

nanoparticles with some levels of defects on carbon supports, which could partially 

mitigate their insulating character.1,2  

*Reproduced and modified with permission from the following publications 

Yao Yang, Rui Zeng, Yin Xiong, Francis DiSalvo, Héctor Abruña, Rock-salt-type 

MnCo2O3/C as Efficient Oxygen Reduction Electrocatalysts for Alkaline Fuel Cells.  

Chem. Mater. 2019, 31, 9331.  © ACS 

Yao Yang, Rui Zeng, et al. Francis J. DiSalvo, Héctor Abruña. Cobalt-Based Nitride-Core 

Oxide-Shell Oxygen Reduction Electrocatalysts. J. Am. Chem. Soc. 2019, 141, 19241. ©ACS 

https://pubs.acs.org/doi/full/10.1021/jacs.9b10809
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 It is thus important to develop novel conductive metal-based catalysts for the ORR. 

Benefiting from their conductive nature and, often, metallic behavior,3 transition metal 

nitrides have emerged as a new family of electrocatalysts for the ORR. Previous reports 

include early 3d transition metal nitrides (TiN, VN, CrN),4 Mn,5 Co,6 Fe,7 Ni-based 

nitrides,8,9 Cu3N,10 MoN6 and other bimetallic nitrides.4 However, the reported activities 

are at best modest (E1/2 < 0.8 V vs. reversible hydrogen electrode, RHE) and generally 

far lower than that of Pt/C. Cobalt-based nitrides,  previously investigated mainly as 

magnetic materials,11 have been reported to exhibit promising performance in a wide 

range of energy-related applications, like the oxygen evolution reaction (OER),3,12,13 

metal-air batteries13,14 and supercapacitors.15 Nevertheless, there have been scarce 

studies of using cobalt-based nitrides as effective electrocatalysts for the ORR in 

alkaline fuel cells. In this work, we have prepared a series of cobalt nitrides loaded on 

porous carbon supports (Co2N/C, Co3N/C and Co4N/C) by a facile nitridation process 

in NH3 at controlled temperatures. Co4N/C exhibited the highest ORR activity among 

the three types of cobalt nitrides studied, an eight-fold improvement in mass activity at 

0.85 V, when compared to cobalt oxide, Co3O4/C. The superior performance was 

ascribed to the formation of a conductive nitride core surrounded by a naturally formed 

thin active oxide shell (about 2 nm). The conductive nitride core effectively mitigated 

the low conductivity of the metal oxide catalysts and the thin oxide shell on the surface 

provided the active sites for the ORR. Strategies developed herein can represent a 

promising approach to for the design of other novel metal nitrides as electrocatalysts for 

fuel cells. 
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6.2 Experimental Methods  

Synthesis of Rock-salt-type MnCo2O3/C: Mn(Ac)2·4H2O and Co(Ac)2·4H2O, were 

dissolved in 15 mL deionized (DI) water and sonicated for 15 min. 500 L concentrated 

NH3·H2O were diluted in 5 mL DI water and added to the metal precursor solution 

dropwise under vigorous stirring at 1200 rpm. The pH of the formed metal-NH3 

complex solution was tested and controlled to be around 11. Ethanol (20 mL) was later 

added to the metal-NH3 complex solution with an EtOH/H2O volume ratio of 1:1. Ketjen 

Black (KB) with a BET surface area of 900 m2/g was added to the resulting 

suspension/solution, which was kept stirring at 1200 rpm and 60 oC for 12 h. The 

solution was then transferred into a 50 mL autoclave for hydrothermal reaction at 150 

oC for 3h. Co3O4 and MnCo2O4 supported on carbon (40 wt.%) were separated from the 

residual solution using a centrifuge at 6000 rpm and washed with EtOH/H2O (vol. 1:1) 

three times and oven dried at 80 oC for 6h. Rock-salt-type CoO/C and MnCo2O3/C were 

formed by treating the as-synthesized Co3O4/C and MnCo2O4/C in NH3 at 300 oC for 

3h with a temperature ramping rate of 5 oC/min. NH3 treatment at higher temperatures 

would introduce metallic or metal nitride impurity phases and H2 treatment at 300 oC 

would lead to the formation of metallic Co. MnCo2O3 NPs with no carbon support were 

prepared from MnCo2O4 NPs with no carbon support, which was synthesized using the 

same hydrothermal procedures except without adding carbon during the synthesis.    

Synthesis of Cobalt Nitrides (Co2N, Co3N and Co4N): In a typical synthesis, 95.18 

mg CoCl2∙6H2O and 112.15 mg of hexamethylenetetramine (HMT) were dissolved in a 

20 mL mixture of deionized water and ethanol (volume ratio of 1:1) in a 50 mL conical 

flask under magnetic stirring to form a transparent pink solution. 94.29 mg high surface 
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carbon Ketjen Black (HSC KB) were then added to the solution and sonicated for 30 

min. The resulting suspension was then aged in an oil bath at 90 °C with a stirring rate 

of 900 rpm for 1.5 h. The precursor was separated from the solution by centrifuge at 

7000 rpm for 10 min and washed with deionized water and ethanol three times. The 

sample was then dried in oven at 60 °C for 2 h. Cobalt nitrides (Co2N/C, Co3N/C and 

Co4N/C) were formed by treating the as-synthesized precursor in a NH3 atmosphere at 

various temperatures, for 2 h with a temperature ramping rate of 8 oC/min. For samples 

used for electrochemical tests, the ammonia treatment was extended to 24 h. The 

unsupported Co4N was synthesized at 460 oC for 24h and formed a mechanical mixture 

with HSC carbon by ball milling. An acid wash was performed by soaking Co4N/C in 

0.5 M H2SO4 at 60 °C for 10 h. 

   Electrochemical measurements, STEM, EELS and XRD adapted same procedures 

in Chapter 2. Specific surface area and pore size distributions were analyzed based on 

Brunauer–Emmett-Teller (BET) and Barrett–Joyner–Halenda (BJH) methods from the 

N2 adsorption-desorption isotherms acquired at -195 oC (liquid N2) in a Micromeritics 

ASAP2020 instrument. XPS spectra were acquired using a Surface Science Instruments 

SSX-100 with an operating pressure of 2×10-9 Torr. Monochromatic Al Kα X-rays 

(1486.6 eV) with 1 mm diameter beam size were used. Photoelectrons were collected at 

a 55° emission angle. A hemispherical analyzer determined electron kinetic energy, 

using a pass energy of 150 V for wide/survey scans, and 50 V for high resolution scans.    

6.3 Rock-Salt-Type MnCo2O3/C derived from MnCo2O4/C under NH3 Treatment  

   Co3O4/C and MnCo2O4/C with cubic spinel structures were first synthesized through 

a facile hydrothermal method. Powder XRD patterns of Co3O4/C exhibited the typical 
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features of cubic spinel oxides with a major (311) peak (PDF # 01-071-1178) (Fig. 6.1a). 

The domain size of the Co3O4 nanoparticles (NPs) was estimated to be 18 nm based on 

the  Scherrer equation. Co3O4/C was then partially reduced to CoO/C under mild NH3 

reduction at 300 oC for 3h (referred to CoO/C-N300). The resulting CoO/C-N300 

exhibited a single-phase XRD pattern as the CoO XRD reference (PDF # 01-076-1802) 

with a slightly smaller domain size of 14 nm. As a fingerprint of the chemical 

environment of  Co, ELNES spectra of CoO/C-N300 exhibited nearly identical 

features as the CoO reference, indicating CoO/C-N300 shared the same chemical 

environment of Co(II) as CoO (Fig. 6.1b). Comparisons in crystal structure of Co3O4 

and CoO are demonstrated in Fig. 6.2. During NH3 treatment,  some of the oxygen 

atoms in the spinel Co3O4 were removed to form the rock-salt-type CoO. Consequently, 

the coordination numbers (CN) of Co changed from the co-existence of tetrahedral 

[CoO4] and octahedral [CoO6] in Co3O4 to all octahedral [CoO6] in CoO.  

 

Figure 6.1. (a) Powder XRD patterns of CoO/C synthesized from Co3O4 under NH3 

treatment at 300 oC for 3h and standard XRD patterns of CoO (PDF # 01-071-1178) and 

Co3O4 (PDF # 01-076-1802). N300 represents NH3 treatment at 300 oC. (b) ELNES 

spectra of CoO/C-N300 compared to reference Co oxides, CoO, Co3O4 and CoOOH. 

The nearly identical features of CoO/C-N300 and CoO Ref. (green and red lines) 

confirm that the synthesized CoO/C-N300 nanoparticles have the same chemical 
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environment of Co as Co(+2) in rock-salt-type CoO.  

 

Figure 6.2. Crystal structures of spinel-type Co3O4 and rock-salt-type CoO. Co3O4 has 

Co with two different coordination numbers, Co(II) in tetrahedral sites (CN=4) and 

Co(III) in octahedral sites (CN=6). CoO has Co all in tetrahedral coordination (CN=4). 

Pink and Red atoms are Co and O, respectively. Crystal models were built based on 

Co3O4 (PDF # 01-076-1802) and CoO (PDF # 01-071-1178).  

Following the successful synthesis of CoO/C NPs, MnCo2O4/C spinel oxides were 

synthesized and used as precursors for further NH3 treatment at 300 oC. As shown in 

Fig. 6.3a, Mn-Co bimetallic oxides exhibited a similar rock-salt-type structure to the 

CoO reference with a major (200) peak. Thus, we propose that this new compound has 

a chemical formula of MnO(CoO)2/C, or simply MnCo2O3/C. It has been reported that 

CoO and MnO could form a miscible solid solution, bulk-phase CoxMn1-xO (0 < 𝑥 < 

1) under high-temperature (1100 oC) sintering.16 The domain sizes of the nanoparticles 

were calculated to be 15 nm for MnCo2O4/C and 13 nm for MnCo2O3/C, respectively. 

The chemical composition of MnCo2O3/C was determined by X-ray energy-dispersive 

spectroscopy (EDX) (Fig. 6.3b), based on the Cliff-Lorimer equation.17  MnCo2O3/C 

exhibited a relative content of 33.1 at.% Mn and 66.9 at.% Co, respectively, (relative 

error: 0.2% was defined as one standard deviation), which matched the theoretical 
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values of 33.3% and 66.6% in MnCo2O3, respectively.  

   

Figure 6.3.  (a) Powder XRD patterns of MnCo2O3/C, MnCo2O4/C compared to 

standard XRD patterns of CoO and Co3O4. (b) TEM-EDX spectrum of MnCo2O3/C, 

showing the relative Co/Mn atomic ratio of 2:1. (c) Atomic-scale STEM image of 

MnCo2O3/C with {111} d-spacings and the corresponding Fourier transform (FT). (d) 

Differential pore volume distribution (dV/dD profile) as a function of pore size, of 

MnCo2O3 without carbon support and the corresponding N2 adsorption-desorption BET 

isotherm (inset).   

Since NH3 was used as a mild reducing agent, it is important to know whether any N 

was introduced into the product during the synthesis. As shown in Fig. 6.4, no evidence 

of a N signal from MnCo2O3/C was found to be above the detection limit of EDX, 

electron energy loss spectroscopy (EELS) and X-ray photoelectron spectroscopy (XPS) 

characterizations.  
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Figure 6.4. (a-c) EDX, EELS and XPS spectra of MnCo2O3/C. No evidence of a N 

signal above the detect limitation of techniques, was found here.      

The morphology and crystal structure of MnCo2O3/C were examined using 

aberration-corrected high-angle annular dark-filed scanning transmission electron 

microscopy (HAADF-STEM) imaging at 100 keV (Nion UltraSTEM). MnCo2O3/C 

exhibited a particle size of 30-50 nm embedded in a Ketjen black (KB) carbon matrix, 

indicating that the majority of particles have multiple sub-domains, given an XRD 

domain size of about 13 nm. Atomic-scale STEM images of individual MnCo2O3 

nanoparticles showed single-crystal features with d-spacings of 2.5 Å, as indicated by 

the diffraction spots in the Fourier transform, which are same as the {111} d-spacings 

of CoO (2.46 Å) within the STEM spatial resolution (Fig. 6.3c). The lattice images of 

MnCo2O3 show a non-uniform image intensity, suggesting the existence of nm-scale  

mesoporous morphology, which was also found in other MnCo2O3 NPs (Fig. 6.5). 

 

Figure 6.5. A collection of STEM images of MnCo2O3/C nanoparticles (NPs). 

Variation of image intensity suggests MnCo2O3 NPs may have micropores and 

mesopores with pore sizes of  2-6 nm.     
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6.4 Porosity and Microstructure of MnCo2O3/C 

 To quantify the porosity of MnCo2O3 NPs, a N2 adsorption-desorption test was 

performed on MnCo2O3 without KB carbon support since the larger surface area of 

carbon (900 m2/g) would likely dominate the measured surface area in the 

catalyst/carbon composite. The specific surface area of MnCo2O3 NPs was estimated to 

be 30 ± 0.1 m2/g by the Brunauer-Emmett-Teller (BET) method (Fig. 6.3d, inset). The 

pore size distribution of MnCo2O3, derived from the Barrett-Joyer-Halenda (BJH) 

method, suggested a narrow size distribution with an average pore size of 2.4 nm (Fig. 

6.3d), which was consistent with the pore size in STEM images (Figs. 6.3c and 6.5). 

MnCo2O3/C exhibited a similar pore size distribution as the KB support which had 

undergone the same hydrothermal treatment and subsequent annealing in NH3 gas. It 

indicates that MnCo2O3 did not significantly change the porosity of KB. The spinel 

precursor, MnCo2O4, was found to have a similar BET surface area of 34.1 ± 0.3 m2/g, 

indicating no significant changes in the surface area during NH3 treatment. (Fig. 6.6). 

 

Figure 6.6. BET N2 adsorption-desorption isotherms of MnCo2O4 and MnCo2O3 

without KB carbon support. BET surface areas of  MnCo2O4 and MnCo2O3 were 

calculated to be 34 and 30 m2/g, respectively.   

     The crystal structure of MnCo2O3 was then directly visualized using atomic-scale 

STEM imaging and EELS mapping. As shown in Fig. 6.7a, MnCo2O3 exhibited atom 
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columns with two perpendicular d-spacings of 4.3 and 3.0 Å on the [110] zone axis, 

which were consistent with the theoretical values of 4.26 and 3.01 Å, based on the 

crystal model of CoO (Fig. 6.7f). The [110] zone axis is proportional to the lattice plane 

indicated by the dashed rectangles in the unit cell of CoO (Fig. 6.7e). The d-spacing of 

3.01 Å can be obtained by dividing the lattice parameter, 4.26 Å by √2 due to a 

projection angle of 45o. The magnified image in Fig. 6.7c showed the characteristic 

hexagonal symmetry on the [110] zone axis of CoO. The corresponding fourier 

transform (FT) in Fig. 6.7d displayed the hexagonal arrangements of diffraction spots 

with {111} d-spacings of 2.5 Å, which matched well the theoretical values of 2.46 Å in 

the crystal model in Fig. 6.7f. Besides the imaging analysis on crystal structures, atomic-

scale EELS mapping was employed to extract chemical composition using metal L3 

edges. An atomic-scale EELS map of Mn exhibited a clear layered structure, indicating 

the successful incorporation of Mn into the Co-based rock-salt-type structures at the 

atomic scale (Fig. 6.7b).    

 

Figure 6.7. Atomic-scale HAADF-STEM image of rock-salt-type MnCo2O3/C. (a) 

Overall lattice image of MnCo2O3 on the zone axis of [110]. (b) Atomic-scale EELS 

elemental map of Mn acquired from the dashed box in (a). (c) Magnified single unit cell 

of MnCo2O3 showing the typical hexagonal symmetry. (d) Fourier transform (FT) of 

lattice image in (a) showing the corresponding hexagonal symmetry with {111} d-



 
 

168 
 

spacing (2.5 Å). (e) Unit cell of rock-salt-type CoO (lattice parameter, a = 4.26 Å), based 

on PDF # 01-071-1178. Dashed lines indicate the lattice planes proportional to the [110] 

zone axis. (f) 2D projection of the crystal model exhibiting the hexagonal symmetry 

with {111} d-spacings of 2.46 Å. Theoretical lattice spacings of 4.26 and 3.01 Å are 

consistent with experimental values of 4.3 and 3.0 Å in (a).     

     The chemical composition was investigated using electron energy loss 

spectroscopy (EELS). Figs. 6.8a-c present the STEM image of one MnCo2O3 

nanoparticle and the corresponding EELS elemental maps of Mn in red and Co in green.  

The composite map of Mn vs. Co in Fig. 6.8d suggests a Co-rich core with a thin Mn-

rich shell of 1-3 nm, which was further evidenced by EELS maps of other MnCo2O3 

NPs (Fig. 6.9).  

 

Figure 6.8. STEM-EELS elemental mapping and fine spectroscopic analysis of 

MnCo2O3/C. (a-d) STEM images of one MnCo2O3 nanoparticle and the corresponding 

EELS elemental maps of Mn (red), Co (green) and composite map of Mn vs. Co. (f) 

Electron energy-loss near-edge structure (ELNES) of Co L3,2 edges of MnCo2O3/C and 

reference Co oxides, CoO, Co3O4 and CoOOH. (g) ELNES spectra of Mn L3,2 edges of 

MnCo2O3/C and reference Mn oxides, MnO, Mn3O4, Mn2O3. Black arrows in (f) and 

(g) indicate the negative and positive shift of Co and Mn L3 edges, relative to CoO and 

MnO references, respectively.       

 



 
 

169 
 

 

Figure 6.9. STEM images of MnCo2O3/C and the corresponding EELS elemental maps 

of Mn (red) and Co (green). Composite map of Mn vs. Co on the right side suggest a 

thin Mn-shell of 1-3 nm on the surface.   

 

Figure 6.10 (a-b) fine EELS (ELNES) spectra of Co and Mn L3,2 edges of MnCo2O3/C 

at five different regions on TEM grids. The highly reproducible profiles of both Co and 

Mn L edges indicate the high reliability of peak position and peak ratios of L3 to L2. (c-

d) average ELNES spectra of Co and Mn L3,2 edges in the core and shell section of the 

nanoparticle in Fig. 6.8. Features of Co and Mn remain basically the same in the core 

and shell, indicating a homogenous valence distribution despite of the heterogenous 

elemental distribution.           
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   The electron energy-loss near-edge structure (ELNES) analysis offers 

microstructural analysis with atomic-scale spatial resolution and high energy resolution 

(0.5 eV) simultaneously. ELNES serves as a “fingerprint” to probe the local electronic 

structure, i.e., density of unfilled states (unfilled DOS) above the Fermi level (EF), which 

is particularly sensitive to the local atomic environment, such as valence state, chemical 

bonding and coordination environment. ELNES spectra of Co and Mn L edges were 

aligned against the zero loss peak (ZLP) and found to have high reproducibility among 

five different regions on the TEM grids. Given the existence of a thin Mn shell in 

MnCo2O3/C, ELNES spectra of Co and Mn in core and shell sections were extracted 

separately from spectrum images to identify any inhomogeneities of electronic 

structures between core and shell. As shown in Fig. 6.10, Co and Mn in core and shell 

sections shared nearly the same features in ELNES spectra, indicating a homogenous 

local valence distribution despite the heterogenous elemental distribution with Mn-rich 

shell.  

     To further identify the valence state of active sites of the electrocatalysts, ELNES 

spectra of MnCo2O3/C were compared to Co and Mn reference oxides (Figs. 6.8f-g). Co 

and Mn L3 edges of MnCo2O3/C exhibited similar features to CoO and MnO references 

(green and red lines in Figs. 6.8f-g) and were distinct from the ELNES spectra of 

Co3O4(II,III), Mn3O4(II,III), CoOOH(III) and Mn2O3(III). It has been suggested that Co 

and Mn in MnCo2O3/C share the same rock-salt-type structures as CoO(II) and MnO(II), 

respectively. Furthermore, Co L3 edge showed a slightly negative shift, relative to 

CoO(II), while the Mn L3 edge had a slightly positive shift, relative to MnO(II). This 

symmetrical spectra shift indicated a local charge transfer from Mn to Co and a possible 

synergistic effect between the two of them, serving as co-active sites, which is consistent 

with our observation on Co-Mn spinel oxides using operando X-ray absorption 

spectroscopy (XAS) in Chapter 5. Besides the relative peak position, the intensity ratio 

of L2/L3 edges also reveals the covalency of metal-oxygen bonds. A high L2/L3 ratio 

indicates a more covalent bond, as shown by the difference between CoO(II) and 

CoOOH(III) and between MnO(II) and Mn2O3(III) (Figs. 6.8f-g). Co in MnCo2O3/C 

exhibited an even lower L2/L3 ratio than CoO(II) while Mn in MnCo2O3/C showed a 



 
 

171 
 

much higher L2/L3 ratio than MnO (II), suggesting a less covalent (more ionic) Co-O 

bond and symmetrically a more covalent Mn-O, relative to CoO and MnO, respectively. 

Apart from the metal L edges, oxygen K edge can also provide a complementary picture 

of the metal-oxygen binding environment. The first and second peaks in ELNES spectra 

of the O K-edge represent the O-2p character in metal partially filled 3d bands and 

empty 4s,p bands, respectively (Fig. 6.11). The O K edge of MnCo2O3/C resembled the 

features of CoO and MnO rather than other reference oxides with higher valence (Figs. 

6.11a-b). More specifically, the O K edge of MnCo2O3/C is more similar to CoO than 

MnO since Co is the majority metal in MnCo2O3/C (Fig. 6.11a). 

Figure 6.11. ELNES spectra of Oxygen K-edge of MnCo2O3/C compared to Co oxide 

references in (a) and Mn oxide references in (b). The similarity of O K-edge between 

MnCo2O3/C and CoO references indicates that the majority of the oxygen atoms share 

a chemical environment similar to CoO(+2). 

6.5 ORR Activity and Durability of MnCo2O3/C 

After thorough structural investigation, the well-defined rock-salt-type MnCo2O3/C 

as well as the spinel-type MnCo2O4/C materials were employed as oxygen reduction 

electrocatalysts in alkaline fuel cells. ORR polarization profiles were acquired in O2-

saturated 1M KOH at 1600 rpm and 5 mV/s using a rotating disk electrode (Pine 

Instruments). MnCo2O3/C with a loading of 0.1 mg/cm2 exhibited a promising ORR 

activity with a half-wave potential (E1/2 = 0.86 V vs. a reversible hydrogen electrode, 

RHE). This is 20 mV higher than that of the spinel MnCo2O4/C (E1/2 = 0.84 V), 

corresponding to about two-fold enhancement in mass-specific activity (Fig. 6.12a). The 

E1/2 of MnCo2O3/C is only 30 mV away from the benchmark 20 wt.% Pt/C (E1/2 = 0.89 
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V), making MnCo2O3/C a promising non-precious ORR electrocatalyst for alkaline fuel 

cells. It should be noted that the catalytic activities were preliminarily evaluated 

employing RDE measurements, while the more realistic MEA measurements are 

currently under investigation. MnCo2O3/C is able to reach the same diffusion-limited 

current density (-3.6 mA/cm2), Id, as Pt/C, suggesting a 4e- process of reducing O2 

completely to H2O. Additionally, as shown in Fig. 6.13, MnCo2O3/C and MnCo2O4/C 

have smaller Tafel slopes of 45 and 50 mV/dec, respectively, relative to Pt/C (60 

mV/dec), suggesting a smaller overpotential to achieve the same kinetic current change. 

To investigate the catalyst surface, cyclic voltammetric (CV) profiles of MnCo2O3/C 

and MnCo2O4/C were acquired, which showed  that MnCo2O3/C had a larger redox 

current than MnCo2O4/C, indicating the existence of more active sites in MnCo2O3/C. 

(Fig. 6.12b). Both MnCo2O4/C and MnCo2O3/C shared a similar redox peak position, 

indicating a similar catalyst surface, which actually matched our previous observation 

that spine-type MnCo2O4/C has a shell rich in CoO(II) and a core rich in Co3O4. (Fig. 

S12) The small reduction peak at 1.1 V vs. RHE was separated from the main peak by 

changing the lower scan limit of the CV profile (Fig. S14). It was identified as 

monolayer species on the Mn-rich shell with a highly reversible redox process. 

 

Figure 6.12. (a) ORR polarization profiles of MnCo2O4/C, MnCo2O3/C and Pt/C in O2-

sat. 1M KOH at 1600 rpm and 5 mV/s. Metal oxides and Pt mass loadings are 0.1 

mg/cm2 and 25 µg/cm2, respectively. (b) CV profiles of MnCo2O4/C and MnCo2O3/C 

in Ar-sat. 1M KOH at 10 mV/s.         
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Figure 6.13. Tafel plots of MnCo2O3/C, MnCo2O4/C and Pt/C extracted from Fig. 4a 

based on the Koutecky-Levich equation.  

In an attempt to implement a Pt-free cathode for AEMFCs, non-precious ORR 

electrocatalysts are required to not only satisfy the initial activity requirements, but also 

survive long-term durability tests. Catalyst durability was examined by following an 

accelerated aging protocol: continuous 10,000 CV cycles at 10 mV/s from 0.6 to 1.0 V 

vs. RHE in O2-sat. 1 M KOH (Fig. 6.14a). MnCo2O3/C exhibited a mild decay in ORR 

activity after 10K cycles as the E1/2 shifted from 0.86 V to 0.84 V. The activity decay of 

MnCo2O3/C is comparable to or slightly better than Pt/C (∆E1/2 = 25 mV after 10K 

cycles) under same test conditions (Fig. 2.28). The activity decay of Pt/C was mainly 

ascribed to the loss of ECSA as shown in the CV profiles of Pt/C. Noticeably, The 

activity of MnCo2O3/C after 10K cycles was still comparable to the initial activity of 

MnCo2O4/C. A noticeable loss in the Id was found in both MnCo2O3/C and MnCo2O4/C, 

suggesting a loss of surface area, possibly due to particle aggregation during cycles. 

Further strategies to enhance the catalyst-support interactions will be critical to mitigate 

the particle aggregation and extend the lifetime of non-precious metal oxide 

electrocatalysts. TEM-EDX spectra was used to quantitatively investigate the changes 

in chemical composition after durability tests. Mn and Co Kα edges were used to 

quantify the relative contents of Mn and Co (Fig. 6.14b). They showed that the Mn 

content increased slightly from 33.1 ± 0.2 at.% to 35.9 ± 0.4 at.%.  
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Figure 6.14. (a) ORR profiles before and after the accelerated ageing protocol: 

continuous 10000 cycles at a scan rate of 100 mV/s from 0.6 to 1.0 V vs. RHE in O2-

saturated 1M KOH. Metal oxide loading was controlled to be 0.1 mg/cm2. ORR profile 

measurements after ageing protocol were performed in fresh 1M KOH solution to avoid 

the influence of possible contamination from the aging solution species. (b) TEM-EDX 

spectra of MnCo2O3/C before and after 10,000 potential cycles. Intensity was 

normalized to the Co Kα edge and the Cu signal was from Cu-made TEM grid.       

 

6.6 Conclusion of MnCo2O3/C Work  

    In this work, we designed a new Mn-Co bimetallic oxide, MnCo2O3/C with the 

rock-salt-type structure, derived from a spinel-type precursor, MnCo2O4/C under mild 

reduction using NH3 at 300 oC. In-depth electron microscopic and spectroscopic 

investigations suggest that MnCo2O3/C predominantly has Mn(II) and Co(II) and can 

be written as MnO(CoO)2/C. Charge transfer between Mn and Co was probed by 

electron energy-loss near-edge structure (ELNES) analysis. MnCo2O3/C has a Co-rich 

core and a thin 1-3 nm Mn shell with a mesoporous morphology. MnCo2O3/C achieved 

a high ORR activity with a half-wave potential of 0.86 V in 1M KOH, which was 

ascribed to the microstructure and the synergistic effects between Mn and Co, serving 

as co-active sites for the ORR. This in-depth structural investigation will offer insightful 

strategies for materials design and developments in the renewable energy community, 
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in general, and in fuel cells, in particular.  

    It is worthwhile to mention that the table of contents of this work, published in 

Chem. Mater., featured the logo of Center for Alkaline-Based Energy Solutions, 

CABES (Fig. 6.15), an EFRC funded by U.S. DOE.  

 

Figure 6.15.  Table of Contents of this MnCo2O3/C work.  
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6.7 Synthesis of a Family of Cobalt Nitrides (Co2N/C, Co3N/C and Co4N/C) 

We have prepared a series of cobalt nitrides loaded on porous carbon supports 

(Co2N/C, Co3N/C and Co4N/C) by a facile nitridation process in NH3 at controlled 

temperatures. The crystal structures of the as-synthesized cobalt nitrides were 

characterized by powder X-ray diffraction (XRD) (Fig. 6.16a). The XRD patterns of 

Co2N/C, Co3N/C and Co4N/C matched well with those of standard references, Co2N 

(PDF # 04-004-4638), Co3N (PDF # 04-021-6263) and Co4N (PDF # 04-021-6262), 

respectively, indicating a successful synthesis of single-phase cobalt nitrides by treating 

the same Co precursors in NH3 at various precisely controlled temperatures. This 

finding highlights the key role of the treatment temperature in determining the Co/N 

ratio. As shown in Fig. 6.16b, increases in the temperature led to a monotonic increase 

of the Co/N ratio, indicating a gradual loss of nitrogen from the cobalt nitride crystals 

at higher temperatures. The characteristic temperatures for the formation of Co2N, Co3N 

and Co4N were 300, 360 and 460 °C, respectively, as indicated by the red marks in Fig. 

6.16b. Mixed phases would co-exist when the annealing temperatures were in between 

the aforementioned characteristic temperatures, as indicated by the blue marks in Fig. 

6.16b. XRD patterns of cobalt nitrides at various temperatures are summarized in Fig. 

6.17. We propose the following temperature effects during NH3 treatment: the precursor 

is directly reduced by ammonia to Co2N at 300 °C; further increases in the temperature 

lead to the partial decomposition of Co2N, giving rise to Co3N at 360 °C and further 

decomposition yielding in Co4N at 460 °C. From the perspective of crystal structures 

(Fig. 6.16c), Co4N exhibits a similar cubic structure to the cubic metallic Co and both 

show similar XRD patterns with just slight differences in d-spacings (Fig. 6.17g). 
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Further incorporation of N atoms into the lattice induces the transformation to new 

crystal structures. While Co3N adopts a hexagonal structure with six cobalt and two 

nitrogen atoms in the unit cell, Co2N exhibits an orthorhombic structure with a much 

lower symmetry.  

 

Figure 6.16. Crystal structure analysis of as-synthesized CoxN/C (x = 2, 3, 4). (a) XRD 

patterns of Co2N/C, Co3N/C and Co4N/C, synthesized under NH3 nitridation at 300, 360 

and 460 °C, respectively and the corresponding standard XRD references. (b) Synthesis 

summary: Co/N atomic ratio vs. synthesis temperature. Red marks indicate the single 

phase CoxN/C materials while blue marks suggest mixed phases of cobalt nitrides. (c) 

Crystal models of Co, Co4N, Co3N and Co2N and the corresponding space groups. 
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Figure 6.17. (a-g) XRD patterns of samples treated in NH3 for 2h under different 

temperatures.  

6.8 STEM-EELS Mapping of Co4N/C with Nitride Core and Oxide Shell    

     The microstructure of the as-synthesized Co4N/C was examined, at the atomic 

scale, using an aberration-corrected high-angle annular dark-field (HAADF) scanning 

transmission electron microscope (STEM) equipped with electron energy loss 

spectrometer (EELS). The chemical composition of Co4N NPs were investigated using 

EELS analysis. The EELS spectrum exhibited the characteristic Co L3,2 edges and N K-

edge (Fig. 6.18) from which the EELS elemental maps of Co and N were obtained Fig. 

6.19. The as-synthesized Co4N NPs exhibited a relatively homogenous elemental 

distribution of Co and N, which confirmed the uniform incorporation of N through the 

nanoparticles. Surprisingly, a pronounced O K-edge emerged in the EELS spectrum 

(Fig. 6.18) and resulted in an O elemental map with a clear surface enrichment (Fig. 
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6.19f). The composite map of O vs. N suggested a thin oxygen shell on the surface with 

a uniform thickness of ~2 nm (i.e., ~six atomic layers). This intriguing finding indicated 

that the Co4N NPs would naturally form a thin surface layer of cobalt oxide, upon 

exposure to air. Such a “native oxide layer” is also known as a passivation layer with a 

thickness of several atomic layers, which can prevent further oxidation and is 

particularly common in aluminum.18  

 
Figure 6.18. EELS spectrum of Co4N/C corresponding to the following  nanoparticle.  
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Figure 6.19. STEM-EELS analysis of the nitride-core and oxide-shell of Co4N/C. (a) 

HAADF-STEM image of one Co4N nanoparticle. (b-f) The corresponding EELS 

elemental maps of Co in green (d), N in red (e), O in green (f), and composite maps of 

Co vs. N (b) and O vs. N (c), respectively.  

6.9 Surface-Sensitive XPS Analysis of Co4N/C  

To elucidate the near-surface chemical environment, surface-sensitive X-ray 

photoelectron spectroscopy (XPS) was employed to study the surface oxide layer and 

near-surface nitride. Pronounced N and O 1s and Co 2p peaks appeared in the full XPS 

spectrum, indicating the presence of both cobalt oxide and nitride (Fig. 6.20a). The 

higher intensity of the O 1s peak, relative to the N 1s peak, is consistent with previous 

findings of the 2 nm surface oxide layer since the typical penetration depth of XPS is 

about 5 nm. By carefully fitting the high-resolution Co 2p spectrum (Fig. 6.20b), the 

peaks appearing at 778.0 eV and 793.0 eV were ascribed to the Co 2p3/2 and Co 2p1/2 of 

Co-Co coordination. The binding energies of 779.9 eV and 794.9 eV, corresponding to 

Co-N bonds, confirmed the formation of Co4N after the nitridation process. The co-

existence of both Co-Co and Co-N suggests two distinct chemical environments of Co 

in the Co4N crystal structures with the Co atoms having nearest neighbors of two N 

atoms in a collinear geometry and twelve surrounding Co atoms, as shown in Fig. 6.16c.  

The Co-O bond were evidenced by peaks located at 782.1 eV and 797.1 eV and 

further verified by the presence of Co-O coordination at 528.8 eV in the O 1s spectrum 

(Fig. 6.20c). Besides of the Co-O bond from the surface cobalt oxide shell, a significant 

amount of OH and H2O adsorbed on the surface were evident and identified by their 

distinct chemical shifts at 530.7 and 532.1 eV, respectively. 
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Figure 6.20. XPS spectra for Co4N. (a) full spectrum. (b-d) high-resolution spectra of 

(b) Co 2p region. (c) O 1s region. (d) N 1s region. 

In a previous report in Chapter 3, we found that Co-OHad and Co-OH2ad were able 

to activate water molecules on the surface and facilitate reduction of O2. Apart from the 

Co-N bond in Co4N, the peak at 399.0 eV in the N 1s spectrum could originate from the 

surface terminal group of N-H after NH3 treatment19,20 while the binding energy of 402.2 

eV was assigned to the formation of N-O interactions21,22 at the interface between cobalt 

oxide and Co4N (Fig. 6.20d). The combination of a conductive cobalt nitride core and 

an active cobalt oxide shell may serve as a rational design metric of heterogenous 

structures to mitigate the low conductivity of metal oxides yet remain as active sites on 

surface, and work as active ORR electrocatalysts. 
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Figure 6.21. Evaluation of ORR activity of CoxN/C. (a) ORR polarization profiles of 

Co2N/C, Co3N/C, Co4N/C, Co3O4/C and Pt/C in O2-saturated 1M KOH at 5 mV/s and 

1600 rpm. (b) Mass activity (MA) ofCo2N/C, Co3N/C, Co4N/C, Co3O4/C at 0.85 V vs. 

RHE (normalized to the mass of Co). 

6.10 ORR Activity and Durability of Co4N/C and Identification of Active Sites  

The oxygen reduction activity of cobalt nitrides was evaluated with a rotating disk 

electrode (RDE) system in O2-saturated 1M KOH at 1600 rpm. In addition to the as-

prepared cobalt nitrides, control groups, including spinel oxide Co3O4/C and 

commercial Pt/C (Johnson Matthey), were also examined for comparison. As shown in 

Fig. 6.21a, all the catalysts displayed a similar diffusion-limiting current of ~3.8 

mA/cm2 in 1M KOH solution, indicating a 4-electron ORR process. The half-wave 

potential (E1/2) was then used as a metric to evaluate the initial activity of various 

catalysts. While Co3O4/C exhibited a high E1/2 value of 0.845 V, both Co2N/C and 

Co3N/C outperformed the spinel oxide by 15 mV in E1/2, suggesting enhanced kinetics 

for the ORR. Surprisingly, Co4N/C achieved a further enhancement in the activity with 

an E1/2 at 0.875 V, comparable to that of Pt/C (0.890 V), and the highest recorded 

performance when compared to the reports of other metal nitrides in the literature (Table 
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6.1). The enhanced activity was further evaluated in terms of the mass activity (MA) at 

0.85 V vs. RHE (Fig. 6.21b). Compared to Co3O4/C, a significant enhancement, by more 

than a factor of 3, was observed for Co2N/C or Co3N/C. Furthermore, the mass activity 

of Co4N/C reached a remarkable MA of about 300 A/g, respectively, representing an 

eight-fold increase when compared to Co3O4/C and much higher than other reports in 

the literature (Table 6.1). The enhanced ORR performance was attributed to the unique 

nitride-core oxide-shell structure, which is consistent with previous theoretical 

predictions by Nørskov et al.23 

Catalyst type Loading* 

(μg/cm2) 

Solution Test 

condition 

Idl  

(mA/cm2) 

E1/2 / V 

vs. RHE 

MA@0.85 

V (A/g)** 

Co3N/C 

This work 

50 1M KOH 1600 rpm 

5 mV/s 

3.8 0.860 130 

Co2N/C 

This work 

50 1M KOH 1600 rpm 

5 mV/s 

3.8 0.860 133 

Co4N/C 

This work 

50 1M KOH 1600 rpm 

5 mV/s 

3.8 0.875 293 

JM Pt/C 

This work 

25 1M KOH 1600 rpm 

5 mV/s 

3.8 0.890 900 

ETEK Pt/C[3] 20 0.1M NaOH 1600 rpm 

5 mV/s 

5.3 0.88 550 

TiN[4] 127 0.1M KOH 1600 rpm 

10 mV/s 

N/A 0.53 N/A 

VN[4] 127 0.1M KOH 1600 rpm 

10 mV/s 

N/A 0.54 N/A 

CrN[4] 127 0.1M KOH 1600 rpm 

10 mV/s 

N/A 0.53 N/A 

CrN/GC[5] N/A 0.1M KOH 1600 rpm 

5 mV/s 

3.93 0.66 N/A 

Mn-O-N/C[6] 127 1M KOH 1600 rpm 

5 mV/s 

N/A 0.53 N/A 

FeNx/NG[7] 163 0.1M KOH 1500 rpm 

10 mV/s 

3.65 0.64 N/A 

Co-O-N/C[8] 700 0.1M KOH 2500 rpm 

10 mV/s 

5.4 0.65 N/A 

Ti-Ni-N/C[9] 500 0.1M KOH 1600 rpm 

10 mV/s 

5.3 0.80 5.1 

Ni3N/NiO[10] 152 0.1M KOH 1600 rpm 

10 mV/s 

4.7 0.76 5.2 

Cu3N[11] 389 0.1M KOH 3025 rpm 

5 mV/s 

N/A 0.23 N/A 

Cu3N/C[12] 7.5 0.1M KOH 1600 rpm 

5 mV/s 

5.5 0.68 N/A 
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V0.95Co0.05N[4] 127 0.1M KOH 1600 rpm 

10 mV/s 

5.5 0.76 3.7 

Mo-O-N/C[8] 700 0.1M KOH 2500 rpm 

10 mV/s 

4.0 0.61 N/A 

MoCo-O-N/C[8] 700 0.1M KOH 2500 rpm 

10 mV/s 

4.8 0.76 0.39 

Table 6.1 Literature Summary of metal nitrides and oxynitrides as the ORR catalysts 

for alkaline fuel cells.  *Catalyst loading was based on the mass of active materials. 

**Mass activity calculation is based on Koutecký–Levich equation assuming Id =5.5 

mA/cm2 and 3.8 mA/cm2 for 0.1M and 1.0M KOH, respectively. N/A in Id means the 

catalysts have not reached diffusion limited behavior. N/A in MA means the current at 

0.85V is too low for calculating the kinetic current. 

     The stability of Co4N/C was assessed by potential cycling between 0.60 and 0.95 

V for 10,000 cycles (U.S. DOE protocols). Co4N/C exhibited significant stability with 

an E1/2 decay of only 14 mV (Fig. 6.22a), close to that of Pt/C (17 mV) (Fig. 6.22b).  

 

Figure 6.22. ORR polarization profiles of Co4N/C (a) and Pt/C (b) before and after 

10,000 (10k) cycles in O2-saturated 1M KOH. Scan rate: 5 mV/s. The 10k-cycle test 

(0.60-0.95 V) was done in O2-saturated 1M KOH, at a sweep rate of 100 mV/s. 

6.11 Operando XAS Studies of the Stability of Cobalt Nitrides under Oxidation  

Potentials  

 

  Operando synchrotron-based XAS was employed to understand the activity and 

structural stability of a similar Co3N/C under real-time electrochemical conditions in 
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alkaline media. Constant potentials from 0.2 to 1.6 V vs. RHE were applied in order to 

investigate the Co3N/C, under steady state in both reduction and oxidation environments 

in alkaline media (Fig. 6.23). When the potential was increased from 1.0 to 1.2 V vs. 

RHE, the Co K-edge showed a significant shift to higher energy along with a higher 

intensity of the absorption peak, and the broad pre-edge changed to a sharper feature 

like those in cobalt oxide references, which correspond to a valence increase from ~0.82 

to ~2.16 (Fig. 6.23a). Further increases in potentials to 1.4 and 1.6 V led to average Co 

valences of 2.23 and 2.39, respectively. Operando EXAFS spectra of Co3N/C at 1.0 V 

(OCP) showed the characteristic Co-N bond at an R value of 1.5 Å, pronounced Co-Co 

bond at 2.2 Å (nearest neighbors) and an additional peak at 4.2 Å (further coordination 

shells) (Fig. 6.23b). When the potential was increased to 1.2 V, the amplitude of the 

EXAFS signal, |𝜒(𝑅) | decreased dramatically from 1.8 to less than 0.6 Å-3. This 

indicates that the structure of Co3N/C has been dramatically perturbed under oxidation 

at 1.2 V becoming significantly more disordered. Further oxidation at 1.4 and 1.6 V 

showed a new feature emerging at 4.4 Å, with an increasing magnitude to 0.6 and 0.9 

Å-3, respectively. This suggests the formation of more ordered cobalt oxides at very high 

oxidation potentials. In contrast to the dramatic changes at oxidation potentials above 

1.0 V, operando XANES and EXAFS showed a much more stable behavior at lower 

potentials (Figs. 6.2c-d). When the potential decreased from 1.0 V (OCP) to 0.8 V, both 

XANES and EXAFS showed little change. Only when the potential was decreased to 

the lower limit of 0.2 V, was a slight negative shift of the edge energy in XANES was 

observed, which is likely due to the reduction of surface oxide layer. As shown in the 

schematic in Fig. 6.23b, the results unambiguously demonstrate that oxidizing potentials 
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above 1.2 V will destroy the original structure of Co3N and generate new species of Co 

oxides, while reducing potentials, down to 0.2 V, have minimal impact on the structural 

stability. Co3N/C has a safe “potential threshold” of 1.0 V but is not suitable to catalyze 

the OER at high oxidizing potentials in alkaline media. However, several reports have 

employed Co-based nitride materials for the OER in alkaline solution,25,26 which 

contradicts our operando XAS observations. The nitride catalysts exhibited a tendency 

towards complete oxidation with the collapse of the conductive-core-active-shell 

structure, leading to dramatic performance deterioration. Further treatment of the 

catalyst surface with a passivation layer could help mitigate the core from oxidizing 

under oxidative conditions and thus improve the durability and structural stability of 

TMNs for the ORR in alkaline media.27  

 

Figure 6.23 Operando XAS studies of the stability of cobalt nitrides under 

electrochemical conditions. (a) Operando XANES spectra of Co3N/C under steady state 
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at 1.0 V (open circuit potential, OCP) followed by applied oxidative potentials from 1.2-

1.6 V vs. RHE, and comparison with XANES reference spectra (a Y-offset of 0.5 was 

applied to better show the differences). Purple arrows show the progressive positive 

shift of the Co K-edge, indicating higher Co valences at higher potentials. The inset 

shows the average Co valences at 1.2-1.6 V based on a linear combination fitting 

analysis. (b) Operando EXAFS spectra of Co3N/C at 1.0-1.6 V with k3-weighting 

Hanning window and no phase correction, showing the dramatic changes of Co-N/O 

and Co-Co bonds at different applied oxidative potentials. (c) Operando XANES and 

EXAFS spectra of Co3N/C at reducing potentials from 1.0 V down to 0.2 V. The inset 

in (c) shows the slight negative shift of the Co edge energy, suggesting the overall good 

stability of Co3N/C at potentials lower than 1.0 V.  

 

6.12 Conclusions 

In summary, we report on a novel family of cobalt nitrides (CoxN/C, x=2, 3, 4) as ORR 

electrocatalysts in alkaline fuel cells. Co4N/C exhibited the highest ORR activity among 

the three types of cobalt nitrides studied, with a half-wave potential (E1/2) of 0.875 V 

vs. RHE in 1M KOH, rivaling that of commercial Pt/C (0.89 V).  Moreover, Co4N/C 

showed an eight-fold improvement in mass activity at 0.85 V, when compared to cobalt 

oxide, Co3O4/C, and a negligible degradation (∆E1/2 = 14 mV) after 10,000 potential 

cycles. The superior performance was ascribed to the formation of a conductive nitride 

core surrounded by a naturally formed thin active oxide shell (about 2 nm). The 

conductive nitride core effectively mitigated the low conductivity of the metal oxide 

catalysts and the thin oxide shell on the surface provided the active sites for the ORR. 

Our work may shed light upon the development of new transition metal nitrides not only 

for alkaline fuel cells but also for other electrocatalysis system. Operando XAS shows 

that cobalt nitrides are stable for the ORR at potentials below 1.0 V vs. RHE and 

undergo irreversible oxidation at potentials above 1.2 V, which can occur during fuel 
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cell start-up/shut down procedures as well as the OER in water electrolyzers.   
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CHAPTER 7 

High-Throughput Combinatorial Studies of Palladium-based  

Oxygen Reduction Electrocatalysts for Alkaline Fuel Cells*  

7.1 Introduction  

 Developing Pt-free ORR catalysts has been a longstanding challenge for the 

implementation of fuel cell technologies. Among the alternatives for Pt, Pd has gained 

increasing attentions since Pd is the only element which shows comparable ORR 

activity to Pt in alkaline media, despite its much lower activity in acidic media.1 In 

addition, alloying Pd with lower-cost 3d-transition metals, has been reported as an 

effective strategy to tune the lattice parameter and electronic structure of Pd so as to 

boost its ORR activity.2-6 For example, Pd-Cu disordered alloys (solid solutions) were 

reported as active ORR catalysts in acidic media. While alloying a precious metal with 

a non-noble metal (e.g. PdCu) increases activity, the non-noble metal often leaches 

during cycles, which could contaminate and decrease the performance of the polymer 

membrane in fuel cells.7,8 In contrast, based on the Pourbaix diagram of Cu, Pd-Cu 

alloys can be thermodynamically more stable in alkaline media (pH = 13~14), when 

compared to acidic media.9 Despite extensive studies on Pd-based electrocatalysts, the 

electrocatalytic mechanism for the ORR has remained elusive.  
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The fact that ORR electrocatalytic activity depends on particle composition, size, 

morphology, and surface and crystal structures, makes this task monumentally difficult. 

Additionally, nanoparticle studies often involve time-consuming trial-and-error 

synthetic procedures. Therefore, a systematic high-througput combinatorial approach, 

with well-controlled morphlogy and structure, would be particularily beneficial for 

assessing and evaluating promising Pd-based candidate catalysts in a time-efficient 

manner.      

Combinatorial synthesis and screening methods have enabled the efficient 

preparation of solid-state material libraries. Previous developments have contributed to 

the discovery of new functional materials with dielectric,10 magnetic,11 

superconducting,12 and luminescent properties,13 among others. Over the past two 

decades, significant progress has been made in screening electrocatalysts for fuel cell 

and water splitting applications. The pioneering work of Mallouk et al. employed inkjet 

printing and a subsequent borohydride reduction method to screen a broad range of 

binary, ternary and quaternary precious metal electrocatalysts.14 They developed a 

fluorescent acid-base indicator method to detect the concentration of protons, which 

were generated during the methanol oxidation reaction, and identified a composition of 

Pt44Ru41Os10Ir5 with optimal activity. We recently employed a similar  fluorescent-

based method, and synchrotron-based X-ray fluorescence (XRF) spectroscopy to screen 

Pt-M binary alloys (M included 18 different metals) and selected promising catalysts, 

such as Pt65Ru35.
15-17 Hillier et al. proposed scanning electrochemical microscopy 

(SECM) as a reliable technique to screen PtRu-based catalysts for hydrogen and 

methanol oxidation.18,19 Bard et al. designed a piezo-based microarray dispenser to 
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prepare Co-M binary alloy (M: Pd, Ag, Au) catalyst arrays for the ORR in acidic media 

and Fe2O3-based bimetallic oxide arrays for water oxidation and assessed their activity 

using SECM.20,21  Russel et al. developed addressable multi-channel array electrodes 

to study Pt-Ru alloys for CO-tolerant methanol oxidation22,23 and Pt-Pd-Au alloys for 

the ORR in acidic media.24 Recently, Berlinguette et al. developed a photochemical 

metal-organic deposition (PMOD) method to prepare various amorphous Fe-Co-Ni 

trimetallic oxides for water oxidation.25,26  

     For the development of PEMFCs, the rotating disk electrode (RDE) technique has 

been widely used as a standard tool to evaluate electrocatalytic activity. In contrast, the 

aforementioned fluorescent-based and SECM techniques only provide indirect 

predictions of potential activity. On the other hand, multi-channel array electrodes 

require delicate device fabrication and few of those results have translated into realistic 

activities in RDE measurements. There is clearly a need for a standard and reliable RDE 

platform for catalyst screening. Here, we report on a facile catalyst screening method 

using replaceable glassy carbon disk electrodes as the substrate, which enables the rapid 

and reliable evaluation of ORR activity using standard RDE measurements. We 

employed a high-throughput magnetron sputtering chamber to prepare 36 kinds of 

binary Pd-M thin-film alloy electrocatalysts for the ORR in alkaline fuel cells (M: Fe, 

Co, Ni and Cu). Among all those thin-film catalysts, Pd50Cu50 (i.e. 1:1 molar ratio, or 

just PdCu) was found to be the most promising candidate. Following this guidance, and 

using an impregnation method, we further synthesized Pd50Cu50 nanoparticles which 

showed promising activity and durability in alkaline fuel cells.  
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7.2 Experimental section 

Thin-film preparation by magnetron sputtering: The sputtering chamber consists of 

three 2-in. 90 off-axis magnetron sputtering guns (radio frequency, RF mode) on the 

side of the chamber (Angstrom Sciences Onyx-2).  A 2-in. on-axis sputtering gun 

(AJA, Inc.) on the top (direct current, DC mode) allows for the deposition of a uniform 

adhesion layer, such as Ti or Ta. Sputtering targets of Pd and Cu metals were purchased 

from ACI Alloys, Inc. with a purity of 99.99%. The sputtering rate of each metal was 

measured as a function of sputtering power and calibrated based on the thickness 

measurements obtained using a profilometer (Tencor AlphaStep 500). Ti adhesion 

layers were sputtered at 125 W (0.5 A, 250 V) for 60 s. The Pd-Cu thin films were 

sputtered with the Pd target at 25 W and the Cu target at 35 W for 10 min. The sputter 

rate of Pd and Cu was measured to be around 2.5 Å/s in the center of the substrate. A 

glassy carbon (GC) rod was purchased from HTW GmbH (Germany) and cut into 

columns (D = 5mm, H = 5 mm); one side was mirror polished and thoroughly cleaned 

with ethanol and H2O. A ceramic electrode holder was custom built to hold up to 9 GC 

electrodes for co-sputtering of binary alloys. After Pd and Cu metal targets were 

mounted into the sputtering guns, the system was pumped down to a high vacuum 

condition (2 × 10-6 Torr). The sputtering occurred in a 3 × 10-2 Torr Ar gas environment 

and the Ti adhesion layer was deposited on the GC first, followed by co-sputtering of 

the Pd and M elements (M: Mn, Fe, Co, Ni, Cu). The sputtering parameters of different 

Pd-M alloys were summarized in Table 7.1.  

Binary Catalysts Pd-Cu Pd-Ni Pd-Co Pd-Fe Pd-Mn 

Pd gun (RF) /W 25 25 25 25 25 

3d metal gun (RF)  35 50 50 60 56 
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/W 

Top gun (DC) / W 125 125 125 125 125 

Table 7.1. Sputtering power of Pd, 3d metal and Ti guns. The sputter rate of all metals 

was estimated to be around 2.5 Å/s. The RF bias was set at 7W for all Pd-M films. The 

top Ti gun was run at 0.5 A and 250 V. The Ti adhesion layer was sputtered for 1min 

and Pd-Cu thin films was sputtered for 10min 

Structural characterizations: Structural characterizations: Scanning electron 

microscopy (SEM) images and energy dispersive spectroscopy (EDX) were performed 

using a ZEISS Gemini 500 SEM. SEM images were acquired at 3 kV and 1 nA and 

EDX  spectra were acquired at 20kV and 38 nA to maximize the X-ray signal output 

for elemental quantification while maintain reasonable spatial resolution for elemental 

mapping. EDX images were obtained with a size of 256×256 pixels and a dwell time of 

2.5 ms/pixel. EDX elemental mapping of Pd and 3d metals were processed using Pd 

Lα,β and 3d metal Kα edges in ImageJ. The thin-film XRD patterns were acquired using 

a Bruker D8 General Area Detector Diffraction System (GADDS) with a Vanter 2D 

large-area detector. Diffraction patterns were collected at a step size of 10o/frame and 

an acquisition time of 1 min/frame from 20o to 80o.  A laser pointer guided the sample 

height alignment precisely to ensure the reproducibility among different batches of thin 

films. Since a GC electrode would have large diffraction peaks of graphite in the 

background, the Pd-based films used for XRD analysis were deposited on a single-

crystal Si wafer (University Wafer, p-type doped, (100) orientation, 380 µm thick). 

Electrochemical measurements: A replaceable disk electrode system (Pine 

Instrument, E4TQ) was employed as the standard RDE platform for evaluating the ORR 

activity of the Pd-based thin films. The thin-film coated GC working electrode (WE) 

was loaded into the electrode holder with Teflon tape on the side for tight sealing to 
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prevent electrolyte leakage. The GC was pushed against the internal Au spring-loaded 

pin to ensure a reliable electrical contact. Ag/AgCl in saturated KCl solution served as 

the reference electrode (RE) and connected to the WE through a salt bridge. A large-

surface-area graphite rod was used as the counter electrode (CE). The potential 

difference between Ag/AgCl in saturated KCl and a reversible hydrogen electrode 

(RHE) in 1 M KOH was calculated to be 1.0258 V based on the Nernst equation. 

Electrochemical measurements were performed using a Solartron potentiostat. All 

potential values in this work are referenced against RHE unless otherwise stated. ORR 

measurements were carried out in oxygen-saturated 1 M KOH at 1600 rpm and 5 mV/s 

at room temperature (23 oC). The relative activity was calculated by normalizing the 

kinetic current, extracted from the Koutecky-Levich equation, to the relative Pd contents 

of Pd in the binary alloys. Cyclic voltammograms (CVs) were obtained in Ar-bubbled 

1 M KOH at a scan rate of 10 mV/s. 

Pd-Cu Nanoparticle synthesis: Pd and PdCu (Pd/Cu molar ratio, 1:1) were synthesized 

using an impregnation-reduction method. In a typical synthesis, 2.354 mL of 50 mM 

H2PdCl4 mixed with 2 M HCl and 15.8 mg of CuCl2 were dissolved into a mixture of 

15 mL H2O and 5 mL EtOH, followed by the addition of 80 mg of high-surface area 

carbon (HSC) Ketjen Black (KB). The mass fraction of PdCu on carbon was 20% and 

the synthesis rendered a maximum of 100 mg of catalyst per batch. The suspension was 

sonicated for 30 min and then stirred at 1500 rpm for 10 h at room temperature (23oC). 

The mixture was then heated to 60 oC while stirring, on the same heating/stirring plate, 

to allow for the solvent to slowly evaporate and the suspension to form a uniform  

slurry. The slurry was then dried in an oven at 60 oC for ~10 h to from a powder 
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precursor. This precursor was crushed in an agate mortar and heated in a crucible under 

forming gas at 800 oC for 12h to form the PdCu nanoparticles. Pd nanoparticles on 

carbon were synthesized under identical conditions with the exception of using 3.758 

mL H2PdCl4 and no CuCl2 to achieve the same mass fraction of 20% Pd/C. The crystal 

structure of all the synthesized electrocatalysts was examined by powder X-ray 

diffraction (XRD) using a Rigaku Ultima IV Diffractometer. Diffraction patterns were 

collected at a scan rate of 2o/min at 0.02o steps from 20o to 80o.  

Electrochemical measurements of Pd-Cu nanoparticle catalysts: 5.0 mg of 

electrocatalyst (Pd/C or PdCu/C) were mixed with 1.0 mL of 0.05 wt.% Nafion/ethanol 

solution and subsequently sonicated for approximately 30 min to form a uniform 

catalyst ink. 5 µL of the resulting catalyst ink were loaded onto a glassy carbon (GC) 

electrode (D = 5.0 mm, Pine Instruments) as the working electrode (WE), achieving a 

metal loading of 25 µg/cm2, followed by thermal evaporation of the solvent under an 

infrared light. Ag/AgCl in saturated KCl solution was used as the reference electrode 

(RE), and a graphite rod with a large surface area was used as the counter electrode 

(CE). Electrochemical measurements were performed on the same Solartron 

potentiostat as before. ORR measurements were performed with a rotating disk 

electrode (RDE, Pine Instruments) in oxygen-saturated 1 M KOH at room temperature 

(23oC). Reproducible experiments suggested that the relative error of E1/2 was less than 

2 mV. CVs were obtained at 20 mV/s from 0.05 to 1.2 V in Ar-saturated 1 M KOH. 

ORR polarization profiles were obtained at 5 mV/s and 1600 rpm after 10 CV cycles at 

20 mV/s to clean the surface and activate the catalyst. CO stripping experiments were 

performed by adsorbing the CO at 0.1 V vs. RHE for 10 min and subsequently bubbling 
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Ar gas for 20 min to remove the residual CO in the solution so that only the CO adsorbed 

on the surface would be analyzed. CO stripping profiles were acquired at 10 mV/s from 

0.1 to 1.2 V vs. RHE. Accelerated durability tests were carried out by potential cycling 

from 0.6 V to 1.0 V at 100 mV/s from 10,000 to 100,000 cycles. The ORR profiles after 

potential cycles were measured in a fresh 1 M KOH solution to avoid the contamination 

accumulating in the solution.  

7.3 Magnetron Sputtering of Pd-based thin-film electrodes  

Magnetron sputtering has been employed as a powerful tool to prepare various Pd-

based binary thin films (Fig. 7.1). Sputtering is a physical vapor deposition (PVD) 

method in which the positively charged ions from an Ar plasma strike a negatively 

charged metal target(s) with enough kinetic energy to sputter surface atoms from the 

target(s). In magnetron sputtering, a localized magnetic field under the target guns aids 

in controlling the electron trajectory in space and concentrating the Ar plasma over the 

target. Thus, higher plasma densities and improved deposition rates are achieved. The 

ejected target atoms re-deposit on a substrate to form a thin film. In this work, a custom-

built magnetron sputtering system was used for the combinatorial preparation of Pd-

based thin films (Fig. 7.1a).27  
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Figure 7.1 Methodology for the preparation and activity evaluation of thin-film 

electrodes. (a) Custom-built magnetron sputtering chamber with two sputter guns on the 

side for preparing Pd-M binary thin films and one Ti gun on the top for sputtering 

adhesion layers. (b) View inside the chamber showing the home-made sample holder 

with glassy carbon electrodes between the two sputter guns (Pd and Cu targets). (c) 

Plasma glow on Pd target during sputtering process. (d) Top and side view of the glassy 

carbon disk holder along with the replaceable rotating disk electrode (RDE). 

The sputtering chamber is composed of a sputtering gun on top, for depositing Ti 

adhesion layers, and three sputtering guns on the side for co-depositing binary or ternary 

thin films. The sputtering chamber is pumped to high vacuum conditions (< 2 × 10-6 

Torr) before film deposition. Single-crystal Si wafers were used as the substrate for 

depositing films for XRD measurements. Polished glassy carbon (GC) electrodes (5 mm 

diameter) were loaded onto a home-made sample holder, and used as substrates for 

electrochemical measurements (Pd-M/Ti/GC, Figs. 7.1b-c). A maximum of nine 

electrodes could be loaded per batch and were labeled No. 1 to No. 9 from the position 



 
 

199 
 

closer to the Pd and M targets, respectively. After film deposition, the Pd-M/Ti/GC 

electrodes were mounted into a replaceable disk set-up for rotating disk electrode (RDE) 

measurements (Fig. 7.1d).        

7.4 Chemical Composition and Surface Morphology of Pd-Based Thin-Film Alloys 

     Scanning electron microscopy (SEM) and energy dispersive X-ray (EDX) 

spectroscopy were employed to assess the chemical composition and surface 

morphology of Pd-M thin films.  As shown in Figure 7.2a, the EDX spectra of a series 

of Pd-Cu thin films exhibited a progressive compositional change from sample No. 1 to 

No. 9. The Pd Lα,β edges at around 2.8 keV showed a gradual decrease in the intensity 

while the Cu Kα,β edges at 8.0 and 8.9 keV increased, showing the inverse 

proportionality of the Pd and Cu at.% at different sample positions. The Ti Kα edge at 

4.5 keV was also detected due to presence of the Ti adhesion layer under the films. The 

relative Pd at.% and Cu at.% were quantified based on the Pd L and Cu K edges using 

the Cliff-Lorimer equation.28 The total elemental contents of Pd and Cu were set to 

100% and the relative errors (one standard deviation) were estimated to be 1-2%. As 

shown in Figure 7.2b, the Pd at.% smoothly decreased from 95% in sample No. 1 to 7% 

in sample No. 9. With the sputtering powers of the targets properly calibrated, one could 

achieve a Pd50Cu50 (Pd/Co atomic ratio, 1:1) in sample No. 5 (indicated by dashed lines 

in Figure 7.2b). We observe a Pd or Cu concentration gradient of about 1 at.% per mm 

across the substrate, although the change was not perfectly linear (Figure 7.2b).  
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Figure 7.2 Elemental quantification of Pd-Cu thin-films. (a) EDX spectra of Pd-Cu 

thin films with sample position from 1 to 9 (Pd-rich to Cu-rich). Pd Lα,β and Cu Kα edges 

were used for elemental quantification. Ti signal came from the Ti adhesion layer. (b) 

Relative atomic contents of Pd and Cu (at.%) as a function of the sample position, which 

covers the range of Pd at.% from ~95% to ~5% with Pd50Cu50 in  the middle. (c-d) 

SEM images of Pd50Cu50 showing a uniform film morphology and a domain size of 

around 100 nm.  
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Figure 7.3 SEM images of Pd-rich Pd77Cu23 (a-b) and Cu-rich Pd22Cu78 (c-d) thin films, 

respectively, showing a uniform film morphology and a domain size of about 100 nm.  

     The surface morphology of the thin films was characterized using SEM (Figure 

7.2c). Over the field of view of 16 µm or larger, Pd50Cu50 showed highly uniform surface 

morphology without noticeable µm-sized agglomeration. The magnified SEM image of 

Pd50Cu50 in Figure 7.2d showed that the smooth surface was composed of metallic 

clusters with a size of approximately 100 nm. The surface morphologies of Pd-rich and 

Cu-rich films were also examined under SEM (Figure 7.3). Pd77Cu23 and Pd22Cu78 

(estimated as Pd3Cu and PdCu3) exhibited a homogenous surface morphology over the 

µm-sized field of view (Figures 7.3a,c). When compared to Pd50Cu50,  Pd77Cu23 and 

Pd22Cu78 exhibited a similar surface morphology with metallic clusters of around 100 

nm (Figures S7.3b,d). Pd22Cu78 showed a smoother surface morphology and larger 

domain sizes, possibly due to the higher mobility of Cu atoms, relative to Pd atoms, 

during sputtering.   
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   After examining the surface morphology and bulk compositions, we also 

characterized the structure and chemical composition of cross sections of the thin films. 

EDX mapping was employed to evaluate the elemental distribution in the cross section 

(Figure 7.4). The L edge of Pd and K edges of C, Ti and Cu were used to construct the 

elemental maps. The elemental maps of C, Ti, Pd and Cu provided a direct visualization 

of the layered structure of Pd50Cu50/Ti/C along the cross section (Figures 7.4b-e). In 

particular, the EDX map of Ti suggested a Ti adhesion layer with a thickness of around 

50 nm (Figure 7.4c). The EDX maps of Pd and Cu indicated a catalyst layer of around 

350 nm (Figures 7.4d-e). The composite map of Pd + Cu in Figure 7.4f showed a 

homogenous elemental distribution of Pd and Cu, indicating the successful formation 

of a binary alloy at the nanometer scale. The EDX map of PdCu on another region also 

confirmed the same observation of ~50 nm Ti and ~350 nm PdCu film thicknesses, 

respectively.  

 

 

 

 



 
 

203 
 

 

Figure 7.4 SEM image (a) and the corresponding EDX elemental maps of C (b), Ti (c), 

Pd (d), Cu (e) and the composite map of Pd + Cu (f) for a Pd0.5Cu0.5 thin film. The 

thickness of Pd-Cu thin films and Ti underlayer were estimated to be 350 nm and 50 

nm, respectively. The uniform false color map in yellow in (f) suggested a homogenous 

elemental distribution of Pd and Cu.  

     SEM-EDX was further used to examine the structure and composition of other 

Pd-based binary thin films (Pd-Co, Pd-Ni and Pd-Fe). Fig. 7.5a presents the EDX 

spectra of Pd-Co thin films with Ti as the adhesion layer. The intensity was normalized 

to Co Kα edges to better show the changes in Pd at.%. Pd-Co thin films exhibited a 

continuous decay in the intensity of Pd L edges from the sample No.1 to No.9, 
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corresponding to a higher Pt at.%. As shown in Fig. 7.5b, relative contents of Pd at.% 

monotonically decreased from 95% in sample No.1, to 48% in sample No.5 and finally 

to 5% in sample No.9. SEM images of Pd48Co52 exhibited a highly uniform surface 

morphology (Fig. 7.5c) and metal clusters with sizes of ~100 nm (Fig. 7.5d).  

 
Figure 7.5 Elemental quantification of Pd-Co thin-film electrodes. (a) EDX spectra 

of Pd-Co thin films with sample position from 1 to 9 (Pd-rich to Co-rich). Pd Lα,β and 

Co Kα edges were used for elemental quantification. (b) Relative atomic contents of Pd 

and Co (at.%) as a function of sample position, which covers the range of Pd at.% from 

~95% to ~5% and Pd50Co50 in sample No.5 (c-d) SEM images of Pd50Co50 showing a 

uniform film morphology and a domain size of around 100 nm.  

  Pd-Ni and Pd-Fe also exhibited similar regular patterns in the composition variation 

from Pd-rich composition in sample No.1 to Ni or Fe-rich composition in sample No.9, 

with Pd55Ni45 or Pd48Fe52 in sample No.5 (Fig. 7.6). In summary, four families of Pd-

based binary thin films (Pd-Cu, Co, Ni and Fe) were examined to have well-controlled 

compositions and uniform surface morphology. EDX quantification suggested that Pd-
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based thin films were able to cover the entire composition range from 95% to 5% with 

a step size of around 10% among nine continuous samples. SEM images of selected 

samples indicated that Pd-based thin films were highly homogenous in the surface 

morphology and exhibited metal cluster with sizes of around 100 nm.       

 

Figure 7.6 (a-b) Relative atomic contents of Pd-Ni and Pd-Fe thin films.   

7.5 Crystal Structure of Pd-Based Thin-Film Alloys 

The crystal structure of Pd-based thin films was examined using X-ray diffraction 

(XRD). The XRD patterns of Pd-based thin films would be introduced following the 

orders of Pd-Cu, Ni, Co, Fe and Mn. All nine Pd-Cu samples exhibited single-phase 

face centered cubic (fcc) solid solutions with characteristic peaks such as, (111), (200) 

and (220) (Fig. 7.7). As the thin film compositions changed from Pd-rich sample No. 1 

to Cu-rich sample No. 9, the diffraction peaks progressively shifted to higher 2θ angles 

due to the incorporation of Cu, with a smaller atomic size, into the Pd lattice. The Pd-

Cu (111) peaks shifted to higher angles at higher Cu at.% with Pd50Cu50 (green lines) 

located right at the middle. Extra diffraction peaks were examined to origin from the 

background rather than impurity phase of the binary thin films.  
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Figure 7.7 XRD patterns of 9 Pd-Cu thin films with the characteristic (111), (200) and 

(220)  peaks of face centered cubic (fcc) type Pd-Cu binary alloys. The background 

artifact was labeled as “*”. 

 

To quantitatively study the formation of solid solutions between Pd and 3d metals, 

the major diffraction peak, (111) in fcc phase and (110) in bcc phase were summarized 

in Fig. 7.8 and analyzed using Bragg’s law in Fig. 7.9. The crystal structures and lattice 

parameters of Pd and 3d metals were summarized in Table 7.2. The (111) peaks of Pd-

Cu and Pd-Ni exhibited strong trends as (111) peaks shifting to higher angles with 

Pd50Cu50 and Pd50Ni50 (green lines) locating in the middle (Figs. 7.8a-b). Pd-Co thin 

films exhibited similar patterns except the existence of hcp-Co in very Co-rich sample 

(Pd5Co95) (indicated by the arrow in Fig. 7.8c). Pd-Fe thin films exhibited a gradual 

transition from fcc-type to bcc-type PdFe alloys with the existence of a mixed phase at 

Pd31Fe69 in Fig. 7.8d. For a solid solution, Vegard’s law states that the lattice parameter 

of a binary alloy will be a weighted average of the two components’ lattice parameters 
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at the same temperature. The lattice parameters of Pd-based thin films were calculated 

based on the diffraction angles of the major peaks shown in Fig. 7.8 and plotted as a 

function of Pd at.% (Fig. 7.9).  

 
Figure 7.8 Summary of XRD patterns of Pd-M binary alloys (M: Cu, Ni, Co and Fe). 

(a-b) XRD patterns of the (111) facets of the 9 Pd-Cu and Pd-Ni thin-film electrodes, 

respectively. The composition progressively changed from Pd-rich to Cu-rich or Ni-rich 

compositions, leading to the gradual peak shift to higher angles due to the incorporation 

of Cu or Ni atoms with small atomic sizes into the Pd lattice. (c) XRD patterns of Pd-

Co thin films, which showed similar patterns as the Pd-Cu and Pd-Ni thin films. The 

noticeable peak at around 41.5o was ascribed to the formation of hcp-Co at very Co-rich 

Pd5Co95 films. (d) XRD patterns of Pd-Fe thin films. The first five Pd-rich samples from 

Pd95Fe5 (black) to Pd50Fe50 (green) exhibited a fcc-type PdFe alloys. The Fe-rich films 

from Pd26Fe74 (purple) to Pd6Fe94 (brown) showed the body centered cubic (bcc) 

structure. Pd31Fe69 films showed the mixed phase of fcc and bcc structures.   
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Figure 7.9 Linear relation of calculated lattice parameters and relative Pd at.% in Pd-M 

thin films, following the predication of Vegard’s law.  (a) The lattice parameter of Pd-

Cu thin films, calculated from (111) peaks as a function of the Pd at.%. The scattered 

plot was fitted into a linear expression of y = 0.0027x + 3.62 with a high quality of R2 

= 0.993. The y-intercept is the lattice parameter of Cu and the slope is the lattice 

parameter difference between Pd and Cu divided by 100. (b-c) The lattice parameter of 

Pd-Ni and Pd-Co thin films as a function of Pd at.%, showing good linear relationship. 

(d) The lattice parameter of Pd-Fe as a function of Pd at.%, which was divided into two 

regions: the Pd-rich films (samples 1-6) and the Fe-rich regions (samples 7-9). 

Pd-Cu thin films exhibited an excellent linear relation of the calculated lattice 

parameter as a function of Pd at.% with a linear fitting coefficient  R2 = 0.993 (Fig. 

7.9a). The fitted linear equation was calculated as y = 0.0027x + 3.62. The y-intercept 

(3.62 Å) at 0% of Pd is consistent with the lattice parameter of pure Cu (3.615 Å). The 

slope (0.0027 Å) is consistent with the theoretical percentage difference in the lattice 
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parameters between Pd and Cu ((3.890 Å  − 3.615 Å)/100 = 0.00275 Å). Those results 

strongly suggested Pd-Cu thin films formed complete solid solutions. Pd-Ni exhibited 

a similar liner relation with a remarkable R2 value of 0.997. The Y-intercept (3.52) and 

slope (0.0038) matched well with the theoretical values of 3.524 and 0.00366, 

respectively (Fig. 7.9b). Pd-Co showed a reasonably good linear relation with a R2 value 

of 0.989 (Fig. 7.9c). The last point corresponding to the hcp-type Pd5Co95 is slightly off 

from the fitted line, which was possibly due to the difference in crystal structure between 

hcp-Co and fcc-Co (Table 7.2). Pd-Fe showed two distinct categories of linear relations 

in Pd-rich fcc-type alloys and Fe-rich bcc-type alloys (Fig. 7.9d). Both of them exhibited 

a linear relation with R2 values of ≥ 0.99, and Y-intercepts and slopes matched well 

with the theoretical values. The formation of bcc-type Fe-rich films (Fe at.% from 74% 

up to 94%) was possibly ascribed to the significant difference in crystal structures 

between fcc-type Pd and bcc-type Fe.         

Elements 
Pd, 

fcc 

Cu, 

fcc 
Ni, fcc 

Co, 

fcc/hcp 

Fe, 

fcc/bcc 

Mn, 

bcc 

Cr, 

bcc 
V, bcc 

Lattice 

Parameters 

/ Å 

3.890 3.605 3.524 

3.544/ 

a=b=2.505, 

c=4.089 

3.647/ 

2.932 
3.081 2.885 3.028 

 

Table 7.2. Summary of lattice parameters of Pd and 3d metals. Co and Fe can exist in 

two phases. fcc, hcp and bcc represent face centered cubic, hexagonal close packed and 

body centered cubic, respectively.                           

In addition, Pd-Mn thin films were prepared and examined using XRD (Fig. 7.10). 

Pd-Mn exhibited mixed phases of fcc-Pd and bcc-Mn across the whole composition 

range from sample No.1 to No.9. Little peak shift of (111) from sample No.1 to No.5, 

despite of the composition changing from Pd95Mn5 to Pd50Mn50, suggested that little 

amount of Mn was incorporated into the Pd lattice to cause a noticeable lattice 
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contraction.  

 
Figure 7.10 (a) XRD patterns of Pd-Mn thin films. As shown in the magnified region 

in (b), The (111) peaks at around 40o showed little peak shift despite the composition 

changed from Pd95Mn5 to Pd50Mn50, indicating little Mn was incorporated into the Pd 

lattice. Further increase the Mn contents from Pd50Mn50 to Pd5Mn95 resulted in the 

mixed phases of bcc-type Mn or Mn-rich alloys with Pd-rich alloys. The XRD patterns 

suggested that Pd-Mn single-phase binary alloys were not achieved under the current 

sputtering conditions.        

  To some extents, crystal structures and lattice parameters of Pd and 3d metals can 

help us rationalize the similarity and difference among different families of Pd-M thin 

films (Table 7.2). In general, in order to form a single-phase solid solution, two 

components should have same or similar crystal structures and lattice constants. The 

relative differences in lattice parameters of Pd and Cu, Pd and Ni are about 6% and 9%, 

which were moderate to cause lattice contractions but not induce phase segregation. The 

formation of Pd-Ni and Pd-Cu solid solutions can also be understood from the phase 

diagram (Figs. 7.11a-b). Despite of some multi-phase regions (white) in the Pd-Cu 

phase diagram, Pd-Cu still showed a complete solid solution among the whole 

composition range. This was possibly due to the formation of metastable binary alloys 

over those multi-phase regions during magnetron sputtering in which gas-phase 
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sputtered atoms into solid-phase metal films at an ultrafast cooling rate. The formation 

of Pd-Co fcc-type solid solutions were mostly successful except the very Co-rich alloys 

(Pd5Co95, which was a single-phase hcp-type alloy with similar crystal symmetry to the 

fcc-type alloys. This was noticeable in the miscible phase diagram of Pd-Co (Fig. 

7.11c). In Pd-Fe alloys, a certain amount of Fe (up to around 50%) was able to be 

incorporated into the Pd lattice to form fcc-type PdFe alloys. Further increase in Fe at.% 

to 69% or higher would induce the formation of bcc-type PdFe alloys with a much 

smaller lattice parameter of 2.932 Å. Those observation in XRD was consistent with the 

phase distribution in the Pd-Fe phase diagram (Fig. 7.11d). When Fe at.% is larger than 

50%, thermodynamically, Fe prefers not to form a solid solution with Pd. The formation 

for bcc-type PdFe alloys was probably due to the sputtering process forcing Pd atoms 

into the bcc-type lattice of Fe to form metastable alloys. 

  When an enormous lattice mismatch was introduced, such as in the case of Pd-Mn 

thin films. The difference in lattice parameters of Pd and Mn was as large as 21% (Fig. 

7.12a), which would not allow for the formation of single-phase solid solutions, even 

metastable compositions under current sputtering conditions. Other metals like V, Cr or 

Ti may also have the similar challenges to form single-phase alloys with Pd. The lattice 

mismatch between Pd and Mn, V, Cr or Ti is consistent with the large multi-phase 

regions in their phase diagrams. (Figs. 7.12b-d).  
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Figure 7.11 Phase diagrams of Pd-Ni, Pd-Cu, Pd-Co and Pd-Fe. Copyright © ASM 

 

 
Figure 7.12 Phase diagrams of Pd-Mn, Pd-Cr, Pd-CV and Pd-Ti. Copyright © ASM 
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7.6 ORR Activity of Pd-Based Thin-Film Alloys 

   The Pd-Cu thin films were subsequently tested as electrocatalysts for the ORR in 

alkaline media. Pd-Cu/Ti/GC electrodes were loaded into the described replaceable disk 

electrode assembly for RDE measurements in 1 M KOH at a scan rate of 5 mV/s and a 

rotation rate of 1600 rpm. As shown in Fig. 7.13a, Pd-Cu thin films were able to achieve 

a Id of around -3.5 mA/cm2, suggesting the preponderance of the 4e- process of reducing 

O2 completely to H2O, instead of the 2e- process leading to hydrogen peroxide 

formation. Pd-Cu thin films with Pd at.% from 32% to 7% (Cu-rich alloys) exhibited Id 

values lower than -3.5 mA/cm2, indicating a larger contribution of hydrogen peroxide 

formation. Lowering the Pd at.% from 32% to 7% also caused a noticeable decrease in 

the half-wave potential (E1/2) of 31 mV. To quantitatively assess the activity of the 

various Pd-Cu thin films, the kinetic current (Ik) at 0.9 V was calculated, based on the 

Koutecký-Levich equation, and normalized to the relative Pd at.%. As previously 

shown, the Pd-Cu thin films were homogenously mixed on the surface, as evidenced by 

the SEM-EDX maps (Fig. 7.4). Therefore, the relative Pd at.% can be used as 

representing the relative coverage of Pd on the surface.  
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Figure 7.13 (a) ORR polarization profiles of Pd-Cu thin films at 5 mV/s and 1600 rpm, 

and (b) the corresponding the relative activity (Ik @ 0.9 V vs. Pd at.%), with an optimal 

value at Pt50Cu50 (c) ORR polarization profiles of Pd-Co thin films at 5 mV/s and 1600 

rpm, and  (d) the corresponding the relative activity (Ik @ 0.9 V vs. Pd at.%), with an 

optimal value at Pt80Cu20. 

 

Normalizing the Ik to Pd at.% can, thus, represent the relative intrinsic activity per Pd 

site. As shown in Fig. 7.13b, the relative activity of various Pd-Cu thin films followed 

a volcano plot with an optimal activity at Pd50Cu50. The relative activity of Pd50Cu50 

was about twice that of the nearly pure Pd film (Pd95Cu5). Further increases of the Cu 

at.% above 50% caused a gradual decay of the relative activity and, eventually, a 

significantly low activity at Pd7Cu93 (only 15% of the relative activity of Pd95Cu5). 

Cyclic voltammetry (CV) profiles of Pd-Cu thin films suggested that lowering the Pd 
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content from Pd88Cu12 to Pd50Cu50 and Pd13Cu87 caused the hydrogen region (0.1-0.2 

V) to be suppressed as a result of fewer Pd sites on the surface. (Fig. 7.14). Lower Pd 

content (i.e. higher Cu at.%) was also associated with larger reduction peaks near 0.7 

V, which was presumably due to the formation of larger amount of Cu oxide during the 

previous positive scan. In summary, the RDE measurements indicated that Pd50Cu50 is 

as a promising composition for PdCu nanoparticles for the ORR in alkaline media. 

 

Figure 7.14 CV profiles of 3 types of Pd-Cu films at 20 mV/s in Ar-sat. 1 M KOH. 

  RDE measurements of Pd-Co were performed under same test conditions in 1M 

KOH (Fig. 7.13c). Reducing Pd at.% from 95% to 67% did not result in a significant 

change in the early kinetic-controlled region (0.9-1.0 V). Further lowering the Pd at.% 

from 48% to 5% caused a dramatic decrease in both the half-wave potential (E1/2) as 

well as the Id, suggesting Pd at.% (<50%) would induce a larger contribution from the 

2e- peroxide formation, especially for Pd at.% less than 20%. The relative activity 

increased from Pd95Co5 to Pd80Co20 and then continuously decreased from Pd80Co20 to 

Pd5Co95 (Fig. 7.13d).  
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Figure 7.15  CV profiles of Pd-rich Pd-Co films (a) and Co-rich Pd-Co films (b) at 

20mV/s in Ar-sat. 1M KOH.  

   CV profiles of Pd-Co thin films showed the involvement of the co-existence of two 

redox couples (Pd/Pd oxides and Co/Co oxides, Fig. 7.15). Pd95Co5 and Pd89Co11 

showed the characteristic hydrogen regions of Pd with the peak near 0.2V corresponding 

to the underpotential deposition of hydrogen atoms (HUPD) (Fig. 15a). Further increase 

Pd at.% to Pd67Co33 and Pd48Co52 showed the noticeable reduction peak at around 0.4 

V, which corresponded to the reduction of Co oxide and suggested Pd and Co co-existed 

on the surface of thin films (Fig. 15a). In the Co-rich films, the reduction peak of Pd 

oxide gradually decreased from Pd48Co52 to Pd10Co90 with less pronounced hydrogen 

regions (Fig. 15b). Very Co-rich Pd5Co95 films almost only showed the redox couple of 

Co (1.1V/0.6V) given the little amount of Pd. In summary, those results indicate 

Pd80Co20 (i.e., Pd4Co) could be a potential composition for further nanoparticle 

synthesis. 
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Figure 7.16 (a) ORR polarization profiles of Pd-Fe thin films at 5 mV/s and 1600 rpm 

in O2-sat. 1M KOH , and (b) the corresponding the relative activity (Ik @ 0.9 V vs. Pd 

at.%), with a monotonic activity decay at less Pd at.% (c) ORR polarization profiles of 

Pd-Co thin films at 5 mV/s and 1600 rpm, and  (d) the corresponding the relative 

activity (Ik @ 0.9 V vs. Pd at.%), with an optimal value at Pt80Cu20, with the similar 

trend as Pd-Fe system.  

     ORR activities of Pd-Fe and Pd-Ni were also measured under same test conditions 

in 1M KOH (Fig. 7.16). When Pd at.% decreased from Pd96Fe4 to Pd30Fe70, Pd-Fe thin 

films exhibited a near-4e- process with a gradual decay in the E1/2 (Fig. 7.16a). Further 

decrease of Pd at.% from Pd30Fe70 to Pd10Fe90 caused a significant loss in the Id, 

indicating a larger contribution from 2e- peroxide formation. The calculated relative 

activity of Pd-Fe thin films showed an monotonic decay as Pd at.% decreased from 96% 

to 10% (Fig. 7.16b). When the Pd at.% in Pd-Ni films decreased from Pd92Ni8 to 
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Pd10Ni90. Pd-Ni thin films showed a similar trend in the ORR polarization profiles (Fig. 

7.16c) and calculated relative activity (Fig. 7.16d). CV profiles of Pd-Fe and Pd-Ni films 

suggested a gradual loss of HUPD regions from Pd96Fe4 to Pd17Fe83 and from Pd86Ni14 to 

Pd16Ni84 (Fig. 7.17).   

 
Figure 7.17  CV profiles of Pd-Fe (a) and Pd-Ni (b) films at 20mV/s in Ar-sat. 1M 

KOH.  

 

      In summary, ORR activities of four families of Pd-Cu, Co, Fe and Ni binary 

alloys were examined using replaceable disk electrodes in RDE measurements. 

Pd50Cu50 and Pd80Co20 showed optimal activities among Pd-Cu and Pd-Co thin film 

electrodes. In contrast, Pd-Fe and Pd-Ni showed a monotonic activity decay as a result 

of the decrease of Pd at.%. The composition of Pd50Cu50 would be used as a guideline 

to design PdCu nanoparticles for practical fuel cell applications.  
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7.7 Synthesis of the Nanoparticle Form of Pd50Cu50, the Optimal Composition from 

Thin-Film Studies 

     Following the thin-film screening, Pd and PdCu nanoparticles, supported on 

carbon, were synthesized by an impregnation-reduction method using either metal 

chlorides or nitrates as precursors (Figure 7.26).  

 

Figure 7.18 Synthesis of Pd/C and PdCu/C using Pd and Cu chloride or nitrate 

precursors. The slurry was prepared using the described impregnation method and 

reduced to nanoparticle catalysts under forming gas (5% H2 and 95% N2).  HSC Ketjen 

Black is one type of high surface area carbon with a BET surface area of ~800 m2/g.    

As shown in the phase diagram of PdCu (Fig. 7.11b), PdCu with a molar ratio of 1:1 

is located at the edge between the single-phase PdCu and a multi-phase region, 

indicating that its chemical synthesis requires a delicate control of the precursor types 

and reaction conditions. When Pd and Cu chlorides were used as precursors and reduced 

at 800 oC for 12 h in forming gas, the synthesized PdCu/C exhibited a single-phase 

ordered structure (o-PdCu/C, CsCl-type, Pm-3m) with characteristic diffraction peaks 

of (100), (110), etc. (Fig. 7.19). The domain size of the PdCu nanoparticles was 

estimated to be around 25 nm based on the Scherrer equation. Lowering the reaction 
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time or temperature caused a significant phase segregation.  

 

Figure 7.19 XRD patterns of PdCu and Pd nanoparticles supported on carbon with the 

references of Pd, Cu and o- PdCu (o-PdCu, PDF # 04-015-2413). 

   As a comparison, Pd/C, with a face centered cubic (fcc) phase, was synthesized 

at 800 oC for 4 h to achieve a similar particle size and surface area, relative to PdCu/C 

(Figure 7.19). When Pd and Cu nitrates were employed to synthesize PdCu alloy 

nanoparticles, the XRD patterns showed a dramatic difference in the crystal structure, 

when compared to o-PdCu/C (Figure 7.20). Too low reaction temperatures under 

forming gas (e.g., 400 oC) resulted in the formation of a mixture of elemental Pd and 

Cu as well as Pd-Cu disordered alloys. However, too high reaction temperatures (e.g. 

900 oC) resulted in mixed phases of Pd-rich and Cu-rich alloys (green lines). Even the 

optimized reaction conditions of 800 oC for 12 h still led to the formation of 

asymmetrical diffraction peaks in the PdCu disordered alloys (cyan lines), indicating 
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multi-phase nanoparticles. To this end, single-phase ordered PdCu/C was synthesized 

from Pd and Cu chloride precursors at 800 oC for 12h. It has been reported that Pd and 

Pt-based intermetallics, or ordered alloys, can effectively mitigate the leaching problem 

of 3d metals and exhibit enhanced durability, relative to their disordered counterparts.29-

31 Therefore, we focused on the synthesized o-PdCu/C for further structural and 

electrochemical characterization. 

 

Figure 7.20 XRD patterns of a variety of mixed phased of Pd-Cu disordered alloys 

using Pd and Cu nitrate as precursors at different annealing conditions. The inset shows 

the peak splitting or broadening due to phase segregation at the peak position 

corresponding to the (111) peak of the PdCu disordered alloys. The chloride-precursor-

optimized condition of annealing of 800 oC for 12 h still resulted in asymmetrical 

diffraction peaks (magenta profile in the inset), indicating a mixture of two phases.  

7.8 Microstructure and Chemical Composition of Pd50Cu50 Nanoparticles 

The microstructure of o-PdCu/C was analyzed using a high-angle annular dark-field 

scanning/transmission electron microscope (HAADF-S/TEM). o-PdCu/C exhibited a 
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uniform size distribution of PdCu nanoparticles on the carbon (Fig. 7.21a). Statistical 

analysis of around 500 PdCu nanoparticles resulted in a particle size distribution (PSD) 

of 40 ± 7 nm (Fig. 7.21b). This differs from the average domain size of 25 nm calculated 

from the XRD, suggesting that these nanoparticles have multiple domains. As a 

comparison, Pd/C, synthesized at 800 oC for 4 h, showed a similar narrow PSD of 50 ± 

9 nm. The atomic-scale bright field (BF) TEM image and the corresponding Fourier 

transform of the o-PdCu showed a single-crystal structure on the [110] zone axis with 

two perpendicular d-spacings of 3.0 and 2.1 Å, respectively (Figs. 7.21c-d). The 

enlarged TEM image in Fig. 7.21e directly visualized the ordered structure with periodic 

rectangular 2D unit cells and the same d-spacings as anticipated. The d-spacings of 3.0 

and 2.1 Å were assigned to the (100) and (110) lattice planes, consistent with the 

theoretical values of 2.98 and 2.11 Å in the crystal model on the same zone axis of 

ordered PdCu (PDF # 04-015-2413, Fig. 7.21f).  
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Fig. 7.21 S/TEM images of PdCu nanoparticles supported on carbon. (a-b) HAADF-

STEM images of PdCu/C and particle size distribution of around 500 PdCu 

nanoparticles. (c-d) A single crystal PdCu nanoparticle with the corresponding Fourier 

transform on the [110] zone axis. (e-f) Atomic-scale TEM image of PdCu nanoparticles 

showing the periodic rectangular 2D unit cells with the same d-spacings of 3.0 and 2.1 

Å, which is consistent with the theoretical values of (110) and (100) facets, respectively, 

based on the crystal model of ordered PdCu in (f) (PDF # 04-015-2413).       

The chemical composition of o-PdCu/C was examined using STEM equipped with 

electron energy loss spectroscopy (EELS). As shown in Figs. 7.22a-d, EELS elemental 

maps of Pd (red), Cu (green) and composite map of Pd + Cu indicated that the PdCu 

core (yellow) was surrounded by a thin Pd shell (red) on the surface. The EELS line 

profile in Fig. 7.22e, extracted from dashed box in Fig. 6d, suggested a Pd shell of 0.6-

0.8 nm, corresponding to 2-3 atomic layers. Such a thin Pd-rich shell, on the surface of 

PdCu, may serve as a protection layer to effectively mitigate possible Cu leaching, 

enhance catalytic activity, and improve catalyst durability.       
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Figure 7.22 (a) STEM image of a PdCu nanoparticle and (b-d) the corresponding EELS 

elemental maps of Pd (b), Cu (c) and Pd + Cu, showing a thin Pd shell (red) on the 

surface (d). (e) EELS line scan profile extracted from the dashed box in (d), indicating 

a 0.6-0.8 nm Pd shell (2-3 atomic layers).   

7.9 ORR Activity and Durability of PdCu Nanoparticles  

After detailed structural investigations, the ORR activities of PdCu/C and Pd/C were 

evaluated with a catalyst ink deposited on a GC electrode in an RDE system in O2-sat. 

1 M KOH. The ORR polarization profiles in Fig. 7.23 showed that the E1/2 of PdCu/C 

was 0.886 V, 18 mV more positive than that of Pd/C (0.868 V), corresponding to a 

significant increase in ORR activity. Tafel plots of PdCu/C exhibited a smaller Tafel 

slope of 36 mV/dec in the early kinetic-controlled region (0.96-0.94 V), relative to Pd/C 

(42 mV/dec), indicating a smaller over potential required to achieve the same kinetic 

current change (Fig. 7.23b). The mass-specific activity (MA) and surface-specific 

activity (SA) at 0.9 V were calculated to quantitatively assess electrocatalytic activity, 

by normalizing the kinetic current to the mass loading of Pd and electrochemical surface 

area (ECSA) calculated from CO stripping measurements, respectively (Fig. 7.23c-d). 

The MA of PdCu/C at 0.9 V was 0.13 mA/µgPd, 3 times as high as Pd/C. The SA of 
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PdCu/C at 0.9 V was 2.3 mA/cm2
Pd, 2.5 times as high as Pd/C (Fig. 7.32c).  

 

Figure 7.23 ORR activity of PdCu/C and Pd/C. (a) ORR polarization profiles of Pd/C 

and PdCu/C in O2-sat. 1 M KOH at 1600 rpm and 5 mV/s. (b) Tafel plots of Pd/C and 

PdCu/C. (c) MA and SA of Pd/C and PdCu/C at 0.9 V vs. RHE. MA was normalized to 

the Pd loading and SA was normalized to the ECSA from CO stripping results. (d) CO 

stripping measurements of Pd/C and PdCu/C at 10 mV/s. The dosing potential for CO 

was 0.1 V.  

    The superior ORR activity of PdCu/C, relative to Pd/C, was likely due to the lattice 

contraction and weakened oxygen adsorption energy on the Pd lattice caused by the 

incorporation of Cu. CO stripping measurements showed that PdCu/C had an ECSA of 

54 cm2/mgPd, comparable to that of Pd/C (50 cm2/mgPd) (Fig. 7.23d), which matched 

well with their similar particle sizes from TEM images. PdCu/C showed a CO stripping 

peak potential of 0.781 V, which represents a 16 mV negative shift, relative to Pd/C, 

indicating a more CO-tolerant behavior, which would benefit the practical fuel cell 
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applications under operation in air.  

 Finally, in order to implement a Pt-free cathode for practical alkaline fuel cells, ORR 

electrocatalysts need to not only achieve high initial ORR activity, but also achieve long 

term durability. Benefiting from the stable ordered structure and enhanced stability of 

Cu in alkaline media (Fig. 7.24), PdCu/C exhibited remarkable durability during 

prolonged potential cycles (Fig. 7.25). PdCu/C showed a negligible activity decay with 

∆E1/2 of only 3 and 8 mV after 20,000 and 50,000 cycles, respectively (Figs. 7.25a-b). 

Concomitantly, the MA of PdCu/C at 0.9 V decreased only by 15% and 25%, 

respectively, after the same number of scans (Fig. 7.25b). After extended testing 

(100,000 cycles, about 220 hours), the PdCu/C catalyst showed an unprecedentedly low 

∆E1/2 of 13 mV and a MA retention of 57%, which still surpassed the initial performance 

of Pd/C (∆E1/2 of 18 mV, MA marked in the grey histogram in Fig. 7.25b). The 

progressive decay in activity during CV cycles was likely due to the decrease of ECSA 

from particle aggregation over long-term tests as evidenced by CO stripping (Fig. 7.26).          
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Figure 7.24 Pourbaix diagram of Cu at 25oC with [Cu(aq)] = 10-6 mol/kg. [2] Copyright 

@ECS. A typical potential range (0.05-1.2 V vs. RHE) was marked in red for both acidic 

(0.1 M HClO4) and alkaline media (1 M KOH). 

Figure 7.25 Durability tests of PdCu/C in O2-sat. 1 M KOH following the accelerated 

aging protocol: 0.6-1.0 V at 100 mV/s. (a) ORR polarization profiles of PdCu/C at the 

initial state and after 20,000 to 100,000 accelerated cycles. The E1/2 shifted to lower 

potentials by only 13 mV after 100,000 cycles. (b) MA at 0.9 V (left Y-axis) and ∆E1/2 

(right y-axis) at the initial state and after durability cycles. ∆E1/2 was calculated based 

on the difference from the E1/2 of PdCu/C at the initial state (0.886 V). The MA of 

PdCu/C only showed a 15% loss after 20k cycles and still surpassed the performance of 

Pd/C (at the initial state) after 100k cycles.    

 

Figure 7.26 CO stripping measurements of PdCu/C before and after 100,000 

accelerated cycles, at a CO dosing potential of 0.1 V and a scan rate of 10 mV/s. The 

ECSA of PdCu/C decreased from 54 to about 20 cm2/µgPd. The double layer of PdCu/C 

was also significantly smaller after 100k cycles, suggesting the carbon support possibly 

lost some of its porosity.  
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7.10 Conclusion 

In summary, we present a high-throughput combinatorial study of 36 kinds of Pd-M 

thin-film electrodes with well-defined composition and structures, prepared by 

magnetron sputtering (M: Fe, Co, Ni and Cu). Thin-film RDE has been developed as a 

standard tool to assess the ORR activity of binary alloys. Among all those thin-film 

alloy catalysts, Pd50Cu50 was identified as the most promising composition for the ORR, 

and employed as a target for nanoparticle synthesis. The PdCu nanoparticles, supported 

on carbon, achieved a mass-specific and surface-specific activity, 3 and 2.5 times, 

respectively, as high as a Pd/C reference in 1 KOH. PdCu/C further exhibited an 

impressive durability with only 3 and 13 mV negative shifts in the half-wave potential 

after 20,000 and 100,000 potential cycles, respectively. The combinatorial approach 

guiding the nanoparticle synthesis, described herein, provides an optimized high-

throughput screening method for other binary or ternary alloys as fuel cell 

electrocatalysts. Improvements on the synthesis of ordered Pd-based alloys, with 

smaller particle sizes under lower reaction temperature, is also important to further 

improve the mass activity of these nanoscale catalysts for fuel cells.         
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PART II  Operando/In Situ TEM for Atomic-Scale Mechanistic Understanding 

of Electrochemical Reactions at Interfaces 

 

                              CHAPTER 8  

 

Revealing the Atomic Ordering of Binary Intermetallics  

Using In Situ Heating STEM and XRD* 

 

8.1 Introduction 

Pt-based intermetallics display superior electrocatalytic activity for the normally 

sluggish oxygen reduction reaction (ORR), as well as enable a decrease in Pt loading, 

compared to Pt/C, in proton exchange membrane (PEM) fuel cells.1-6 As-synthesized, 

Pt-based alloy (Pt-M; M=Mn, Fe, Co, Ni, etc.) nanoparticles (NPs) generally form as a 

disordered solid solution in which the occupancy of a given site by Pt or M atoms is 

random and without local preference. The probability of occupancy by Pt or M is 

determined only by the stoichiometric ratio of Pt and M in a particular particle. These 

alloys generally suffer from a rapid loss of activity during electrochemical cycling due 

to the oxidation and dissolution of the M element and subsequent changes in both the 

particle morphology and the crystal structures.7  
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In some systems, such as the Pt-Sn system, partially ordered intermetallic particles can 

be obtained at room temperature and further improved to fully ordered phase by low 

temperature annealing (200 oC).8 However, in most other cases, post-synthesis 

annealing at high temperatures is required to transform the disordered solid solution 

phase into the ordered intermetallic phase. These intermetallic NPs show significantly 

better durability and improved electrocatalytic activity.9-29 The enhanced durability of 

ordered intermetallics can be attributed to a more stable structure, which arises from the 

stronger heteroatomic Pt-M bond and a greater enthalpy of formation relative to its 

disordered counterpart. Ordered Pt3M intermetallics normally have a primitive cubic 

crystal structure (AuCu3-type, Pm-3m), while ordered PtM intermetallics typically have 

a tetragonal crystal structure (tcs) of the AuCu-type, P4/mmm. Because ordered 

intermetallics of Pt3M and PtM have different crystal symmetry and additional atomic 

ordering, compared with their disordered counterparts, they show extra peaks in X-ray 

diffraction (XRD), which are usually referred to as superlattice ordering peaks. 

In studies of ordered intermetallic catalysts, there are two related questions that are 

of particular interest: Is the ordered intermetallic phase present and what is the phase 

fraction of the intermetallic? The first question can be quantitatively determined by the 

existence of superlattice ordering peaks in powder XRD.11-29 By measuring the relative 

intensity of the superstructure peaks, information that is important but often neglected, 

the degree of ordering can be quantified.  Having a measure of the degree of ordering 

is important to understand the intermetallic phase’s contribution to catalyst performance 

and is necessary for understanding and optimizing the synthesis and annealing 

conditions. 
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After performing a systematic literature survey on ordered intermetallic 

nanoparticles, which included the most common Pt-M and Pd-M intermetallics, we 

realized that most of these studies only qualitatively described the formation of ordered 

intermetallics, and further quantitative understanding of the degree of ordering was 

required (Table 9.1).11-29 For example, in our previous studies on Pt3Co2 and PdFe6, 

intermetallic nanoparticles were found to be only partially ordered, despite our attempts 

to optimize the post-synthesis annealing conditions. In our other studies on PtSn8 and 

PdZn20, intermetallic nanoparticles were measured to be fully in the ordered phase. This 

suggests that it is likely that some claims of “ordered” intermetallic electrocatalysts 

may, in fact, be mixed phases of ordered intermetallic and disordered solid solution 

particles. It is possible that, due to high strain and surface energy, for some NP systems, 

and from a thermodynamic standpoint, only partial order can be achieved, even if a pure 

phase can be obtained at equilibrium in the bulk. In either case, the synthesized, 

disordered alloy needs to overcome energetic barriers and kinetics to nucleate and grow 

the more stable, ordered intermetallic phase through the annealing treatment. However, 

the annealing process must be carefully designed/controlled. The newly formed ordered 

intermetallic phase can revert back to the disordered phase if the temperature surpasses 

a critical, order-disorder, phase transition (ODPT) temperature (Tc= 750 oC for bulk 

Pt3Co).30 The ODPT represents an intriguing process, coupling both kinetic and 

thermodynamic aspects. Further, nucleation and growth may also be (and likely are) 

influenced by the composition, morphology and size of each nanoparticle. 
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Ref. 

Claimed 
ordered 

intermetallic 
catalysts 

Crystal 
Structure 

Synthesis/annealing conditions 
XRD database 
PDF number 

11 Pt3Ti AuCu3, Pm-3m 
Pt3Ti alloy annealed at 600 oC, 

12h 
03-065-3259 

12 Pt3V AuCu3, Pm-3m 
Pt3V alloy annealed at 650-

700 oC, 24h 
01-072-3016 

13 Pt3Cr AuCu3, Pm-3m 
Pt3Cr alloy annealed at 700 

oC, 24h 
01-071-7609 

14 Pt3Mn AuCu3, Pm-3m 
Pt(acac)2+Mn(acac)2 

OAm/OAc at 200 oC, 0.5h 
01-071-9674 

15 Pt3Fe AuCu3, Pm-3m Pt-Fe alloy annealed at 700 oC 
01-071-5031 

01-089-2051 

2 Pt3Co AuCu3, Pm-3m 
Pt3Co alloy annealed 

at 700 oC, 2h 
01-071-7410 

16 PtNi AuCu,P4/mmm 
Pt(acac)2+Ni(acac)2 
KBH(Et)3 in THF r.t. 

01-072-2524 

17 PtCu3 AuCu3, Pm-3m 
PtCu3 alloy annealed at 1000 oC, 

10h 
03-065-3247 

18 Pt3Zn AuCu3, Pm-3m 
Pt(acac)2+Zn(acac)2  PVP in 

DMF,180oC, 9h 
01-072-3028 

19 Pt3Zn AuCu3, Pm-3m 
Pd(acac)2+Zn(acac)2 OAm/OAc 

at 350oC, 1h 
01-072-3028 

20 PtZn AuCu,P4/mmm 
Pt/C +Zn chip 

heated at 500 oC, 8h 
01-072-3027 

21 Pt3Sn AuCu3,Pm-3m 
H2PtCl6+SnCl2, 

DDA+HDD,300oC, 0.5h 
01-072-2977 

6 PdFe AuCu,P4/mmm 
PdFe alloy 

annealed at 500 oC, 2h 
01-089-2051 

22 Au10Pd40Co50 AuCu, Fm-3m 
Au10Pd40Co50 alloy annealed 

at 800 oC, 0.5h 
01-071-7394 

(PdCo) 

23 PdCu CsCl, Pm-3m PdCu annealed  at 400 oC 01-080-4575 

24 PdCu CsCl, Pm-3m 
PdCu alloy, annealed at 375 

oC, 1h 
01-080-4575 

25 PdZn AuCu,P4/mmm 
Pd2(dba)3+Et2Zn 

OAm at 250 oC, 1h 
01-072-2936 

26 Pd3Pb AuCu3, Pm-3m 
Pd/C + Pb(Ac)2, EG 

microwave 
300W, 6min 

01-089-2062 

27 AuCu3 Pm-3m 
Cu(Ac)2+Au NPs OAm/OAc at 

300 oC 
01-088-1731 

28 AuCu P4/mmm 
HAuCl4+CuCl2 

glycerol at 300 oC, 5h 
01-089-2037 

29 AuCu P4/mmm 
AuCu alloy annealed at 500 

oC, 12h 
01-089-2037 

 

Table 9.1: All of the above reported catalysts are nanoparticles supported on carbon 

substrate. Pt-M and Pd-M ordered intermetallic compounds: M can be: Ti, V, Cr, Mn, 

Fe, Co, Ni, Cu, Zn, Sn, Pb, Bi Abbreviations: OAm: oleylamine; OAc: oleic acid; acac: 

acetylacetonate Ac: acetate; dba: dibenzylideneacetone; Et: ethyl. r.t.: room 

temperature. DDA: dodecylamine; HDD: 1,2-hexadecandiol; EG: ethylene glycol 
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     It is critical to understand the ODPT behavior of nanoparticles, which will, in turn, 

enable us to develop better annealing processes to increase the degree of ordering of NP 

electrocatalysts and, by extension, enhance fuel cell performance. However, 

mechanistic studies of such processes have been challenging due to the lack of suitable 

in situ techniques capable of tracking the dynamic phase transition and structural 

changes of metastable intermediates under real-time annealing conditions. Previous 

studies have only involved in situ heating, during XRD, to study the lattice strain of Pt-

Cu intermetallics,31 or have employed microscopic-level, in situ heating TEM, to 

investigate morphological changes of Pt32 and Pt-based alloys. 33-37 However, to the best 

of our knowledge, none of them has attempted to quantitatively study the degree of 

ordering using X-ray diffraction and correlate it with the evolution of particle 

morphology and the formation of ordered intermetallics, at the atomic scale, using 

electron microscopy.   

    In this study, we have investigated the ODPT of Pt3Co nanoparticles during a 

temperature annealing treatment, using both in situ heating synchrotron-based XRD and 

in situ heating TEM. We have studied, quantitatively, the effects of annealing and 

cooling conditions (temperature and time) on the degree of ordering. We further 

employed in situ heating TEM to directly visualize the morphological and structural 

transition at the atomic-scale, during the thermal annealing treatment. Finally, we have 

systematically correlated catalyst durability to the degree of ordering, where a higher 

degree of ordering led to enhanced durability. This mechanistic study, involving both in 

situ heating XRD and in situ heating TEM, provides a microscopically detailed picture 

of post-synthesis processing.  
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8.2 Experimental Methods  

Preparation of Pt3Co/C catalysts: The Pt3Co/C catalysts were prepared by an 

impregnation method. In a typical synthesis, 0.1 mmol (51.8 mg) H2PtCl6·6H2O and 7.9 

mg (0.034 mmol) CoCl2·6H2O were dissolved in deionized water, with 86 mg of Vulcan 

XC-72 carbon support dispersed later to make the mass loading of Pt3Co nanoparticles 

to be 20%. After ultrasonic mixing for 30 min, the suspension was heated under 

magnetic stirring to evaporate extra moisture and form a smooth and thick slurry. The 

slurry was then dried in an oven at 60 oC. After being ground in an agate mortar, the 

resulting dark and free-flowing powder was heated in a tube furnace at 300 oC under 

flowing forming gas (5% H2, 95% N2) for 2 h. The high-temperature treated samples 

were prepared by annealing the as-synthesized Pt3Co/C alloy at specific temperatures 

for 2 h under forming gas. Powder XRD of Pt3Co/C was performed using a Rigaku 

Ultima VI X-ray diffractometer, which was measured from 10o to 90o at a scan rate of 

2o/min. 

Electrochemical characterizations:  Electrochemical activity and durability were 

measured at room temperature in a 0.1M HClO4 solution using a Solartron potentiostat. 

5 mg of the 20 wt.% Pt3Co/C intermetallic catalyst were mixed with 2 mL of 0.05 wt.% 

Nafion/ethanol solution and sonicated subsequently to form a well-dispersed catalyst 

ink. 10 L of the resulting catalyst ink were loaded onto a glassy carbon electrode (D = 

5.0 mm), followed by the thermal evaporation of the ethanol solvent. The mass loading 

of Pt3Co on the electrode was calculated to be 22 g/cm2. A coiled Pt wire was used as 

the counter electrode and a Ag/AgCl in saturated KCl served as the reference electrode. 

ORR measurements were carried out using a rotating disk electrode (RDE, Pine 
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Instruments) in an oxygen-saturated 0.1M HClO4 solution at a rotation rate of 1600 rpm 

and a sweep rate of 5 mV/s.  ORR polarization profiles were obtained after 50 cycles 

over the potential range from 0.05 to 1.1 V at 50 mV/s in 0.1M HClO4 to remove surface 

contamination. Cyclic voltammetry (CV) was performed to obtain the electrochemical 

surface area (ECSA) by integrating the charge over the hydrogen adsorption/desorption 

region from 0.05 V to +0.4 V vs RHE. We used a conversion factor of 200 µC/cm2, 

according to recent results from Feliu. Durability tests were carried out by continuous 

CV scanning for 2,000 cycles over the potential range between 0.6 to 1 V vs RHE. 

ECSA measurements and ORR profiles were also obtained after cycling to evaluate the 

electrocatalytical durability. 

MEA measurements: Fuel cell evaluations of each catalyst were done in a membrane-

electrode assembly (MEA) with the electrocatalyst of interest at the cathode.  The 

active area of the fuel cell single cell was 53 cm2.  The metal weight percent on carbon 

black-supported electrocatalysts was approximately 25%. 2.8 g of catalyst were mixed 

with 3.4 g of perfluorosulfonic acid (PFSA) ionomer (900 equivalent weight) in a 60 g 

water-propanol solution, then coated on a gas-diffusion carbon paper to fabricate a gas-

diffusion electrode (GDE).  The electrode Pt loadings were 0.1 and 0.025 mgPt/cm2 for 

the cathode and anode, respectively. The MEA was then fabricated by hot pressing an 

18 μm thick PFSA-based membrane between the cathode and anode GDEs at 146°C, 3 

MPa for 4 min. Detailed fabrication procedures have been discussed elsewhere. Catalyst 

accelerated stability tests (AST) recommended by the U.S. Department of Energy 

(DOE) were used in this study 

(https://www.energy.gov/sites/prod/files/2017/05/f34/fcto_myrdd_fuel_cells.pdf). The 
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AST consisted of 30,000 trapezoidal voltage cycles between 0.6 and 0.95 V, at 80°C, 

100% relative humidity, and ambient pressure.  The dwell time at each voltage was 2.5 

s and the ramp time was 0.5 s and each cycle took 6 s.  The fuel cell performance, 

electrochemically active surface area (ECSA), and oxygen reduction reaction (ORR) 

mass activity were measured after 0, 10,000 and 30,000 cycles during the AST.  ORR 

activity was reported at 0.9 VRHE at 80°C, 100% relative humidity, and 1 bar of O2.1 

Pt ECSA was measured by CO stripping in an MEA. Fuel cell current-voltage and 

power density characteristics were evaluated under the following operating conditions 

in the order of anode/cathode: H2/air, 94°C, 65/65% RH, 250/250 kPaabs, outlet, 

reactant stoichiometries of 1.5/2. 

In situ heating synchrotron-based X-ray diffraction (XRD) setup.  The in situ X-

ray diffraction measurements were performed at the A1 station of the Cornell High 

Energy Synchrotron Source (CHESS) using a customized setup. The sample was heated, 

in-situ, using a SabreTube furnace (Absolute Nano, Wixom, MI) which consists of a 

resistively heated strip of single crystal Si inside a quartz tube.  The furnace was fitted 

with a customized quartz tube with two Kapton windows to allow the incident X-ray 

beam to reach the sample and the diffracted beam to reach the detector. The furnace was 

continually purged with forming gas (5% H2, 95% N2) to prevent the oxidation of the 

sample. Sample holders were lithographically fabricated from a double side polished Si 

wafer by etching 200 μm deep wells using KOH. The holder had a nitride coating to 

prevent current from passing through the sample holder.  The sample powder was 

mixed with acetone before being pressed into the well to help in forming a stable powder 

compact.  The furnace temperature was measured by a thermo couple pushed up 
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against the bottom of the heating element. During diffraction, the sample was held at a 

fixed angle to the incident beam. 

In situ heating synchrotron-based XRD measurements: XRD experiments were 

performed at the A1 station (X-ray energy = 19.6 keV, λ = 0.63 Å) in CHESS. A Pilatus 

100K (Dectris, Switzerland) pixel array detector was used to collect the X-ray signal, 

and the temperature calibration of the setup was conducted by measuring the melting 

point of metal powders (Al, Sn and Zn) with a purity > 99.99% by tracking their changes 

in the XRD pattern with increasing temperature. The temperature difference between 

the measured and real values was 4 oC (Fig. S1).  Directly measured d-spacing data 

were converted to the standard 2θ values when using Cu Kα radiation (=1.5406Å). 

The 2 values of the XRD were calibrated based on a CeO2 reference sample.  The 2θ 

resolution was also measured using CeO2 powder and was found to be at least 0.1°.  

Monte-Carol simulation: Monte Carlo (MC) simulations, using N-body potentials, 

provide an efficient means to quickly simulate the equilibrium and kinetic properties of 

large atomic systems (~10,000 particles). We employ a commonly used semi-empirical 

atomistic potential derived in the framework of the second moment approximation of 

the density of states in a tight-binding model (TB-SMA). More MC simulation details 

can be found in our PNAS paper.   

Electron Microscopy Characterizations: Ex situ atomic-scale STEM images were 

recorded using an aberration-corrected FEI Titan Themis STEM operated at 300 keV 

with a convergence angle of 30 mrad. In situ heating STEM experiments were 

conducted in a FEI Tecnai F20 with a Schottky field emission gun at 200 keV with a 

convergence angle of about 9.8 mrad. An annular, dark field detector was used to collect 
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the image signal with high collection angles to achieve better atomic number sensitivity.  

The temperature was controlled using a Protochips Aduro heating holder with the 

sample powder dispersed on a model E-AHA21 Protochips E-chip, which has an 

amorphous carbon film that covered the viewing window. The temperature was pre-

calibrated before use.  The particle size distribution was calculated from STEM images 

using an automated procedure implemented in MATLAB. A light Gaussian smoothing 

was applied to each image to reduce noise, and the uneven background of the carbon 

support was estimated and removed using a gray-scale morphological opening operation 

with a 30 nm radius, spherical, structure element.  The Pt3Co particles were then 

segmented using an active contour with the Chan-Vese method.54 The active contour 

segmentation began with an initial estimate from threshold segmentation and operated 

on the square root of the background-subtracted STEM image to reduce the impact of 

thickness variations from particles of different sizes. After the Pt3Co nanoparticles were 

segmented, their size distribution was calculated using a procedure that estimated the 

local radius of particle sub-regions. This provided a more robust estimate of size than a 

simple spherical-particle approximation for particles that had irregular shapes or were 

overlapping in the STEM images.  Particles were separated into sub-regions using a 

watershed transform, and the local radius for each sub-region was calculated as the 

maximum distance from the particle edge in that sub-region.  The sub-regions were 

weighted according to their projected area in the image for inclusion in the particle size 

distribution and for estimation of the specific surface area (SSA).  

8.3 In situ Heating Synchrotron-Based X-ray Diffraction 

Pt3Co/C disordered alloys were synthesized using an impregnation method2 in which 
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precursors were reduced under forming gas at 300 oC and the as-synthesized Pt3Co/C 

catalysts were subsequently annealed further at high temperatures under forming gas. 

The XRD patterns of the as-synthesized Pt3Co/C and Pt3Co/C annealed at 700 oC in a 

conventional tube furnace were first measured in the in situ heating XRD stage to verify 

the reliability of the set-up (Fig. 8.1A). After annealing, the sample exhibited multiple 

superlattice ordering peaks: (100) at 23o, (110) at 32.5o, (210) at 53.5o, (211) at 59o, 

(300) at 74.3o and (310) at 79o, which match well with the XRD reference of ordered 

intermetallic Pt3Co (PDF #01-071-7410), confirming the formation of ordered phase. 

(Fig. 8.1B) In this experiment, the orientation of the crystallites should be random both 

at the nanoparticle (NP) level, and within the NP/C mixture. Beyond this assumption, 

the data itself provide assurance that the orientations of the crystallites are sufficiently 

random. First, data were collected using a 2D detector and integrated to generate the 1D 

data sets. The detector image of the as-prepared Pt3Co intermetallic NPs collects a 

portion of the ring (Fig. 8.2B). It can be seen, particularly in the smallest ring, that there 

is no change in intensity as a function of position along the ring, indicating a random 

orientation of grains. The sample temperature was calibrated by the melting point of 

several metals (Fig. 8.2A). 
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Figure 8.1. (A) Schematic illustration of the home-made device for the in situ 

synchrotron-based, X-ray diffraction (XRD) study. (B) XRD patterns of the as-

synthesized Pt3Co/C alloy and Pt3Co/C after further annealing at 700 oC in the in-situ 

heating cell. (C) Quantitative analysis of the peak integral of the (110) ordering peak, 

and the (111) and (200) major peaks. Inset: illustration of background subtraction. (D) 

Quantitative calculations of the relative content of ordered intermetallic based on the 

assumption of a linear relationship between the ratio of the integrated areas of the 

ordered intermetallic peak at (110) to the sum of the (111) and (200) peaks.   

 

Figure 8.2. (A) Temperature calibration of the in situ heating stage (Si substrate). The 
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Y axis is the theoretical melting temperature of metals and the X axis is the measured 

melting temperature from the heating stage. The plot shows a linear offset between the 

measured temperature and the actual temperature (B) XRD pattern of as-synthesized 

annealed Pt3Co collected from 2D detector. 

After subtracting the background, by selecting three points to form the baseline (Fig.  

8.2C, inset), the XRD pattern was analyzed further to quantify the relative content of 

the ordered phase. We employed the intermetallic peak (110) at 32.5o for analysis. It is 

the second strongest intermetallic peak, yielding a sufficient signal-to-noise ratio for 

further analysis. While the strongest intermetallic peak is the (100), it is located within 

the diffuse scattering ring from the carbon support, making it difficult to accurately 

extract the integrated intensity of this peak, precluding an accurate intensity analysis. 

Because there was some overlap between the (111) and (200) peaks, due to the 

broadening of the peaks by the relatively small domain/crystallite size, the ratio of the 

integrated area under the (110) peak (red) to that of the sum of the areas under the (111) 

and (200) peaks (blue), I(110)/(I(111)+I(200)),  was  used so as to yield a more accurate 

quantitative evaluation. The theoretical value of I(110)/(I(111)+I(200)), based on the 

structure factor, for Pt3Co is 0.078, as calculated using  the XRD database of ordered 

Pt3Co.  This corresponds to a 100 % of fully ordered intermetallic Pt3Co particles (Fig.  

8.2D). The relative fraction of the ordered phase exhibits a linear relationship with 

I(110)/(I(111)+I(200)). This approach is valid since the intensity of the (111) and (200) peaks, 

the fundamental reflections, are constant for both ordered and disordered phases since 

the average electron density for these planes is fixed, assuming a fixed composition. For 

example, we found that Pt3Co/C annealed at 715 oC had a peak ratio of 0.020, and 

therefore we calculated that the phase fraction of nanoparticles adopting the ordered 
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phase was approximately 26%.  

 
Figure 8.3. (A) In situ heating XRD patterns of Pt3Co/C annealed at various 

temperatures. The dashed line represents the as-synthesized Pt3Co/C alloy. (B) 

Calculated relative content of ordered intermetallic Pt3Co/C formed and particle size 

(calculated from the width of the (111) peak). (C) In situ heating XRD patterns of 

Pt3Co/C at 750 oC, the optimal temperature, as a function of annealing time. (D) 

Calculated relative content of ordered Pt3Co/C formed, and particle size.  

   To better understand the changes in XRD patterns as a function of the annealing 

temperature, the as-synthesized Pt3Co/C alloy catalysts were annealed at different 

temperatures, for 2 h each, in flowing forming gas (Fig. 8.3A). After the two-hour 

anneal, the intensity of the (110) superstructure peak at ~33o was compared to the 

fundamental (111) reflections.  We found that the ratio, I(110)/(I(111)+I(200)), increased 
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with annealing temperature over the 600 oC to 750 oC range.  The increased ordering 

is likely due to the enhanced ability to overcome the nucleation and diffusion barriers 

with increasing temperature. The maximum relative superstructure peak intensity at 750 

°C was 0.023, corresponding to an ordered intermetallic phase fraction of about 30%. 

When annealed at 825 oC for 2 h, the relative fraction of the ordered phase went to zero, 

within the signal to noise level, consistent with the presence of only the disordered phase 

which is stable when T > Tc (750 oC) in the bulk Pt-Co phase diagram. Similar changes 

at different temperatures were also observed in the powder XRD under the same 

conditions during the post-synthesis annealing treatment in a traditional tube furnace 

(Fig. 8.4). 

 
Figure 8.4. Powder XRD patterns of Pt3Co/C annealed at various temperatures for 2h 

in a flow furnace in the lab. The change in ordering peak at ~33o
 is fairly consistent with 

Figure 9.3A. 
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    There are several factors that may influence the behavior of an ensemble of particles 

during annealing. The first is the diffusion rate, both intra- and inter-particle, which 

increases with increasing temperature. Overall, diffusion will drive the composition to 

be spatially uniform. After sufficient time, all particles will be alike. Concomitantly, the 

average particle size will grow.  Further, higher diffusion rates will allow the NP’s to 

reach their equilibrium state faster. During the cooling process, the driving force for 

nucleation increases and the diffusion rate decreases as the temperature falls below the 

phase transition temperature. The next consideration is the stoichiometric ratio of the 

components (Pt to M). The stoichiometric ratio may vary from particle to particle due 

to the randomness of aggregation of Pt and M to a growing particle. The average ratio, 

of course, will be determined by the ratio of reagents used in a particular synthesis 

procedure. Particle size and morphology may also play a factor in the overall behavior. 

Finally, even at thermodynamic equilibrium, the degree of ordering will likely be less 

than 100 % due to strain and finite size effects.  Since thermal equilibrium is reached 

by diffusion, low temperature anneals may not result in nucleation nor subsequent 

growth.  

     We observed a sharper (111) peak at the higher annealing temperatures (Fig. 8.3A).  

The average domain size of each ensemble of particles was estimated by the Scherrer 

equation using the full width at half maximum (FWHM) of the (111) peak, which is 

fairly consistent with the particle size determined from our TEM analysis (vide infra). 

After a 2 h annealing process, the average domain size of Pt3Co/C increased from 3.5 

nm to 6 nm with increasing annealing temperature from 600 oC to 750 oC, and it became 

as large as 8 nm when the temperature was 825 oC. The (111) diffraction peak also 
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shifted gradually to higher angles, indicating that the corresponding lattice d-spacing 

decreased from 2.29 Å, before annealing, and reached a value as low as 2.24 Å after a 

2h anneal at 825 oC.  The d-spacing approached the theoretical value of ordered bulk 

Pt3Co, 2.21 Å, (Fig. 8.5A).  The relative content of the ordered phase and the particle 

size, both increased with increasing temperatures when the temperature was 600~750 

oC (Fig. 8.3B). The above behavior is similar to that of bulk AuCu3 and PtCo 

nanoparticles. 38-42   

 

Figure 8.5 (A) Measured d-spacings of Pt3Co/C (A) after 2 h annealing at various 

temperatures and (B) at different annealing times at 750 oC.   

At 750 oC, which was the optimal annealing temperature for the highest degree of 

ordering achieved in this experiment, the XRD patterns were tracked dynamically as a 

function of annealing time (Fig. 8.3C).  The (110) ordering peak became more 

pronounced, and the (111) peak became sharper and shifted to higher angles with longer 

annealing times. The calculated phase content of ordered Pt3Co/C and domain sizes 

exhibited a similar trend: They both increased rapidly during the first half hour, and 

gradually approached a relatively stable plateau (Fig. 8.3D). This suggested that 2 h was 

sufficient time to achieve a steady state (or possibly equilibrium) and optimal contents 
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of the ordered phase at such temperatures.  After 2 h of annealing at 750 oC, Pt3Co/C 

had an average domain size of 6 nm and a (110) ordered peak intensity of 30% relative 

to the maximum possible, if ordering was complete. In addition, the d-spacing decreased 

during the first 30 mins and approached a plateau (Fig. 8.5B), indicating that the lattice 

contracted during annealing as the average order increased.     

 To investigate quantitatively the influence of Pt3Co particle size (3~8 nm) on the 

onset of disorder, we used Monte-Carlo simulations to calculate the degree of 

substitutional ordering at thermodynamic equilibrium at various temperatures from the 

average atomic occupation of the lattice sites.38-42 The order-disorder transition (ODT) 

was characterized by both the (long-range order parameter) LROP and the (short-range 

order parameter) SROP and plotted as a function of temperature in Fig. 8.6A for two 

NP sizes (2.9 and 5.2 nm) and the bulk system (see calculation details in the supporting 

information). For each system, the temperature at which the LROP and SROP curves 

exhibit inflexion points is roughly the same and marks the ODT temperature, 𝑇ODT. At 

𝑇ODT, the system undergoes a transition from the L12 phase (Fig. 8.6B) to a disordered 

phase via an intermediate, transient D022 phase (Fig. 8.6C). The D022 phase also 

possesses global long-range order with lower crystal symmetry, but is not captured by 

the LROP used (Figs. 8.6B-9.6C). The TODT of the NPs is significantly lower than that 

of the bulk system (750 oC), and there is a clear trend of a decrease in TODT with a 

decrease in NP size. This indicates that for a certain range of temperatures (below the 

bulk TODT) one could observe larger NPs maintaining higher degree of substitutional 

order than smaller NPs, which is consistent with our observations in Fig. 8.6B.  
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Figure 8.6 (A) Simulation results for the SROP (red, dashed line) and LROP (blue, 

solid line) as a function of temperature for bulk (N=864, no marker) and spherical NPs 

with diameter d=2.9 nm (N=800, circles) and d=5.2 nm (N=4800, squares, 

with snapshots shown at temperatures just before the ODT on the left, and just after the 

ODT on the right). The temperatures are rigidly shifted so as to match the simulation 

results to the experimental Bulk order-disorder transition (ODT) temperature. As the 

size of the NP is reduced, the ODT temperature for the NPs also decreases. Snapshots 

of the bulk trajectory taken at increasing temperatures showing (B) ordered intermetallic 

phase, L12, (C) D022 state with global long-range order and lower crystal symmetry, and 

(D) disordered solid solution phase. The green and red atoms represent Pt and Co, 

respectively. 

  To dynamically track the evolution of the superlattice ordering peaks during the 

annealing process, the XRD patterns of Pt3Co/C were obtained by increasing the 

temperature at a very slow rate of 0.5 oC/min from 620 oC to 830 oC (Fig.  8.7A). 

Because each diffraction scan took less than 2 min, the temperature resolution was 

within 1 oC. With higher annealing temperatures, the (110) peak became more 

pronounced and attained a maximum at 720-750 oC, while the absolute intensity of the 

(111) peak decreased, due to additional disordering in the lattice above the transition 

temperature as well as to Debye-Waller effects.43-44 The relative magnitude of the peak 

intensity ratio of (110) to (111), with the maximum ratio normalized to 100%, was 
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employed as a simple (and reliable) metric to represent the relative amount of the 

ordered phase( (Fig. 8.7B).   

 
Figure  8.7. (A) In situ heating XRD patterns of Pt3Co/C annealed from 620 oC to 830 
oC at a slow temperature ramping rate of 0.5 oC/min (B) Relative peak integral ratio of 

the (110) to (111) peaks (with the maximum ratio normalized to 100%) at a series of 

temperatures. 

Because the annealing treatment of binary intermetallics during synthesis must be 

accompanied by cooling of the catalysts down to room temperature, the cooling 

procedure, after the in situ annealing process, was also investigated. Pt3Co/C powders, 

annealed at 715 oC for 2 h were used as a baseline to measure the effect of different 

cooling rates (Fig. 8.8A). After annealing at 715 oC for 2 h, and cooling to room 

temperature, the (111) peak shifted to higher angle, indicating that the lattice had 

contracted further. Cooling experiments were conducted at two different cooling rates 

after 2 h of annealing (Fig. 8.8B). The first was a slow rate of 6 oC/min, and in the 

second, the sample was cooled by turning off the electric heater and allowing the gas in 

the device to cool naturally at a rate of ~30 oC/min. At the slower cooling rate, the 
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relative contents of the ordered Pt3Co/C phase increased, which was ascribed to the 

extended period for the atomic rearrangement to the thermodynamically-favored state. 

The sample cooled at a higher rate showed only a slight increase in ordered phase 

content.  

 

Figure 8.8. (A) XRD patterns of Pt3Co after annealing at 715 oC for 2 h, and after 

cooling down to room temperature. (B) Relative contents of ordered intermetallic 

Pt3Co/C under two different cooling rates. X-axis represents the monitored temperatures 

during the cooling process.   

In summary, the effects of the annealing and cooling processes at different annealing 

temperatures and times on the ordered intermetallic content, were investigated. We 

conclude that the optimal annealing conditions were to anneal Pt3Co/C at 750 oC for 2 

h and then to cool to room temperature at a slow rate (e.g., 6 oC/min). Other cooling 

procedures may lead to an even larger fraction of ordered particles. Such processing 

parameters are used to manufacture heat-resistant CorningWare glass, and in 

toughening metals by age precipitation hardening, for example.  

8.4 In situ Heating STEM Imaging 

In addition to enabling structured ordering, the thermal annealing process can also alter 

the morphology of the Pt3Co nanoparticles. The most important morphological change 
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was coarsening of the Pt3Co particles, which increased their size and decreased the 

catalysts’ active surface area. To observe these morphological changes, we conducted 

in situ annealing experiments in a scanning transmission electron microscope (STEM).   

 
Figure 8.9. In situ heating STEM enabling tracking of the morphological changes of 

Pt3Co/C annealed at 750°C. (A-C) Pt3Co/C before annealing, annealed for 22 min, and 

annealed for 2h, respectively. (D-I) A specific region was magnified to illustrate particle 

migration and coalescence during a continuous 2 h annealing process. (J) Measured 

distribution of particle sizes of thousands of particles from Fig. 4A at different annealing 

times at 750°C. Cross marks on the X-axis represent the corresponding average particle 

sizes. (K) Volume-weighted, particle size distribution, which reflects the relative 

contribution of larger particles more clearly, as shown by the more pronounced tails for 
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particle sizes above 8 nm. Cross marks on the X-axis represent the corresponding 

volume-weighted, average particle sizes.  (L) Specific surface area (SSA) (m2/gPt) 

estimated from STEM images of three different regions at different annealing times. 

Inset: Electrochemical surface area (ECSA) for Pt3Co/C before and after annealing at 

750 oC for 2 h, measured from the coulometric charge associate with hydrogen 

adsorption (Hads) regions in the cyclic voltammograms. Details of statistical analysis of 

particle sizes and SSA calculations can be found in the experimental section. Scale bars 

in Figures A-C are 50 nm, and scale bars in Fig. D-I are 5 nm.  

    A Pt3Co/C alloy specimen was annealed at 750°C for 2 hours in an in situ STEM 

specimen holder in vacuum to approximate the conditions of a typical annealing 

protocol. Images were acquired alternately in three separate regions of the specimen to 

provide a more robust and representative measurement of changes in the specimen (Fig. 

8.9). Figs. 8.9A-C show a broad area of the sample before the annealing procedure and 

after 22 minutes and 2 hours of heating at 750 oC, respectively. An overall coarsening 

of the particles was evident throughout the region, especially during the first 22 minutes. 

Figs. 8.9D-I show a smaller sub-region, in detail, to highlight the observed particle 

coalescence, which appeared to be the primary coarsening mechanism. Significant 

particle mobility on the carbon support was also observed, with some particles moving 

more than 10 nm and growing significantly in size from collisions and coalescence with 

other particles. Note that several ~2 nm particles remained fixed near their initial 

positions throughout the experiment with no noticeable change in size. This observation 

argues against Ostwald ripening as being a significant contributor to the particle 

coarsening.  

    Additional insights can be gained by calculating the statistical distribution of 

particle sizes and considering their change during the experiment (Fig. 8.9J). The 

particle size distribution approximately followed a lognormal form, with smaller 2-3 nm 
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particles being the most common with a substantial tail of larger particles. After 

annealing, the count of smaller particles decreased, while the distribution tail of larger 

particles grew more pronounced. This change in the shape of the distribution is also 

consistent with coarsening by particle coalescence, when a subset of smaller particles 

merge to form larger particles.45,46 By contrast, an Ostwald ripening mechanism would 

have resulted in a more uniform shift in the distribution. The most significant change in 

the distribution occurred prior to the end of 19-24 min frame, though more subtle 

changes in the distribution occurred during the remainder of the annealing process. The 

growth in the number of large particles is more readily observed in the volume-weighted 

size distribution (Fig. 8.9K), which shows that larger particles, formed by coalescence, 

accounted for a significant fraction of the Pt3Co volume, even though large particles 

were relatively few in number.  

    The consequences of coarsening that occurred during the annealing process, on the 

electrochemical surface area (ECSA) of the Pt3Co particles were examined by 

estimating the specific surface area (SSA) of the particles from the images in each region 

of the specimen (Fig. 8.9L). The overall estimated SSA loss was approximately 20-30% 

and it varied among the three different locations in the specimen. This was similar in 

magnitude to the 33% loss in ECSA that we calculated from the cyclic voltammograms 

(CV) of Pt3Co/C annealed for 2 h at 750°C in forming gas as discussed below. (Fig. 

8.9L, inset) In each specimen region, the SSA tended to decrease in approximately an 

exponential manner, and decayed towards a lower (but non-zero) value with a time-

constant that varied from 7-25 min among the three different regions.  This confirmed 

previous observations that the most significant changes in the distribution of particle 
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sizes occurred very early in the annealing process. The variation between the total SSA 

loss and the decay rate likely reflect differences in the strength of the bonding between 

Pt3Co particles and the carbon support, suggesting that the structure of the carbon 

support can be quite heterogeneous.  

8.5 Atomic-Scale Ex Situ HAADF-STEM Imaging 

   To directly observe the crystal structure of ordered intermetallics at the atomic-scale, 

we employed aberration-corrected scanning transmission electron microscopy (STEM) 

to study the Pt3Co/C after the annealing and cooling processes. We used the high-angle 

annular dark-field (HAADF) STEM imaging mode, which provides intensities that scale 

with the atomic number (I ∝ Z1.7) so that Pt atoms appear much brighter than Co atoms. 

L12 intermetallic ordering in Pt3Co nanoparticles can be recognized by the presence of 

unique, superlattice-ordered unit cells.  The atomic-scale STEM image of a Pt3Co 

particle along the [100] zone axis exhibits a periodic square array of dimmer Co atom 

columns at the center, surrounded by brighter Pt columns at the corners (Fig. 8.10A). 

The square symmetry is consistent with the projected crystal model along the same 

[100] zone axis in ordered Pt3Co intermetallics, where four pure Pt atom columns (red), 

at the corners, surround the pure Co atom columns (green) at the center (Fig.  8.10C). 

However, another single-crystal Pt3Co nanoparticle (Fig. 8.10B), which was viewed 

along the [100] zone axis, exhibited only a partially ordered intermetallic phase, as only 

parts of the NP showed a similar variation in the intensity as the crystal model suggested 

(Fig.  8.10C). Other parts of the NP showed atoms at the center that were as bright as 

atoms at the corners, indicating that only a short-range, atom ordering existed in such 

Pt3Co nanoparticles. Figs. 8.10A-B indicate that both fully and partially ordered 
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intermetallics exist in the Pt3Co nanoparticles after the annealing process.       

 
Figure  8.10. Atomic-scale ex situ HAADF-STEM images of Pt3Co/C after annealing. 

(A) An ordered intermetallic Pt3Co particle on the [100] zone axis. Brighter atoms at 

corners of squares are Pt, and dimmer atoms at the center are Co. (B) A partially ordered 

intermetallic particle on the [100] zone axis. Both brighter and dimmer atoms exist at 

the center of the squares. (C) Corresponding projected crystal model along [100]. Red 

and green atoms are Pt and Co, respectively. Crystal models were built based on the 

ordered intermetallic Pt3Co (PDF # 01-071-7410).        

8.6 Correlation of the Degree of Ordering to Catalyst Durability 

     The above mechanistic studies involving both in situ heating XRD and in situ 

heating TEM yield a fuller picture of the order- disorder phase transition, and provide 

further practical guidance for the design of ORR catalysts with enhanced durability. The 

electrochemical properties of the electrocatalysts annealed at different temperatures in 

a tube furnace were studied systematically to correlate the degree of ordering to the 

catalyst’s durability (Fig. 8.11). The powder XRD patterns of annealed Pt3Co/C (Fig.  

8.4) exhibited a similar trend as the in situ heating XRD patterns in Fig. 8.3. The mass-

specific activity (MA), the surface area-specific activity (SA), and the electrochemical 

surface area (ECSA) of the Pt3Co/C alloy electrocatalysts, that were annealed at 

different temperatures, were measured and calculated initially and after stability 

cycling, which involved potential cycling at 50 mV/s in 0.1M HClO4 over the potential 
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range of 0.6 to 1.0 V vs. the reversible hydrogen electrode (RHE). The relative 

retentions of ECSA, MA (mass activity) and SA (specific activity) of Pt3Co/C annealed 

at various temperatures were calculated from the ratio between the initial 

activity/surface areas to that after the durability tests (Figs. 8.11B and Table 8.2). With 

increasing annealing temperature, the retention of the SA and MA improved 

continuously until reaching the highest values of 94% and 95%, respectively, at 750 oC. 

However, they dramatically decreased when the annealing temperature was increased 

to 825 oC. The trends in retention of SA and MA were quite consistent with the degree 

of ordering of the intermetallics, which indicated that the more ordered atomic structure 

improved the durability of the Pt3Co/C nanoparticles. ECSA retention reached a 

maximum plateau at 725-750 oC with nearly no decay, with respect to its initial value, 

suggesting that a higher degree of ordering suppressed the loss of Pt surface area. It 

should be noted that the as-synthesized Pt3Co/C (reduced at 300 oC) had a slightly higher 

ECSA than Pt3Co/C that was annealed at 600 oC, likely because the as-synthesized 

Pt3Co/C contained particles that were smaller than those annealed at 600 oC. This may 

have counteracted, or even surpassed, the benefit of the higher degree of ordering at 600 

oC.  

The shift in the half-wave potential (E1/2), which is considered as an indicator of the 

intrinsic electrocatalytic activity in a more straightforward way, was also evaluated for 

its stability. The E1/2 exhibited a trend similar to the SA and MA, with the least negative 

shift (< 5mV) observed at the optimal annealing temperature of 750 oC. The 

improvement in the stability of the Pt3Co with the highest ordered degree, comes from 

the stable intermetallic Pt, Co arrangement in the core and the Pt rich shell. In the 
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stability test of Pt3Co alloy or intermetallics, the degradation of the electrocatalyst 

comes mainly from the loss of Co and the leached Co ions in the electrolyte, in turn 

contaminating the Pt surface. The intermetallic nanoparticle with the highest ordered 

degree had the most uniform and regular atomic structure, so the Co was mostly bonded 

and surrounded by Pt. Also, the stable and ordered structure maintained the robust 

atomic structure, retaining the highest ECSA after the cycling process. As a result, it 

yielded a large improvement in the E1/2 during the stability test. This enhancement is 

not only observed from the RDE experiments, but also demonstrated in the membrane 

electrode assembly results (see below). To the best of our knowledge, this study 

represents the first successful attempt to systematically correlate the degree of ordering 

of binary alloy catalysts to the durability of electrocatalysts towards the oxygen 

reduction reaction in fuel cells, which will provide valuable insights and strategies in 

the future design of novel, ordered intermetallic electrocatalysts.     

 
Figure  8.11. (A) Calculated ECSA, mass-specific activity (MA) and surface-specific 

activity (SA) at 0.9V vs. RHE of Pt3Co/C before and after stability tests, after a series 

of annealing temperatures for 2h.  (B) Normalized retention of mass-specific activity 

(MA), surface area-specific activity (SA), and electrochemical surface area (ECSA) on 

the left axis, and half-wave potential shift on the right axis of Pt3Co/C after annealing 

at different temperatures. Normalized retention was calculated based on the ratio of the 

initial activity/surface areas to that after durability tests (2000 cycles in cyclic 
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voltammetry at 100 mV/sec in 0.1M HClO4 over the potential at the range from 0.6 to 

1.0 V vs RHE). The best durability was achieved at around 750 oC, corresponding to 

the optimal degree of ordering.       

 

 

Table 8.2. The calculated ECSA, MA, SA at 0.9 V and half-wave potential (E1/2) for 

different Pt3Co/C samples before and after stability tests. ECSA and Mass activity 

retentions were calculated from the ratio of hydrogen adsorption region between its 

initial values to that after stability test. Since all the catalysts have the same mass loading 

of Pt3Co, SA will have a value of MA divided by ECSA. 

 

8.7 STEM-EDX Analysis of Pt and Co Contents of Individual Pt3Co Nanoparticles 

as a Function of Particle Sizes   

    Pt3Co/C was examined to have a 2-3 atomic-layer Pt shell on the surface after high-

temperature annealing process in forming gas.2 Therefore, The chemical compositions 

of as-synthesized Pt3Co in this work may depend on particle sizes since smaller 

nanoparticles will have larger shell-to-core volume ratios. To quantitatively study the 

effect of particle size, STEM-EDX was used to analyze relative Pt and Co contents of 

individual Pt3Co nanoparticles after optimized annealing process at 750 oC for 2h. A 

ideal Pt3Co nanoparticle without Pt shell will have 75% Pt and 25 Co%). Particle sizes 

were measured from STEM images with an average particle size of 7-8 nm. Relative Pt 



 
 

260 
 

and Co contents were calculated from EDX spectra of individual particles using Pt Lα 

edges and Co Kα edges.  

 

Figure 8.12 Quantitative EDX Analysis of Pt and Co contents of individual Pt3Co  

NPs as a function of particle sizes.  

   Fig. 8.12a shows that Pt% contents increased from 75% to about 90% while Co 

contents decreased from 25% to about 10%, as particle sizes decreased from 20nm to 3 

nm. Fig. 8.12b shows that Pt/Co ratios increased significantly from  around 3:1 to about 

9:1 as a result of the same change in particle sizes. A 20 nm Pt3Co nanoparticle would 

have the vast majority contribution of chemical composition from Pt3Co core (Pt/Co: 

3:1) since 2-3 atomic-layer Pt shell (<1 nm) is negligible when compared to 20 nm core. 

However, a 3nm Pt3Co nanoparticle would have significant contributions from both 

Pt3Co core and 2-3 atomic-layer Pt shell, leading to an overall much higher Pt/Co ratio 

of 9:1.     

   In order to calculate the theoretical Pt/Co mole ratio from a given particle size and 

shell thickness, we performed a geometric analysis (Fig. 8.13). Overall, all experimental 

STEM-EDX results (green dots) fall in the region between monolayer and three-atomic-

layer Pt shells (black and blue curves, respectively). This indicates that the majority of 
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Pt3Co/C annealed at 750 oC for 2h have a Pt shell thickness of 1-3 atomic layers.   

   Additionally, all three curves with different layers of Pt shell exhibited that Pt/Co 

atomic ratio increased significantly as particle decreased from 20 nm (close to bulk 

level) to 2-3 nm (lower boundary in synthesized Pt3Co nanoparticles), which is due to 

larger contribution from the shell in smaller particles sizes. Forming a thicker Pt shell 

requires a higher Pt/Co ratio in reaction precursors, as indicated from black to red and 

blue curves. For example, Pt3Co/C annealed at 750 oC for 2h, with an average size of 

7.5 nm (purple dashed line),  requires Pt/Co atomic ratios of 4:1, 5:1 and 7:1 in order 

to achieve monolayer, two and three-atomic-layer Pt shells on Pt3Co core materials, 

respectively. This may be a useful guide for chemical synthesis of Pt3Co nanoparticles 

with tunable chemical composition and shell thickness.  
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Figure 8.13 Theoretical Calculation of Pt/Co mole ratio from a given particle size and 

shell thickness and comparison to STEM-EDX results. Dashed line indicates a particle 

size of 7.5 nm, which is the average size of Pt3Co NPs annealed at 750 oC for 2h.  

8.8 Activity and Durability Evaluation of Pt3Co/C in MEA Measurements  

For practical applications in PEMFCs, it is important to confirm that the findings in 

the laboratory can be translated to real-world (practical) improvement.  The annealed, 

ordered, Pt3Co/C electrocatalysts prepared in this work were evaluated in a fuel cell 

membrane-electrode assembly (MEA) and compared to one of the most active and 

durable state-of-the-art PtCo/C catalysts (Fig. 8.14) .47-48 The disordered Pt3Co/C used 

for comparison was made by chemically dealloying a PtCo/C precursor.  The 

disordered Pt3Co/C had already exhibited excellent activity and stability in MEA results 

and had surpassed the U.S. Department of Energy (DOE) targets (initial ORR mass 

activity >0.44 A/mgPt and <40% loss after stability test) (Fig. 8.14B). In this study, the 

disordered Pt3Co was further processed through the aforementioned optimal annealing 

conditions to achieve a maximum degree of ordering. The annealed Pt3Co/C showed 

comparable initial ORR activity and Pt ECSA to the disordered catalyst, however, it had 

about a 40% lower loss after the stability test (Fig. 8.14B middle plot). This is an 

impressive achievement over an already-very-stable, high performing electrocatalyst.  

These results support the findings of the above-described in situ experiments on Pt3Co, 

that ordered intermetallic phases represent a promising path to develop stable, high 

performance fuel cell electrocatalysts. The initial high-current-density (HCD) 

performance (Fig. 8.14B lower plot) of the ordered catalyst, although quite respectable 

by industry standards, is still slightly lower than our well-optimized baseline disordered 

Pt3Co/C catalyst.  The development of MEA electrodes for HCD for new catalysts 
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generally takes several months and large amount of materials to optimize the ionomer, 

catalyst, and pore distribution within the electrode.  Taking the mass activity and ECSA 

of the ordered catalyst into account, we predict that once optimized, the initial 

performance of the ordered phase Pt3Co electrocatalyst will surpass that of the 

disordered Pt3Co/C catalyst.49  

 
Figure 8.14. MEA performance comparison of disordered and annealed Pt3Co/C before 

and after stability testing. BOL and EOL represent beginning-of-life (initial 

performance) and end-of-life (after 30,000 cycles), respectively. (A) MEA performance 

at Pt loadings of 0.025 and 0.10 mgPt/cm2 on anode and cathode, respectively. Cell 

operation conditions are in the order of anode/cathode: H2/air, 94 °C, 65/65%RH, 

250/250 kPaabs,outlet, stoichiometries of 1.5/2. (B) Mass-specific activity (MA) measured 

at 0.9 V vs. RHE; ECSA of Pt measured by CO stripping in MEA; Voltage measured at 

a high current density of 2 A/cm2. (C) Power density at 0.67 V under the same condition 

as (A). 

    The greatest value of the stability improvement of this catalyst is especially evident 

at HCD, as the durability under HCD performance is the leading factor determining the 
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cost of a fuel cell stack.49 The annealed Pt3Co/C catalyst showed significantly smaller 

losses compared to the disordered catalyst after 30,000 cycles; only 20 mV vs. 66 mV 

(Fig. 8.14B lower plot).  This is due to the better retention of ORR activity and ECSA 

of the ordered catalysts as discussed above. To practically meet the U.S. DOE heat 

rejection target (Q/∆T of <1.45), the voltage must be higher than the 0.67 V under the 

operating conditions used in this work (94 oC).48 As shown in Fig. 8.14C, the annealed 

Pt3Co/C exhibited only a 5% loss in power density at 0.67 V after 30,000 cycles, relative 

to a 14% loss for the disordered Pt3Co/C electrocatalyst. To the best of our knowledge, 

these results represent a cathode catalyst in PEMFCs with the highest performance and 

stability published to date. While we employed an accelerated stability test and yet 

require performing a long-term durability validation in this study, the advancement 

projects progress toward meeting the US DOE durability target of less than 10% 

performance loss after 8,000 h of automotive drive cycle.      

8.9 Conclusion 

In summary, this work represents the first time that both in situ heating synchrotron-

based XRD for large ensembles of nanoparticles and in situ heating TEM at microscopic 

level have been used to quantitatively study the dynamics of the order-disorder phase 

transition and morphological and structural changes of binary intermetallics during a 

thermal annealing treatment. We have studied the impact of the annealing temperature 

and cooling conditions (temperature and time) comprehensively, on the degree of 

ordering, particle size, and lattice strain of Pt3Co intermetallics. Through Monte Carlo 

simulations, we have also found that Pt3Co nanoparticles have a lower order-disorder 

phase transition temperature than their bulk counterpart (by up to ~100 oC for 3-5 nm 
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nanoparticles). At the optimal annealing temperature (750 oC), the total content of 

ordered intermetallic phase peaks at about 30%, reflecting the presence of both fully 

and partially ordered nanoparticles and a correlation between intermetallic order and 

particle size. To directly visualize the morphological and structural transitions during 

the annealing treatment, we further employed in situ heating STEM to study the 

mechanism of nanoparticle migration and growth, and we quantitatively investigated 

the evolution of particle size distribution and the specific surface area during the 

annealing process. We achieved a direct visualization of both fully ordered and partially 

ordered individual Pt3Co nanoparticles at the atomic scale. Finally, we have built a 

structure-activity correlation in which the Pt3Co/C catalysts, with a higher degree of 

ordering, exhibited significantly enhanced durability. We further demonstrated that the 

annealed Pt3Co/C with optimal degree of ordering exhibited remarkable long-term 

durability in practical MEA measurements in PEMFCs. This systematic and in-depth 

study, which involved both in situ heating XRD and in situ heating TEM, will have a 

broad impact on the further development of ordered intermetallic electrocatalysts for 

fuel cell applications. 
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CHAPTER 9 

    

Operando EC-STEM to Resolve the Electrochemical Double Layer at 

Solid/Liquid Interfaces 

9.1 Introduction  

 

Most energy-related chemical reactions involve electro(chemical) processes at 

solid/liquid interfaces, in general, and electrode-electrolyte, in particular. Operando/in 

situ electrochemical liquid-cell STEM (EC-STEM) can shed light on the fundamental 

understanding of electrocatalytic processes and catalyst degradation mechanisms under 

native environments without alternating, by freezing or drying, the samples. This 

chapter presents preliminary progress employing operando EC-STEM to tackle the 

grand challenge of the electrochemical double layer (EDL) at solid/liquid interfaces, a 

central question at the heart of physical chemistry in general, and electrochemistry in 

particular. Resolving the EDL is key to advance our fundamental understanding of 

interfacial electrocatalysis, electron transfer as well as ionic and potential gradients at 

charged interfaces.1 The potential profile of the EDL depends on the applied potential, 

electrolyte type and concentration (ionic strength) and type. While the EDL on flat thin-

film surfaces has been explored by operando X-ray methods,2 its nature on practical 

nanoparticle electrocatalysts has remained largely unknown due to the heterogeneity in 

structures and surface compositions as well as strong particle-particle interactions when 

they are in close proximity.3 The central question is: what is the nature of the EDL of a 

nanoparticle when its size is comparable to the length scale of the EDL? With small, finite 

sizes, nanoparticles can have different/distinct local electric field distributions at terraces, 

steps, edges and corners which can exhibit an increased field concentration relative to their 
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bulk counterparts. The local electric field largely determines the concentration gradient of 

solution species at and near the surface, and thus, has a significant impact on 

electrochemical reaction kinetics and mechanisms. Since the EDL exists only near the 

electrode surface at a length scale of around 0-10 nm (Fig. 9.1A), atomic/molecular-level 

understanding of the double layer requires nanometer (or higher) spatial resolution in 

liquids. Such high spatial resolution in liquids makes operando EC-STEM an indispensable 

tool to investigate the EDL. Operando EC-STEM imaging has the potential to directly 

monitor potential-induced changes of the ionic distribution at electrolyte/electrode 

interfaces (Fig. 9.1B). At potentials above the potential of zero charge (pzc), the electrode 

surface attracts anion and repels cations. At potentials below the pzc, the electrode surface 

attracts cations and repels anions.      

 

Figure 9.1. (A) Potential profile through the electrochemical double layer calculated 

based on the Gouy-Chapman-Stern (GCS) model for 0.01 M 1:1 electrolyte in water at 

25 oC. Reproduced from page 552 of the book by A. Bard and L. Faulkner.1 (B) 

Schematics of ionic distributions at charged interfaces in non-adsorbing electrolytes.  

 

9.2 Resolving Ionic Distributions at Charged Interfaces with Halide Probes  

In order to employ operando EC-STEM to visualize the ionic distributions at charged 

interfaces, the chemical probes need to meet the following requirements. 
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A. 1 mM 1:1 electrolyte is selected as the suitable electrolyte concentration to give a 

theoretical EDL width of ~10 nm. This is because a higher concentration, such as 0.1 

M, results in too narrow an EDL of 0.3 nm, below the typical spatial resolution of EC-

STEM (2-5 nm) while a lower concentration, such as 1µM, despite giving a much wider 

EDL of 300 nm, is too diluted to induce measurable changes in STEM image intensity.      

B. Chemical probes should contain heavy elements to induce significant changes in 

image intensity as surface ionic distributions change. Using heavy anion, iodide (I-), as 

an example, the theoretical STEM image intensity ratio of iodide to water can be 

estimated using the formula: Intensity ∝ Z1.5×C in which Z is the atomic number, C is 

the concentration. Thus, [I]/[O] ≈ (53/8)1.5×0.001/56 ≈ 0.03%. To detect such a 

small intensity variation, the beam dose needs to sufficiently high to accumulate enough 

counting statistics. However, too high a beam dose often gives rise to beam-induced 

damage.   

C. Given the strong beam-liquid interaction, control experiments are required to 

examine the beam dose threshold below which the chemical probes are stable over the 

time periods of acquiring STEM images. Thus, heavy halides and alkali cations 

represent potential candidates, while many other transition metals are unstable under the 

electron beam.  

  With the above constraints in mind, NaBr, NaI, CsBr, CsI and CsClO4 were selected 

as potential candidates of heavy chemical probes. Au nanocubes with {100} facets are 

chosen as electrochemically inert electrodes to provide a double-layer behavior with a 

wide potential window. To minimize faradaic processes, including Au oxidation (~1.5 

V vs. SHE) and halide oxidation (e.g. Br2/Br-
 of ~1.3 V vs. SHE) as well as HER (below 
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0 V vs. SHE) and OER (above 1.6 V vs. RHE), we identified a potential window of 0 

to 1.3 V vs. SHE in which all solution species are theoretically stable. Considering that 

the potential of a pseudo-Pt RE is ~0.8 V vs. SHE, the experimental applied potentials 

were set from -0.6 to +0.6 V vs. Pt (i.e. a potential window of 1200 mV), so as to leave 

0.1 V margin at both lower and upper potential limits, considering the instability drift 

of pseudo-Pt RE. Experimental details of assembling the liquid-cell holder and TEM 

instruments can be found in APPENDIX III. 

  STEM images of 1 mM NaBr solution near a carbon working electrode (WE) showed 

no evidence of beam-induced damage during continuous image acqusition for 5 min at 

a beam dose of ~640 e/nm2 (Fig. 9.2A). When positive potentials above the open circuit 

potential (OCP) were applied, no significant changes, corresponding to possible halide 

anionic attraction, were observed (Figs. 9.2B-C). However, noticeable features began 

to grow in solution as the potential decreased from -0.2 to -0.6 V vs. Pt. This undesirable 

potential-induced growth was further evidenced by the noticeable beam-induced 

deposition on Au nanocubes near the carbon WE (Figs. 9.3A-D). At -0.6 V, the 

deposition was so thick that the STEM image contrast was reversed, as indicated by the 

darker contrast of Au cubes (Fig. 9.3D). It was at first counterintuitive to observe the 

unstable behavior of halide anions under reducing potentials. The CV profiles of 1 mM 

NaBr with Au cubes explained the puzzle. Instead of the anticipated double-layer 

capacitive behavior, multiple redox couples emerged during CV cycles and exhibited 

diffusion-like behavior. The presence of bromide possibly formed Au-Br coordination 

complexes in solution, which significantly lowered the Au oxidation potential from 

AuOx/Au (~1.5 V vs. SHE) to AuBr4
-/Au (0.85 V vs. SHE) and induced the corrosion 
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of Au cubes at ~0.1 V vs. Pt. The electroreduction of soluble Au-Br species in the 

negative-going scan possibly explains the potential-induced deposition in Figs. 9.2-9.3 

under reducing potentials.    

 
 

Figure 9.2 STEM images of 1mM NaBr near a carbon WE under applied potentials. 

Beam dose was estimated to be ~640 e/nm2 (~16 e/(nm2·s)) during acquiring STEM 

images with 2048×2048 pixels (field of view: 363 nm) at a dwell time of 8 µs/pixel and 

frame time of 40 s/frame under a beam current of ~4 pA.   
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Figure 9.3 (A-E) STEM images of Au nanocubes in 1mM NaBr near a carbon WE 

under applied potentials under a beam dose of ~640 e/nm2. (F) The corresponding CV 

profiles at 100 mV/s with dashed orange lines indicating the growth of redox couples 

during 10 CV cycles. Red and blue arrows point to the oxidation and reduction of Au 

species in the presence of halides.   

  

  Given the instability of Au nanocubes in the presence of halides, bulk poly-crystalline 

Pt WE was then employed to study the ionic distribution in iodide solution. As shown 

in Fig. 9.4, no beam nor potential-induced artifacts were observed over the time period 

of STEM imaging. Given that the HER occurs below -0.6 V and iodide oxidation 

happens above 0.2 V vs. Pt, three potential values of -0.6, -0.3 and +0.2 V vs. Pt were 

selected to explore the potential-induced changes in iodide distribution. The Epzc of 

poly-Pt is around +0.3 V vs. SHE,4 close to the middle potential of -0.3 V vs. Pt. Line 

profiles were extracted from the regions as indicated by the dashed line in Fig. 9.4D to 

quantify the STEM image intensity. As shown in Fig. 9.4E, STEM images drifted by 

~3 nm every 5 min when using the edge position of the Pt WE as a reference point. After 
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correcting the sample drift, no evident changes of STEM image intensity profiles, 

corresponding to iodide repulsion, were observed as the potential was increased from -

0.6 to 0 V (Fig. 9.4 F). Further examination of the intensity profile at +0.2 V also showed 

no noticeable changes, which would otherwise indicate possible iodide attraction.             

 
Figure 9.4 STEM images of 1mM NaI near a polycrystalline Pt working electrode (WE) 

under applied potentials. Beam dose was estimated to be ~2500 e/nm2. 

 

  Since neither NaBr nor NaI exhibited evident potential-induced changes in ionic 

distributions, CsI, containing both heavy cations and heavy anions, was studied as the 

next chemical probe (Fig. 9.5). However, CsI exhibited significant beam-induced 

damage at a beam dose of 40 e/nm2, which is two orders of magnitude lower than the 

previous studies on NaI and NaBr. Figs. 9.5A-D shows the growth of bulk-like 

precipitation during continuous STEM imaging for 2 min. At a very low beam dose of 

4 e/nm2, the growth of dendritic-like features was observed during STEM imaging for 

8 min, indicating a typical diffusion-controlled behavior (Figs. 9.5E-H). Given the 

highly unstable nature of CsI under the e- beam, the slightly less heavier CsBr was then 
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investigated. At a low beam dose of 30 e/nm2, the electron beam triggered the 

homogenous nucleation and growth of small nanocrystals with sizes of 10-20 nm during 

STEM imaging for 6 min (Figs. 9.6A-B). From 6 to 9 min, large crystals of 20-200 nm 

emerged with a pattern resembling a diffusion-limited aggregation (LDA) process5 in 

which nanoparticles undergo a random walk due to Brownian motion prior to particle 

aggregation (Figs. 9.6C-F). From 9 to 14 min, large crystals continued to grow at the 

expense of small nanocrystals, suggesting an Ostwald Ripening process under electron 

beam illumination (Figs. 9.6F-H). We hypothesize that the beam-induced growth in CsI 

and CsBr is possible due to the formation of polyhalogen complexes with lower 

solubility, such as CsI3 or Cs2I8.
6,7          

 
Figure 9.5 STEM images showing beam-induced damage in 1mM CsI without applied 

potentials at beam doses of ~40 and 4 e/nm2, respectively.  
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Figure 9.6 STEM images showing beam-induced damage in 1mM CsBr without 

applied potentials at a beam dose of ~30 e/nm2.  

9.3 Resolving Ionic Distributions at Charged Interfaces with Alkali Cation Probes 

 

   Besides the above four halide candidates, which can display specific adsorption on 

Pt or Au electrodes, CsClO4 was studied as an example of a heavy non-adsorbing cation 

as well as non-adsorbing anion. One of the challenges facing liquid-cell STEM imaging 

is the compromised spatial resolution due to ~500 nm thick liquid layer. When potentials 

were sufficiently negative (below -1.2 V vs. Pt or -0.4 V vs. SHE), a hydrogen bubble 

could be triggered to create a thin-liquid layer at the solid-liquid-gas interface (Fig. 

9.7A). Thus, the liquid thickness can be minimized while the electrode is still immersed 

in the native electrolyte with the same or similar composition, relative to the thick 

electrolyte. Figs. 9.7C-F present the 1 mM CsClO4/Pt WE interface as potentials 

increased from -0.6 to +0.2 V vs. Pt. Average line profiles, extracted from the regions 

shown in Fig. 9.7D, show no evident changes of STEM image intensity at different 

potentials (Fig. 9.7B). It should be noted that the line profiles in the thin liquid (Fig. 

9.7B) were much sharper than those in the regular thick electrolyte (Fig. 9.4F).   
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Figure 9.7 (A) STEM images of a thin-liquid 1 mM CsClO4 near a poly-Pt WE after 

triggering a H2 bubble by scanning potentials to -1.2 V vs. Pt. (C-F) STEM images of 

the 1 mM CsClO4/Pt WE interface magnified from the dashed box in (A under a beam 

dose of 1250 e/nm2 at various applied potentials. Line profiles in (B) were extracted 

from the dashed box regions in STEM images in (C-F). 

 

   Finally, a 1 mM CsClO4 solution enabled the study of ionic distributions near 

individual Au nanocubes. Fig. 9.8A presents Au nanocube clusters deposited on the Pt 

WE immersed in a thin-layer solution of CsClO4. Four Au cubes, with flat surfaces, 

were selected to study the ionic distributions at various applied potentials (Figs. 9.8B-

D). Line profiles, extracted from the regions in Fig. 9.8A, showed the sharp interface 

near the Au cube surfaces (Figs. 9.8F-I) in thin liquid. Those profiles exhibit no 

significant evidences of variations in STEM image intensity, which would otherwise 

correspond to the repulsion and attraction of Cs+ at positive and negative potentials, 

respectively. Notably, applying a potential of +0.3 V vs. Pt for ~3 min brought back the 

thick electrolyte (Fig. 9.8E), which is likely due to the gradual consumption of the H2 

bubble under a positive potential, indicating the electrode surface was still in contact 
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with the electrolyte and was capable of driving the hydrogen oxidation reaction (HOR). 

 
Figure 9.8 STEM images of a thin-liquid 1 mM CsClO4 solution near Au nanocubes 

attached to poly-Pt WE after triggering a H2 bubble under a beam dose of 220 e/nm2 at 

various applied potentials. Line profiles in (F-I) were extracted along the dashed lines 

as shown in STEM images in (A-D). 
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Figure 9.9. STEM images of thin liquid/gas interfaces after generating a H2 bubble by 

scanning potentials from 0 to -1.5 V at 100 mV/s. 

 

9.4 Conclusions   

  In summary, operando EC-STEM offers a platform for systematic investigations of 

the electrochemical double layer, specifically ionic distributions, at charged 

electrode/electrolyte interfaces at the nm-scale. No significant evidence of changes in 

ionic distributions were observed when using NaBr, or NaI near bulk poly-Pt electrodes 

and CsClO4 near Au nanocube surfaces. This is possibly due to the intrinsically low 

STEM intensity of 1 mM chemical probes, relative to the 56 M H2O, and the 

compromise between spatially resolving the nm-scale EDL and the electrolyte 

concentration. In addition, CsI and CsBr were unstable under the electron beam and 

exhibit interesting beam-induced growth patterns at relatively low beam doses. While 

this preliminary study has yet to provide the anticipated potential-induced ionic 

distribution in the double layer, it echoes the common philosophy during scientific 

adventures, “The absence of evidence is not the evidence of absence”. Other chemical 

probes may provide additional opportunities, if the EDL is out of reach by present 

operando EC-STEM techniques, for examples, the µm-wide diffuse layer during redox 

reactions can be another interesting research objective. Besides using electrons as 

probes, other operando methods, such as synchrotron-based X-ray standing waves,2 

offer new possibilities to investigate the ionic distribution of alkali cations near well-

defined Pt electrodes, which can provide important insights on the effects of cations on 

the ORR electrocatalysis in alkaline media, as well as numerous other processes.                  

 The pursuit of the EDL at nm-scale led to an intriguing observation, after creating a 
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thin-liquid layer by electrochemically generating a H2 bubble (Fig. 9.9). Noticeably, 

mossy structures were grown near the Pt electrode surfaces after a potential scan to the 

very negative potential at -1.5 V vs. Pt (about -0.7 V vs. SHE), indicating that the Pt 

electrode could be corroded under sufficiently negative potentials. Preliminary EDX 

and electron diffraction analysis suggested that those mossy structures are highly 

polycrystalline Pt. The observation of bulk Pt disintegration, under very negative 

potentials inspired an important discovery on cathodic corrosion presented in the 

following chapter (vide infra).   
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CHAPTER 10 

 

Elucidating Cathodic Corrosion Mechanisms with Operando Electrochemical 

Transmission Electron Microscopy 

10.1 Introduction 

Corrosion is a ubiquitous process in nature and daily life that causes the spontaneous 

degradation of materials, often metals, by (electro)chemical reactions with their 

environment.1 Corrosion processes have a significant economic impact and it is 

estimated to cost 3~4% of the gross domestic product of countries.2-4 Cathodic 

protection has been widely adapted as an effective strategy to prevent metal corrosion 

by applying a negative potential or using a sacrificial anode which thermodynamically 

suppresses the metal oxidation.1 Conventional wisdom would suggest that metals can 

stay indefinitely stable in their state under negative potentials. However, it is 

counterintuitive to observe that corrosion processes emerge again at sufficiently 

negative potentials, a process that is referred to as cathodic corrosion. Originally 

reported by Fritz Haber in the late 19th century, cathodic corrosion was described as the 

formation of “metallic dust” from bulk Pt electrodes under cathodic polarization.5,6 

Although cathodic corrosion was briefly studied by Soviet electrochemists in late 1900s 

to prepare alloys,7,8 it remained mostly as empirical observations during the 20th century. 

Recently, our understanding of cathodic corrosion processes has been revived by the 

advent of new experimental techniques, especially the application of Pt single crystals 

and scanning/transmission electron microscopy (S/TEM).9 In 2011, Koper et al. 

reported on the generation of metallic NPs by cathodic corrosion with an alternating 
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current (AC).10,11 Inspired by this pioneering work, extensive efforts have been devoted 

to examining the effects of different metals, applied potential/current, and electrolyte 

type and concentration.12,13 Cathodic corrosion has emerged as a facile surfactant-free 

top-down method, relative to elaborate colloidal synthesis,14  to “disintegrate” bulk 

electrodes for nanoparticle (NP) synthesis of alloys15-17 and metal oxides,18 which can 

be driven by renewable electricity. Those electrogenerated catalysts exhibit enhanced 

activity and/or selectivity for many renewable energy applications, such as the oxygen 

reduction/evolution reactions (ORR/OER) for fuel cells,15 solar-driven water splitting,18 

the reduction of CO2
16 and nitrite11,19,20 and the oxidation of alcohols and NH3.

10,19    

 Despite encouraging progresses, most studies have employed cathodic corrosion of 

bulk electrodes for NP synthesis, while few studies have attempted to quantitatively 

study the cathodic corrosion processes and investigate the reaction mechanisms. 

Although previous “post-mortem” S/TEM studies provide a baseline understanding of 

the effects of cathodic corrosion,10-19 They cannot provide real-time changes at 

electrode-electrolyte interfaces. Furthermore, in contrast to extensive studies of bulk 

electrodes, the cathodic corrosion of nanocrystals has remained unexplored, due to the 

lack of operando/in situ microscopic methods. The cathodic corrosion of nanocrystals 

can provide important insights into structural evolution of nanosized electrocatalysts 

under reducing potentials, as present in CO2 and N2 reduction, for their potential to 

lower carbon emissions and produce valuable chemicals.21-26 For instance, cathodic 

corrosion is likely present during CO2 reduction, which often requires applied potentials 

lower than -0.5 V vs. reversible hydrogen electrode (RHE), under which poly-Cu 

reconstructs to (100)-oriented Cu nanocubes, resulting in a drastic increase in selectivity 
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of ethylene over methane.21-24  

The cathodic corrosion processes make it extremely challenging to employ in situ 

vibrational spectroscopy, operando X-ray methods, or scanning electrochemical 

microscopy27 since the vigorously formed H2 bubbles can cause severe fluctuations in 

the spectroscopic or imaging background. Although liquid-cell TEM has been widely 

used to study morphological changes during chemical reactions,27,28 few studies have 

shown reliable electrochemical measurements in liquid-cell TEM,29-31 when compared 

to standard electrochemical measurements. Conventional EC-TEM employs a liquid 

thickness of ~500 nm or above, which hinders/precludes quantitative elemental analysis 

with  energy dispersive spectroscopy (EDX) or electron energy loss spectroscopy 

(EELS) as well as crystallographic structural analysis with electron diffraction.27 There 

have been several reports on electron diffraction under TEM mode achieved in thin 

liquids by irradiating the liquid at very high beam doses to form gas bubbles,32,33 such 

processes lead to significant changes in pH and compositions of the liquid and thus 

likely alter the (electro)chemical processes.34  

 Here, we have investigated two model systems, Pt(111) and Au nanocubes on bulk 

Pt, in an effort to quantitatively characterize cathodic corrosion mechanisms. While 

Pt(111) showed well-defined anisotropic growth during corrosion, Au nanocubes 

exhibited significantly higher levels of structural degradation (than bulk Pt) with the 

formation of Au-Pt alloy NPs. We employed operando/in situ EC-STEM to track 

dynamics changes in morphology, elemental composition and crystal structures. In 

contrast to previous strategies, we took advantage of naturally generated H2 bubbles, 

during cathodic corrosion, to form a thin liquid without inducing undesirable beam 
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damage. This enabled STEM imaging, EDX elemental mapping, and 4D scanning 

electron nanodiffraction (SEND) analysis35,36 in a native electrolyte environment.  

With this thin-liquid-film strategy, we have been able to carry out, for the first-time, a 

comprehensive investigation of the dynamic structural and compositional evolution of 

nanocrystals at nm-scale, relative to bulk electrodes, during cathodic corrosion. Ex situ 

atomic-scale STEM imaging and EELS analysis in a H2-filled gas cell confirmed the 

structural and compositional information at the same locations as in the in situ 

measurements. Guided and informed by those microscopic insights, we employed 

cathodic corrosion as a top-down synthetic method to prepare Au-Pt alloy NPs, which 

are essentially immiscible, based on the phase diagram. We proposed a cathodic 

corrosion reaction mechanism involving the formation of Au and Pt hydrides in the 

presence of adsorbed hydrogen and alkali cations.   

10.2 Experimental Methods 

Electrochemical measurements in standard electrochemical cells. The Pt (111) 

electrode was fabricated  from a Pt wire by the Clavilier method. The geometric 

surface area of the electrode was measured as 3.274 mm2 based on its high-resolution 

optical image. Prior to each experiment, the electrode was annealed in a propane flame 

for 15 s. The hot electrode was then cooled down in a 5% hydrogen balance argon gas 

atmosphere, quenched in ultrapure water, and immediately transferred to the 

electrochemical cell, protected by an ultrapure water droplet on top of the electrode 

surface. The electrochemical cell and all the other glassware used in the experiment 

were soaked in KMnO4/H2SO4 solution overnight. The remaining KMnO4/H2SO4 

solution on the glassware was removed by reacting with H2O2 before the experiment. 
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The glassware was then rinsed with ultrapure water, followed by boiling in ultrapure 

water 3 times. CV profiles of Pt(111) were performed at room temperature using a Pine 

potentiostat in a three-electrode electrochemical cell with glass frits between the 

working electrode with the reference electrode and counter electrode. A coiled Pt wire 

was used as the counter electrode, and a Ag/AgCl in 1 M KCl (0.235 V vs. SHE) was 

used as the reference electrode. The Pt (111) working electrode was in contact with the 

electrolyte in the hanging meniscus configuration. The cathodic corrosion of Pt(111) 

was performed in 0.1 M NaOH at -0.5 V vs. RHE for 2 min and rinsed in ultrapure water 

before measuring CV profiles in 0.1 M HClO4. Then, the Pt(111) electrode was annealed 

in a propane flame for 15 s to eliminate the effects of cathodic corrosion at -0.5 V vs. 

RHE, which was verified by the flat hydrogen region of the CV profile in 0.1 M HClO4. 

The cathodic corrosion was then performed at -1.0 V vs. RHE in 0.1 M NaOH followed 

by CV measurements in 0.1 M NaOH. This cycle of cathodic corrosion and CV 

measurement was repeated for cathodic corrosion at more negative potentials (-1.5~-4.0 

V vs. RHE). Thus, each CV profile of Pt(111) after corrosion started from the same 

pristine Pt(111) rather than accumulating effects from previous cathodic corrosion 

experiments. CV profiles of Au nanocubes on poly-Pt film were measured in 0.1 M 

HClO4 after activation between 0.05 and 1.6 V vs. RHE for 20 cycles. The cathodic 

corrosion of Au nanocubes/Pt film was performed in 0.05 M CsClO4 for 30 min.  

Electrochemical measurements in EC-STEM. A Protochips Poseidon liquid-cell 

holder was used for electrochemical measurements in EC-STEM. The electrochemical 

chip encapsulates a liquid pocket within two electron-transparent SiNx windows, which 

can withstand the ultrahigh vacuum (10-8 Torr) inside the TEM chamber. To 



 
 

288 
 

demonstrate that operando/in situ EC-STEM is capable of delivering reliable 

electrochemical measurements, we performed CV measurements of a Pt WE in 0.1 M 

HClO4 and Cu electrodeposition, with both the RE and CE made of Pt for its chemical 

stability. The distance between the RE and WE is small to minimize the iR-drop in a 

sub-μm electrolyte while the CE has a large surface area to enable rapid polarization. 

The cathodic corrosion of Au nanocubes on Pt WE was performed in EC-STEM with a 

non-adsorbing neutral electrolyte (CsClO4) since thin SiNx windows are not stable in 

alkaline solution, such as NaOH, KOH often used for cathodic corrosion studies. A 1 

mM CsClO4 was used to prevent the potential precipitation after generating H2 bubble 

(which consumes water) given the low solubility of CsClO4 in H2O (~85 mM at 25 oC).  

Operando/in situ/ex situ EC-STEM measurements of cathodic corrosion. Operando 

EC-STEM imaging was performed in 1 mM CsClO4 with a regular liquid thickness 

(~500 nm) at a beam dose of ~8 e/nm2 in a Tecnai F-20 STEM. A STEM image 

acqusition time of 8 s/frame (1024×1024 pixels with a dwell time of 6 μs/pixel) and a 

slow CV scan rate at 20 mV/s enabled an electrochemical potential resolution of 0.16 V 

per frame while maintaining a good STEM imaging quality. A beam dose control 

experiment was performed at a dose of 15 e/nm2
 showing no evidence of beam damage 

except the rotation of a Au nanocube. Non-local means (NLM) algorithm and Gaussian 

blur were adapted to denoise the STEM images for better resolving morphological 

changes of nanoparticles. In situ EC-STEM was enabled by the electrochemical 

generation of a H2 bubble by performing CV cycles from 0 to -1.6 V vs. Pt for 20 cycles 

or from 0 to -2.0 V vs. Pt for 4 cycles. To achieve high-quality STEM-EDX elemental 

maps, a scanning electron beam was required to illuminate the sample constantly for 1 
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h at a high beam dose of ~8500 e/nm2. Minimal beam damage was observed after EDX 

elemental mapping of this low-magnification STEM image. However, STEM-EDX of 

individual alloy NPs in thin liquid at a higher beam dose of 104 e/nm2, exhibited 

noticeable particle rotation drifts, precluding a high-resolution STEM-EDX elemental 

mapping in thin liquid. SEND experiments were performed using an electron 

microscope pixel array detector (EMPAD), by recording a 2D diffraction pattern at each 

probe position, resulting in 4D datasets. The SEND was performed in the nearby region 

with a probe size of ~1.3 nm in the full-width at half-maximum, 256×256 scan over an 

area of 1100×1100 nm2. To enhance the signal-to-noise ratio in the diffraction patterns 

for further analysis, the 4D dataset was segmented into clusters based on the watershed 

segmentation of virtual BF image. Ex situ on-site atomic-scale HAADF-STEM imaging 

and EELS were performed in an H2 gas cell in a Titan STEM at 300 keV with an 

convergence angle of 21.4 mrad and a collection angle of ~43 mrad.  

Cathodic corrosion for Au-Pt bimetallic nanoparticle synthesis. Au and Pt 

nanowires were melted together in a methane flame (2000 oC) and subjected to cathodic 

corrosion in 10 M KOH. An AC square wave potential was applied between -10 and 0 

V at 100 Hz with a DC offset to ensure a reducing (cathodic) process employing a 

Hewlett-Packard 3312 function generator. SEM imaging was performed with a ZEISS 

Gemini 500 SEM at 1 keV.   

 

10.3 Cathodic Corrosion of Pt(111) and Au Nanocubes on poly-Pt Electrode 

Pt single crystals and Au nanocubes on a polycrystalline Pt film were designed to 

investigate the dynamic structural evolution during cathodic corrosion. Pt single 
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crystals, prepared by the flame annealing technique (Clavilier method),37 enable a direct 

correlation between structural changes on atomically flat surfaces and the cathodic 

corrosion conditions. The cyclic voltammetry (CV) profile of Pt(111) exhibits a well-

defined hydrogen region (0.05-0.45 V) and OH ad/desorption regions (0.55-0.9 V), 

separated by a double-layer region in 0.1 M HClO4 (Fig. 10.1a, black curve).  

 
Figure 10.1 Cathodic corrosion of Pt(111) and Au nanocubes on poly-Pt electrode. (a) 

CV profiles of Pt(111) in Ar-sat. 0.1 M HClO4 at 50 mV/s before and after cathodic 

corrosion. The cathodic corrosion was performed in 0.1 M NaOH at given potentials vs. 

RHE for 2 min. (b) CV profiles of Au nanocubes on a poly-Pt film in Ar-sat. 0.1 M 

HClO4 at 50 mV/s before and after cathodic corrosion. The cathodic corrosion was 

performed in 0.05 M CsClO4 at -3 V vs. SHE for 30 min. (c) SEM images of pristine 

Au nanocubes (~100 nm) on a Pt film (d) SEM images of Au cubes/Pt film after 

cathodic corrosion in (b). Region 1 exhibits the formation of deformed/aggregated Au 

cube clusters and concave pits on the Pt film while Region 2 shows the formation of 

newly generated smaller NPs (NPs, 20-50 nm) and pronounced stepped etch features on 

the Pt film. (e-f) STEM-EDX elemental composite maps of Au-Pt alloy NPs with Au in 

green and Pt in red and an atomic ratio of Au/Pt of 3:1. 

 

CV profiles of Pt(100) and Pt(110) exhibit the characteristic hydrogen underpotential 
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deposition (HUPD) peaks at ~0.3 and ~0.1 V vs. reversible hydrogen electrode (RHE), 

respectively (Fig. 10.2). Given the flat and featureless plateau of the HUPD of Pt(111), 

the emergence of any traces of (100) or (110) steps will be evident and unambiguous. 

The cathodic corrosion of Pt(111) was performed in 0.1 M NaOH at corrosion potentials 

from -0.5 to -4.0 V vs. RHE for 2 min. CV profiles of Pt(111) after corrosion at -0.5 to 

-1.5 V exhibited negligible changes in the hydrogen region, indicating little or no 

surface structural changes (Fig. 10.3a). After cathodic corrosion at -2.0 V, the 

emergence of a pronounced HUPD peak at ~0.3 V, corresponding to (100) steps, indicated 

that the onset potential of cathodic corrosion of Pt(111) in 0.1 M NaOH was at around 

-2.0 V vs. RHE (Fig. 10.1a, red curve). At increasingly negative potentials (-3.0 and -

4.0 V), the (100) steps gradually diminished, accompanied by the progressive increase 

of (110) steps at ~0.1 V (Fig. 10.1a, blue/green curves). The well-defined Pt single 

crystals enable the accurate and precise quantification of the relative step density by 

calculating the HUPD charge (Fig. 10.3c). 

 
Figure 10.2. CV profiles of (111), (110) and (100) planes of single-crystal Pt electrodes 
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in Ar-sat. 0.1 M HClO4 at 50 mV/s. The upper panels show the corresponding atomic 

models of those three basal planes. The surface atomic density decreases in the order: 

Pt(111) >  Pt(100) > Pt(110). Pt(111) has the highest atomic density while Pt(110) has 

the lowest atomic density (the most open structure), which is also a naturally stepped 

surface [2(111) × (111)]. Pt(111), (100) and (110) have a hydrogen underpotential 

deposition (HUPD) charge constant of 241, 208 and 147 μC/cm2, respectively.  

 

 

Figure 10.3. CV profiles of Pt(111) (a) before and (b) after cathodic corrosion, in Ar-

sat. 0.1M HClO4 at 50 mV/s. The cathodic corrosion was performed in 0.1M NaOH at 

given potentials (-0.5 to -4.0 V) vs. RHE for 2 min. (c) Charge integrals of the overall 

HUPD region (0.05-0.45 V vs. RHE), (110) step/(111) terrace region (0.05-0.19 V) and 

(100) step/(111) terrace region (0.19-0.45 V), before and after cathodic corrosion at -2, 

-3 and -4 V vs. RHE in 0.1M NaOH. (d) The Faradaic charge, relative to pristine Pt(111) 

(black curve) and the Faradaic / total charge ratio between 0.5 and 0.9 V vs. RHE in (b) 

before and after cathodic corrosion. 

 

The (100) step density exhibited a significant decrease at -3.0 and -4.0 V while the (110) 
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step density exhibited a symmetrical increase (Fig. 10.3c). Interestingly, the overall 

HUPD charge remained relatively unchanged, indicating a gradual conversion from (100) 

to (110) steps at more negative corrosion potentials, while the total integrated amount 

of step density remained stable. To rationalize this trend, the HUPD charge constants of 

Pt(111), (100) and (110) were calculated to be 241, 208 and 147 μC/cm2 (Fig. 10.2), 

which are consistent with literature values.38 The constant HUPD charge constant values 

suggest that Pt(111) is the most stable facet with the highest surface atomic density 

while Pt(110) is the least stable facet with the lowest atomic density. This can explain 

the trend in anisotropic growth from the most stable Pt(111) to intermediate Pt(100) 

steps and finally to the most energetically unstable Pt(110) steps, at increasingly 

negative corrosion potentials. In addition to the changes in the HUPD, the OHads peak at 

~0.8 V vs. RHE in Fig. 10.1a is a characteristic feature of Pt(111) surface, exhibiting a 

continuous decay of  the OHads Faradaic charge at increasingly more negative 

corrosion potentials (Fig. 10.3d). This is consistent with the increasing step density 

revealed from the HUPD measurements and suggests a higher level of surface 

roughening. SEM images were acquired to visualize the morphological changes during 

cathodic corrosion. After corrosion at -2.0 V, the Pt(111) electrode changed from a 

smooth surface to steps and ridges (Figs. 10.4), which, from the CV profiles, 

corresponds to the formation of (100) steps (Fig. 10.1a). At the very negative corrosion 

potential of -4.0 V vs. RHE, the Pt(111) electrode exhibited sharp stepped features and 

noticeable concave pits. 
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Figure 10.4 SEM images of Pt(111) before and after cathodic corrosion in Figure 10.3b. 

(a) SEM images of the pristine Pt(111) surface (Inset in (a), optical images of a 2 mm 

diameter single-crystal Pt(111) bead). The scratch was used as a marker for SEM 

imaging alignment. (b) High-resolution SEM image of pristine Pt(111) shows a very 

smooth surface. (c-d) SEM images of Pt(111) after cathodic corrosion at -2.0 V vs. RHE 

in 0.1M NaOH show the onset formation of steps and ridges. (e-f) SEM images of 

Pt(111) after cathodic corrosion at -4.0 V vs. RHE in 0.1M NaOH show the pronounced 

formation of steps and pits on Pt(111) surface.  

 

 
Figure 10.5 CV profiles of Pt(111), before and after cathodic corrosion, in Ar-sat. 0.1M 

HClO4 at 50 mV/s. The cathodic corrosion was performed in 0.05 M CsClO4 at given 

potentials for 2 min.  
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The cathodic corrosion of the Pt(111) single crystal was also examined in a non-

adsorbing neutral electrolyte, CsClO4 (Fig. 10.5), since it would be suitable for 

operando/in situ EC-STEM study due to the instability of SiNx window in the alkaline 

media. The Pt(111) used above experienced a similar growth of (100) feature after 

corrosion at -2.0 V, and conversion to (110) after corrosion at -3.0 V in CsClO4, 

although the changes were less pronounced than those in NaOH, which is possibly due 

to the weaker interaction between Cs+ and Pt, relative to Na+.13 A corrosion onset 

potential of around -2.0 V vs. RHE was found in both 0.05 M CsClO4 and 0.1 M NaOH. 

A recent study by Koper et al. found that the onset potentials of cathodic corrosion of 

Pt(111) are less negative, at around -0.6 V and -0.4 V vs. RHE in 1 and 10 M NaOH, 

respectively, indicating a lower energy barrier for cathodic corrosion at higher 

concentrations of hydroxide solutions.39,40 The cathodic corrosion of Pt single crystals 

in (Fig. 10.1a)  has important implications for tuning electrocatalyst activity. For 

instance, the ORR activity of Pt(111) in acid was doubled, relative to pristine Pt(111), 

after cathodic corrosion, which was ascribed to the formation of concave etching 

features.39    

The single-crystal Pt(111) study above lays the foundation for investigating the 

cathodic corrosion of well-defined nanocrystals on a bulk poly-Pt film. Au nanocubes 

(~100 nm) with {100}-oriented single-crystal surface facets were selected as an 

example of inactive electrocatalysts for the hydrogen evolution reaction (HER), in 

contrast to Pt. The CV profile of pristine Au cubes/Pt film showed a PtOx reduction 

peak at ~0.8 V and a smaller AuOx reduction peak of the Au nanocubes (Fig. 10.1b). 

The CV profile after cathodic corrosion in 0.05 M CsClO4 at -3.0 V vs. SHE exhibited 
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a 5.4-fold increase in the reduction peak area of AuOx and a 1.3-fold increase in that of 

PtOx (Fig. 10.6a). These changes suggest that Au nanocrystals, with a high surface 

energy, are subjected to a significantly higher level of structural changes and surface 

roughening, relative to the bulk Pt electrode. A control experiment of cathodic corrosion 

of a bulk Au film in CsClO4 under same conditions exhibited negligible morphological 

changes based on SEM images, confirming the faster corrosion kinetics of Au 

nanocrystals than bulk Au counterparts. The HUPD charge revealed a slight increase in 

Pt(100) steps accompanied by a slight decrease in Pt(110) sites (Fig. 10.6b). Early 

reports on a poly-Pt wire also showed a similar enrichment of (100) steps after cathodic 

corrosion.12,13  

 

Figure 10.6 (a) Charge integral of the PtOx reduction peaks and AuOx reduction peaks 

of Au cubes on Pt film after cathodic corrosion based on CV profiles in Fig. 10.1b. (b) 

Charge integrals of the overall HUPD region (0.05-0.45 V vs. RHE), (110) step/(111) 

terrace region (0.05-0.19 V) and (100) step/(111) terrace region (0.19-0.45 V), before 

and after cathodic corrosion based on CV profiles in Fig. 10.1b. Given that Au has no 

hydrogen peaks between 0 and 0.5 V vs. RHE, the HUPD charge calculation revealed a 

slight increase in Pt(100) steps accompanied by a slight decrease in Pt(110) while the 

total HUPD charge remained nearly unchanged.  

 

SEM images of the Au cubes/Pt film exhibit striking morphological changes after 
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cathodic corrosion (Figs. 10.1c,d). Pristine Au nanocrystals exhibited a well-defined 

cubic morphology and are self-assembled in a periodic pattern/arrangement (Fig. 10.1c). 

After cathodic corrosion in CsClO4, the Au cubes experienced drastic morphological 

changes while the bulk Pt electrode showed only mild changes with wrinkle-like stepped 

edges (Figs. 10.1d). Region 1 represents an intermediate state of many cubic particles, 

which deform and aggregate into clusters, as well as the formation of triangular, square 

and rectangular pits on the Pt film, which were suggested to preferentially form on 

(111), (100) and (110) facets, respectively, based on studies on those low-index Pt single 

crystals.40 Region 2 represents a final state of much smaller newly generated, small NPs 

(10-50 nm) and the co-existence of pronounced stepped etching features on the Pt film 

(Fig. 10.1d). STEM-EDX elemental maps of corroded Au nanocubes and newly 

generated NPs (~20 nm) show homogenous elemental distributions of Au and Pt, 

indicating the formation of single-phase Au3Pt alloy NPs (Figs. 10.1e-f). In summary, 

during cathodic corrosion, Pt films and Au nanocubes were “atomized” so that highly 

mobile Pt atoms were injected into the Au cubes to form Au-Pt alloy NPs. It is possible 

that the disintegration of bulk Pt and the deformation/aggregation of Au nanocubes 

occur simultaneously, and are strongly modulated by the local electrical field, interfacial 

pH and concentration of alkaline cations. Although it is challenging to quantify the 

corrosion rate, nanocrystals experienced a significantly higher level of  structural 

destruction than the bulk electrodes. 

 

10.4 Operando/In Situ Electrochemical Liquid-Cell STEM (EC-STEM) Studies of  

Dynamic Structural Evolution during Cathodic Corrosion 
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To elucidate the structural and elemental evolution of nanocrystals and bulk 

electrodes, we employed operando/in situ EC-STEM, including STEM imaging, EDX 

elemental mapping and SEND diffraction imaging. Fig. 10.7a presents a cross section 

of the operando/in situ EC-STEM cell with a three-electrode configuration, including 

working, reference and counter electrodes (WE, RE and CE). The SEND works by using  

an electron microscope pixel array detector (EMPAD) to record the 2D electron 

diffraction pattern over a 2D grid of probe positions, resulting in 4D datasets,41 which 

can dramatically reduce beam dose while retrieving temporal and spatially resolved 

structural information in liquids. We designed strategy to enable operando, in situ and 

ex situ EC-STEM operation in the same cell, and at identical locations to enable reliable 

electrochemical measurements and simultaneously probe real-time interfacial changes 

across multiple scales, by generating H2 bubble to reversibly control the liquid thickness 

(Fig. 10.7b). Operando EC-STEM was employed to track the morphological changes 

under similar reaction conditions to standard electrochemical measurements in Figs. 

10.1a-b but not able to perform EDX nor SEND analysis in thick electrolytes. The thin 

liquid, naturally formed by H2 bubble during cathodic corrosion, drastically improves 

spatial resolution and enables nm-scale in situ STEM-EDX and SEND in a native 

electrolyte, which nonetheless, deviates from optimal electrochemical conditions. To 

resolve atomic-scale lattice structures, H2 gas was flowed to remove completely the 

liquid while preserving the corroded electrode in a reducing environment. Ex situ EC-

STEM, despite the lack of real-time information, serves as an identical-location STEM 

to perform on-site characterization before and after cathodic corrosion. Ex situ STEM 

also improves the spatial resolution of EDX and EELS elemental analysis by 
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circumventing the undesirable beam damage and sample drift in liquids. 

 
Figure 10.7. Operando/in situ electrochemical liquid-cell STEM (EC-STEM) 

studies of cathodic corrosion. (a) Schematic of operando/in situ EC-STEM cell with 

the capability to enable reliable electrochemical measurements and simultaneously track 

morphological, compositional and structural changes under operating conditions. WE, 

RE and CE stand for working, reference and counter electrodes, respectively. Scanning 

electron nanodiffraction (SEND) based on 4D STEM datasets acquired on an electron 

microscope pixel array detector (EMPAD). (b) Overview of characterization 

methodology: Operando EC-STEM for visualizing morphological changes in regular 

thick electrolyte; In situ EC-STEM for STEM-EDX elemental analysis and SEND for 

resolving crystal structures. The thin-liquid is naturally formed by electrochemically 

generating a H2 bubble during cathodic corrosion; Ex situ on-site STEM imaging at the 

atomic scale, in ultrahigh purity (UHP) H2 gas cell. (c-d) In situ thin-liquid EC-STEM 

image and EDX composite maps of Au-Pt alloy nanostructures grown on an Au-rich 

ribbon (~100 nm) at the bulk Pt electrode after cathodic corrosion of Au cubes on the 

Pt WE. (e-f) Ex situ high-resolution STEM-EDX, in H2 gas cell, showing the co-

existence of small Au-Pt alloy NPs (Au/Pt = 4:1) and mossy structures (Au/Pt = 3:2). 

(g) Ex situ HAADF-STEM image, clearly resolving “nano-spikes” at the  particle 

surface. (h) Ex situ atomic-scale lattice image of an Au-rich Au-Pt alloy NP with 

multiple {111}-oriented domains along different crystal orientations (white arrows). 

Inset, one Au-alloy domain oriented near the [110] zone axis, magnified from the dashed 

box.         

 

 In an effort to demonstrate that operando EC-STEM is capable to deliver reliable 

electrochemical measurements, we performed CV measurements of Pt in acid and Cu 
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electrodeposition (Fig. 10.8). CV profiles of Pt in the acid in the EC-STEM cell match 

well the standard electrochemical measurements of Pt in Fig. 1a and show no evidence 

of beam damage at a dose of ~300 e/nm2. The potential of the Pt pseudo-RE was 

estimated to be about +0.8 V vs. SHE based on the HUPD peak position of Pt. CV profiles 

in CuSO4 show the well-defined Cu electrodeposition and stripping peaks at around -

0.65 V vs. Pt, which is consistent with the potential (-0.648 V) at which the largest 

amount of deposited Cu nanoclusters occurred (Fig. 10.8). The onset potential of Cu 

electrodeposition was estimated to be 0.25 V vs. SHE in the operando EC-STEM study, 

which matches well with the theoretical value of Eo (Cu2+/Cu) in 10 mM CuSO4 (0.22 

V vs. SHE).  

 

Figure 10.8 Potential calibration of the reference electrode of Electrochemical liquid-

cell chips. (a) Schematic of the layered structure of a Protochips Poseidon liquid-cell 

holder. Inset: optical image of the three-electrode microchip loaded with Pt/C 

nanoparticles. (b) CV profiles of polycrystalline Pt films in 0.1 M HClO4 when the 

electron beam is on and off at a beam dose of ~300 e/nm2, acquired previously by our 

group.30 (c) CV profiles of Cu electrodeposition on carbon WE in 10 mM CuSO4 at 2 
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mV/s when electron beam is turned on at a dose of 35 e/nm2. An amorphous carbon WE 

was selected to enable the electron beam to image metallic nanoparticles with minimal 

background scattering. (d-f) The dynamic electrodeposition and stripping of Cu on the 

carbon WE. The potential, at which the largest amount of Cu nanoclusters 

electrodeposits, is highly consistent with the Cu deposition peak at -0.65 V vs. Pt, 

indicating that the STEM imaging is highly synchronized to the electrochemical 

measurements. Based on the 0.8 V difference between Pt pseudo RE and SHE, the onset 

potential of Cu deposition was estimated to be ~0.25 V vs. SHE, as indicated by the 

dashed line in Fig. 10.8c. That matches well with the theoretical values of Eo (Cu2+/Cu) 

at 0.22 V vs. SHE in 10 mM Cu2+.   

 

With a rigorous electrochemical protocol established, we performed operando EC-

STEM studies of cathodic corrosion of  Au nanocrystals on a bulk Pt electrode. The 

cathodic corrosion was first performed on a bare Pt WE as a control study (Fig. 10.9). 

After applying sufficiently negative potentials (-1.5 V vs. Pt), noticeable mossy features 

appeared on the bulk Pt electrode surface, while no mossy features were evident in the 

absence of alkaline cations, indicating the important role of alkaline cations to initiate 

cathodic corrosion. 

 

Figure 10.9 STEM images of Pt working electrode (WE) in thin liquid after 

electrochemically generated H2 bubble repelling most of the electrolyte in 1 mM CsClO4 

at constant potentials of -1.0 and -1.5 V vs. Pt. (a) No features were grown after applying 
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-1.0 V while (b) noticeable mossy features were grown after -1.5 V.  

Operando EC-STEM was then employed to investigate the cathodic corrosion of Au 

nanocubes on bulk Pt working electrodes (Au cubes/Pt WE) in 1 mM CsClO4. CV 

profiles of Au cubes/Pt WE exhibited the characteristic oxidation peaks of both Au and 

Pt at ~0.6 V vs. Pt (~1.4 V vs. SHE) (Fig. 10.10), which matched the standard 

electrochemical measurements in Fig. 1b.  

 

Figure 10.10 CV profiles of Au cubes on the Pt WE in 1 mM CsClO4 with different 

upper potential limits at a scan rate of 100 mV/s.  

 

   To explore the effects of corrosion potentials, the lower potential limit was 

systematically lowered from -1.0 to -2.0 V (Figs. 10.11a-b). As the lower potential limit 

was lowered from -1.0 to -1.6 V, the peak current density of the redox couple gradually 

increased (Fig. 10.11a). 10 continuous CV cycles from 0 to -1.6 V vs. Pt at 100 mV/s 

are plotted as an example, to show the progressive growth of well-defined redox couples 

with shoulder peaks at -1.0 V vs. Pt. When the lower potential limit was further 

decreased to very negative values of -1.8 and -2.0 V, a rapid current drop to nearly zero 

was observed at around -1.5 V vs. Pt, corresponding to the formation of H2 bubbles, 

which created a native thinner liquid layer (Fig. 10.11b). The gradual increase of peak 
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currents at more negative potentials and during continuous CV cycles is possibly due to 

the accumulation of higher concentrations of soluble H2 and other reaction intermediates 

during cathodic corrosion in the presence of alkali cations. Once the H2 concentration 

in the electrolyte reaches a critical saturation concentration, a H2 bubble forms 

instantaneously. A recent study by White et al. reported that H2 bubble nucleation on Pt 

nanoelectrodes follows first-order kinetics and the nucleation rate can increase by four 

orders of magnitude over a very small relative change in the H2 concentration at the 

electrode surface.42  

 

Figure 10.11 Operando EC-STEM studies of dynamic morphological changes during 

cathodic corrosion. (a) CV profiles of Au cubes on Pt WE in 1 mM CsClO4 in EC-

STEM in a regular thick electrolyte with various lower potential limits from -1 to 1.6 V 

vs. Pt at 100 mV/s. 10 continuous cycles from -1.6 to 0 V (orange profiles) are shown 

to demonstrate the process of accumulating soluble H2 and other reaction intermediates. 

(b) CV profiles with lower limits at -1.8 and -2.0 V vs. Pt. At -2.0 V, the H2 

concentration in the electrolyte reaches saturation and generates a H2 bubble, which 

caused a sharp current drop to nearly zero. (c) A representative example of the 
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dramatically enhanced spatial resolution enabled by the formation of H2 bubble. (d-f) 

Three continuous STEM imaging frames from the orange box in (c) showing the 

dynamic morphological changes during cathodic corrosion. The dashed white boxes 

mark the reconstruction of two large NP clusters into a longer particle chain. The red 

arrows point the migration of two clusters of small NPs and the green boxes mark the 

growth of new NPs. 

 

Operando EC-STEM imaging was employed to track the morphological changes 

during cathodic corrosion. Operando EC-STEM images showed little morphological 

changes during the first 200 second cycling between 0 and -1.6 V vs. Pt at 20 mV/s. 

After 248 s, a H2 bubble emerged and pushed away the electrolyte, leading to a 

dramatically improved spatial resolution (Figs. 10.11c). The upper part of the STEM 

image in Fig. 10.11c illustrates that the Au nanocubes are barely visible in the thick 

liquid film. Once a H2 bubble is electrochemically generated, the STEM image of the 

NPs can be clearly resolved. Operando EC-STEM images in Figs. 10.11d-f exhibits the 

dynamic morphological changes during cathodic corrosion over three continuous 

frames (magnified from the orange box in Fig. 10.11c. Two large NP clusters of 100-

200 nm experienced particle agglomeration into one longer particle chain (white dashed 

boxes in Figs. 10.11d-e). In addition, two small new particles of ~30 nm emerged and 

migrated in between those large particle clusters (red arrows, Fig. 10.11e). Individual 

particle growth was also observed (green boxes in Figs. 10.11d-e). Those particle 

reconstruction/migration/growth were captured at a very low beam dose of ~8 e/nm2, 

which was caused by cathodic corrosion rather than beam-induced artifacts, as verified 

by the beam dose control experiment at a higher dose of 15 e/nm2 over longer-time 

STEM imaging. A static STEM image in Fig. 10.12 exhibited the co-existence of 

reacted Au cubes (~100 nm) and newly generated small NPs (20-50 nm) at the solid-
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liquid-gas interface reproducing the formation of small alloy NPs in Fig. 10.1d.  

 

Figure 10.12 (a) STEM images of a snapshot of the cathodic corrosion of Au cubes 

(~100 nm reactants) and the generation and repulsion of numerous small alloy NPs (20-

50nm). Significant resolution improvement can be noticed when comparing the small 

NPs in thin liquid (white arrow) enabled by the H2 bubble repelling strategy with the 

regular thick electrolyte on the upper right side. This is also a direct visualization of a 

gas-solid-liquid triphase interface near an electrode. (b) A magnified region showing 

the co-existence of unreacted (or partially reacted) Au cubes and many newly generated 

small NPs.     

 

In situ EC-STEM in thin liquid films, enabled carrying out STEM-EDX elemental 

analysis in an electrolyte (Figs 10.7c-d). After pushing away most of the bulk 

electrolyte, newly grown nanostructures were clearly observed at the Pt electrode 

surface (Fig. 10.7c). In situ STEM-EDX composite elemental mapping at a dose of 

~8,500 e/nm2 exhibited a striking inhomogeneous elemental distribution of Au and Pt 

where Au-Pt alloy nanostructures were grown on an Au-rich ribbon (~100 nm, green) 

on the bulk Pt electrode (red) (Fig. 10.7d). The drastic changes from Au nanocubes to 

Au-Pt alloy nanostructures suggest a much higher level of structural degradation for 

nanocrystals during corrosion, relative to the mild changes of bulk electrodes. 
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Quantification of STEM-EDX spectra yielded a Au/Pt atomic ratio of ~1:1 for those 

alloy nanostructures, and ~5:1 for newly formed Au-rich alloy NPs (~30 nm) located in 

the upper left corner. The presence of a thin liquid film was indicated by the significantly 

higher intensity of O signals in the EDX as well as the rapid flow of NPs. Although 

minimal beam damage was observed after EDX mapping at low magnification, STEM-

EDX in thin liquid film at a higher dose of 104 e/nm2, exhibited noticeable beam damage 

and sample drift, precluding high-resolution STEM-EDX mapping of individual Au-Pt 

alloy NPs in thin liquid layers.  

In addition to morphological and elemental information obtained by in situ EC-

STEM, crystallographic structural information was derived from 4D STEM datasets by 

performing in situ SEND in the thin liquid film (Fig. 10.13). For example, Fig. 10.13a 

shows an HAADF image of reacted Au nanocubes and newly generated Au-Pt alloy 

NPs. A virtual bright field (BF) image (Fig. 10.13b) was reconstructed from the SEND 

dataset by integrating the transmitted (000) spot, which revealed additional mossy 

particles of 20-50 nm in the left region of the image. The crystallographic orientation of 

each NP was retrieved by indexing the diffraction patterns for each cluster using an fcc 

structure model. Fig. 10.13c shows the reconstructed crystallographic orientation map, 

where the color represents the superposition of three corners ({100}, {110}, {111} as 

R, G, B, respectively) in the inverse pole figure. Figs. 10.13d-f show representative 

diffraction patterns from labeled regions in Fig. 10.13c with orientations near the zone 

axes of [100], [110], [110], respectively. The left region in Fig. 10.13c exhibits the 

crystal orientation of highly polycrystalline mossy structures. The SEND analysis and 

molecular dynamic simulations enabled quantification of the thickness of the thin liquid 
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film as xx nm. In addition, the SEND illustrates the polycrystalline nature of newly 

generated Au-Pt alloys (Fig. 10.14) after corroding Au nanocubes on Pt film in Fig. 

10.1d. In summary, this study is the first demonstration that in situ SEND diffraction 

analysis, in thin liquids, serves as a powerful tool to provide structural insights beyond 

morphological and compositional changes. 

 

Figure 10.13. In situ scanning electron nanodiffraction (SEND) of reacted Au 

nanocubes and Au-Pt NPs in thin liquid. (a) HAADF-STEM image of reacted Au 

nanocubes near the Pt WE in a thin layer of 1mM CsClO4. The SEND, based on a 4D 

dataset, was acquired by recording a 2D diffraction pattern at each probe position in a 

2D grid. (b) Virtual bright-field (BF) image reconstructed from the SEND dataset, 

showing larger Au cubes (~100 nm) and smaller Au-Pt NPs (20-50 nm). (c) 

Crystallographic orientation map obtained by careful indexing of each clustered 

diffraction pattern using an fcc structure model. (d-f) Representative diffraction patterns 

shown in logarithmic scale from labeled regions in (c), respectively.   
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Figure 10.14. SEND analysis of nanoparticles in Fig. S8 after the cathodic corrosion of 

Au nanocubes on Pt film in CsClO4 at -3 V vs. RHE. (a) STEM image (b-d) 

Representative electron diffraction patterns of three selected small NPs. (e) False color 

overlay of three dark-field images from three diffraction spots labeled in (d). (f) False 

color overlay of electron diffraction patterns across a twin boundary in (e).  

 

 Ex situ EC-STEM in in the H2 gas cell was employed to resolve the atomic lattice 

structure of individual alloy NPs (Figs. 10.7e-h). A significant improvement of the 

spatial resolution was demonstrated in the H2 gas cell by resolving the subtle features 

of Au-Pt NPs and mossy structures (Fig. 10.7e), which were not accessible in the thin-

liquid-film images. STEM-EDX in the H2 gas cell showed that, in general, the small 

NPs were Au-rich alloys with Au/Pt atomic ratios of 4~5:1, while the mossy structures 

near the Pt WE had Au/Pt atomic ratios of 1.5~1:1 (Figs. 10.7e,f, 10.15). 



 
 

309 
 

 

Figure 10.15. Ex situ STEM-EDX mapping and quantitative analysis in H2 gas cell. (a) 

High-magnification STEM image of Au cubes on the Pt WE after cathodic corrosion. 

(b-d) STEM-EDX elemental maps of Au/Pt composite map (b), Au map in green (c) 

and Pt map in red (d). (e) EDX spectra from the dashed box in (a). Pt and Au Lα edges 

were deconvoluted and employed to extract elemental maps in (b-d) from EDX 

hyperspectral imaging dataset. (f-g) EDX peak deconvolution of Pt and Au Lα edges 

from the dashed box in (a) based on the Voigt peak fitting function. Ti signal is from 

the Ti adhesion layer under the Pt WE.       

 

The above STEM-EDX analysis has provided unique insights into the locally 

heterogenous elemental distributions of Au-Pt alloys after cathodic corrosion. It should 

be noted that the Ti peaks in the EDX spectra (Fig. 10.15), are from the Ti adhesion 

layer under the Pt WE. Ex situ STEM-EELS in the H2 gas cell showed the presence of 

Au and Pt and the absence of Ti, confirming that the alloy NPs contained only Au and 

Pt  (Fig. 10.16). The absence of Cs also rules out the formation of Cs-intercalation 

compounds after corrosion. Valence EELS, based on the relative intensity of the plasma 

peak,43 allowed estimating the thickness of the SiNx window, Au-Pt alloy NPs and 

corroded Pt WE as 116, 50 and 100 nm, respectively (Fig. 10.17). 
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Figure 10.16 Ex situ STEM-EELS analysis of Au-Pt alloy NPs generated from Au 

cubes on the Pt WE after cathodic corrosion reaction in the H2 gas cell. (a) EELS 

spectrum showing the presence of N and O owing to the oxidized SiNx window and the 

absence of Ti and Cs signals. (b) EELS spectrum showing the Si K edge from SiNx 

window and the overlapped Au and Pt M edges.  

 
Figure 10.17 Ex situ STEM-EELS analysis of Au-Pt alloy NPs generated from Au 

cubes on the Pt WE after cathodic corrosion reaction in the H2 dry cell. (a-c) STEM 

image and EELS elemental maps based on the combined Au and Pt M edges and O K 

edge. The feature in the O map matches the contour of NPs in (b), indicating residual 

O-containing species at the nanoparticle surface. (d-f) Thickness analysis based on the 
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peak ratio of plasma peak to the zero loss peak (ZLP). The inelastic mean free path (λ) 

was estimated to be 145 nm at 300 keV with a collection angle of ~40 mrad.43 The total 

thickness of two layers of SiNx window was calculated to be around 116 nm, which 

matches well with the estimated thickness of each SiNx window (~50 nm) from the chip 

manufacturer. It should be noted that the pristine electrode is composed of 25 nm Ti 

under 50 nm Pt. 

 

Ex situ EC-STEM also enabled the direct visualization of crystal structures at the atomic 

scale (Figs. 10.7g-h). Small Au-Pt alloy NPs exhibited “nano-spikes” on the particle 

surface (Fig. 10.7g), which are not readily visible in the thin liquid. An atomic-scale 

high-angle annular dark-field (HAADF) STEM image exhibited the polycrystalline 

nature of the small alloy NPs (Fig. 10.7h). Given the Au-rich composition of the small 

alloy NPs, and the close values of lattice parameters (aAu=4.078 Å, aPt=3.923 Å), it is 

reasonable to use the d-spacing values of pure Au to index the lattice images of those 

Au5Pt alloy NPs. Multiple {111}-oriented domains of a few nm were visualized along 

different crystal orientations. The domain magnified from the dashed box in Fig. 10.7h 

exhibited an fcc lattice domain oriented near the [110] zone axis.  

10.5 Cathodic Corrosion for the synthesis of Au-Pt bimetallic NPs 

 

Cathodic corrosion can serve as an effective top-down synthetic method to 

“disintegrate” bulk electrodes into alloy NPs. Au and Pt intertwined wires were 

subjected to cathodic corrosion in 10 M KOH with an AC square wave (-10~0 V) at 100 

Hz with a direct current (DC) offset of -5 V to ensure a reduction process (Fig. 10.18a, 

inset). After corrosion for 2 h, the CV profiles of the Au-Pt wires exhibited a five-fold 

increase of the AuOx reduction peak and an evident PtOx reduction peak, relative to 

pristine electrodes (Fig. 10.18a). After cathodic corrosion, the CV profiles of the Au-Pt 
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wires exhibited the HUPD features of polycrystalline Pt, indicating that Au was subjected 

to a higher level of corrosion relative to Pt. SEM images of Au-Pt wires after 2 h of 

corrosion indicated that the electrode had cracked into μm-sized domains generating 

new NP clusters of 10-100nm (Figs. 10.18b). After a longer corrosion time of 20 h, the 

Au-Pt wires further disintegrated  into a highly porous surface (Figs. 10.18c).  

 
Figure 10.18 Cathodic corrosion for the synthesis of Au-Pt bimetallic NPs. (a) CV 

profiles of Au-Pt mixed wires in Ar-sat. 0.1 M HClO4 at 50 mV/s before and after 

cathodic corrosion in 10 M KOH for 2 h. The inset shows the corrosion conditions with 

an AC square wave between 0 and -10 V with a DC offset at -5 V at a frequency of 100 

Hz. (b) SEM images of Au-Pt wires after corrosion for 2 h showing the cracking of bulk 

electrodes and generation of numerous small NPs. (c) SEM image of Au-Pt wires after 

corrosion for 20 h showing a much higher level of surface roughening, relative to 2 h in 

(b). (d-e) SEM images of Au wire (d) and Pt wire (e) under the same cathodic corrosion 

conditions after 2 h. (f-i) STEM images and EDX elemental maps of newly generated 

Au-Pt bimetallic particles from Au-Pt wires after cathodic corrosion processes in (a).  
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In order to deconvolute the morphological changes of Au from Pt, cathodic corrosion 

of individual Au and Pt wires were performed under the same conditions. SEM images 

of the Au wire after corrosion, exhibited the formation of needle-shaped nanocrystals 

and noticeable etching steps on the electrode surface (Fig. 10.18d), which corresponded 

to a 10-fold increase of the AuOx reduction peak (Fig. 10.19a). In comparison, SEM 

images of Pt showed much milder etching features (Fig. 10.18e) and only a ~15% 

increase of the ECSA (Fig. 10.19b).  

 

Figure 10.19. CV profiles of (a) Au and (b) Pt wires in Ar-sat. 0.1 M HClO4 at 50 mV/s 

before and after cathodic corrosion in 10 M KOH with an AC square-wave potential 

scan between 0 and -10 V and DC offset of -5 V at a frequency of 100 Hz for 2 h. 

 

Such differences between Au and Pt can be rationalized by the competition between 

cathodic corrosion and their HER activities. The HER kinetics on Au are so sluggish 

that the strongly reducing potentials mainly drive the corrosion of the bulk Au into 

nanocrystals. In contrast, the HER occurs readily on Pt below 0 V vs. RHE, which 

makes the very negative potentials primarily drive the HER while causing milder 

morphological changes as a result of the corrosion. STEM-EDX maps of the as-
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synthesized NPs showed the elemental distribution of Au-Pt alloy NPs with multiple 

Au-rich (green) and Pt-rich (red) domains of a few nm (Fig. 10.18) with average Au/Pt 

ratios ranging from 2:1 to 2:3. The disintegration of Au and Pt bulk wires into Au-Pt 

bimetallic NPs yielded a certain level of alloying at the nm scale but not a single phase 

as that formed by corrosion of the Au nanocubes on the Pt film (Figs. 10.1e-f). This is 

ascribed to the significantly higher corrosion rate of nanocrystals, relative to bulk 

electrodes in Fig. 10.18. Thus, cathodic corrosion shows the potential to overcome the 

thermodynamic solubility limitations of phase diagrams and enable the incorporation of 

Au into Pt lattices, which has been reported to enhance durability of Pd-based ORR 

electrocatalysts.44,45 Cathodic corrosion of other largely immiscible alloys from bulk 

electrodes, such as Pt-M (M=Bi, Pb, Pr),15,17 Au-Co11 and Sn-Pb,16 also show noticeable 

evidences of phase and/or elemental segregation of the synthesized alloy NPs. By 

optimizing cathodic corrosion conditions and environments, cathodic corrosion has the 

potential to enable preparation of single-phase alloys with tunable  structures and 

compositions.   

10.6 Proposed Cathodic Corrosion Mechanisms 

Although the exact cathodic corrosion mechanisms are still under investigation, based 

on this study and Koper’s previous work,9 we propose the following possible reaction 

pathways for the cathodic corrosion of Au nanocubes on bulk Pt electrodes (Fig. 10.20). 

At sufficiently negative potentials, atomic hydrogen is generated, together with alkali 

cations (Cs+, K+
 or Na+), which adsorbs on the Au and Pt surfaces (Fig. 10.20a). 

Adsorbed hydrogen (H*) and alkali cations can induce a surface reconstruction and 

initiate the corrosion from flat terraces to roughened step edges. Au nanocubes, with a 
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larger surface energy, are subjected to faster corrosion kinetics, relative to bulk Pt. 

Mobile Au and Pt atoms, etched from electrode surfaces, are hypothesized to form metal 

hydrides (e.g. [MH4]
-) and diffuse to nearby electrolyte (Fig. 10.20b), potentially 

contributing to the redox peaks in Figs. 10.20a-b. Those metal hydride anionic species, 

while unconfirmed, can be stabilized by alkali cations in a locally strong reducing 

environment. When metal hydrides encounter water molecules at appropriate collision 

orientations, the negatively charged H in [MH4]
- reacts instantaneously with the 

positively charged H in H2O (Fig. 10.20b) and results in the formation of elemental Au 

and Pt atoms (Fig. 10.20c). Thus, those metal hydrides, once generated, have extremely 

short lifetime and are very challenging to isolate and analyze. Those newly generated 

Au and Pt atoms nucleate and grow into Au-Pt alloy NPs (Fig. 10.20d).  
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Figure 10.20 Schematic of proposed cathodic corrosion mechanisms. (a) Cathodic 

corrosion is initiated by the presence of atomic hydrogen and adsorbed alkali cations at 

sufficiently negative potentials. (b) Pt and Au atoms are electrochemically converted to 

metal hydrides (e.g. [MH4]
-), which are stabilized by alkali cations when in close 

proximity. (c) The highly reducing, negatively charged hydrogen (ostensibly hydride) 

in [MH4]
- reacts with water, resulting in an extremely short-lifetime intermediate 

species. (d) Au and Pt atoms encounter and nucleate in the form of Au-Pt bimetal alloys, 

leading to the growth of alloy NPs. Note: only one Au and one Pt atom in (b) and (c) 

were drawn for the purpose of simplification.    

 

At reducing potentials well below equilibrium, the cathodic corrosion process leads to 

the formation of highly active Au-Pt bimetallic anions and subsequent quenching and 

deposition of Au-Pt alloy NPs, which can achieve metastable phases that are normally 

immiscible in the phase diagram (Fig. 10.21).  

 

Figure 10.21 Phase diagram of Au and Pt (ASM International Database No. 900242). 

This work demonstrates the formation of Au-Pt bimetallic alloy nanoparticles with 

Au/Pt ratios from 5:1 to 1:1.  
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The proposed Pt hydrides, such as Na2[PtH4] and Cs2[PtH4], have been previously 

synthesized with Pt and alkali hydrides.46 The presence of Au hydrides has been 

experimentally confirmed at ultralow temperatures.47 A recent study by Hoffmann et al. 

predicted that ternary Au hydrides could be thermodynamically stabilized by alkali 

cations under ambient conditions.48
 Alkali cations and adsorbed hydrogen from water 

molecules are necessary to induce the cathodic corrosion since the corrosion process 

does not occur if the protons are the only cations in solution13 and no corrosion process 

occurs in aprotic solvents.49 In summary, cathodic corrosion mechanisms likely involve 

key intermediates, such as ternary metal hydrides, in the presence of alkali cations and 

adsorbed hydrogen.  

10.7 Conclusions 

In conclusion, this work reports on the anisotropic cathodic corrosion processes of Pt 

single crystals and reveals, for the first time, the dynamic corrosion process of 

nanocrystals, which have significantly faster corrosion kinetics than bulk electrodes. 

Operando/in situ EC-STEM in regular electrolyte and thin liquid films, as well as ex 

situ STEM in ab H2 gas cell, have enabled the direct probing of morphological, 

compositional and structural changes at nm and atomic scales. Guided by microscopic 

insights from operando EC-STEM, we demonstrate that cathodic corrosion can serve 

as a top-down surfactant-free alloy NP synthetic method, which can overcome the 

thermodynamic limitations of phase diagrams.  Cathodic corrosion of nanocrystals can 

provide valuable insights into the structural evolution of widely used nanosized 

electrocatalysts under reducing potentials, such as  in CO2 and N2 reduction. Such 

unintentional structural changes of nanosized electrocatalysts occurring within the 
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potential window of cathodic corrosion, can have a great impact on electrocatalyst 

activity/selectivity and electrode stability. This study provides valuable insights to 

utilize cathodic corrosion to tailor the structures and compositions of nanosized 

electrocatalysts for enhanced activity and selectivity. A microscopic understanding of 

the cathodic corrosion of nanocrystals will help circumvent the undesirable corrosion 

under reducing potentials, so as to develop corrosion-resistant electrocatalysts. The 

operando EC-STEM offers a platform for advancing the microscopic understanding of 

cathodic corrosion, which can be extended to the study of other renewable energy-

related electrochemical reaction mechanisms at electrode-electrolyte interfaces under 

realistic operating conditions. 
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CHAPTER 11 

 

Conclusions 

 

11. 1 Summary  

  

This thesis has witnessed and contributed to the fast-growing field of alkaline fuel cells 

over the past decade. Opportunities and challenges co-exist ahead. Since the first 

AEMFC was reported in 2008,1 significant progress has been made to address both 

fundamental scientific challenges and potential practical applications. AEMFCs enable 

the use of non-precious ORR catalysts at the cathode while bringing another challenge 

of slow HOR kinetics at the anode. We have also learned, from the history of developing 

PEMFCs since 1960, that advances in nanosized ORR electrocatalysts, in particular 

Pt3Co/C intermetallics, and proton exchange membrane (e.g. Nafion) have been two of 

the most important driving forces for PEMFC technologies.  

  This thesis has focused on a fundamental question; how can we better understand the 

design principles of non-precious electrocatalysts and elucidate their reaction 

mechanisms in alkaline media? We have developed a family of spinel oxides as ORR 

electrocatalysts, in particular Co-Mn spinels, elucidated their catalytic mechanisms and 

evaluated catalyst performance in realistic MEA devices. Despite their modest ORR 

activity in RDE measurements, Co-Mn spinels achieved a benchmark MEA 

performance of over 1 W/cm2 with a PtRu/C anode, for high-power electric vehicle 

applications, and a record 200 mW/cm2 with a Ni-based anode for medium-to-low 

power applications, such as low-cost backup/stationary power. Operando X-ray 

spectroscopic studies and theoretical simulations supported a synergistic ORR 

mechanism in which Mn prefers to bind O2 while Co activates co-adsorbed H2O, which 
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is fundamentally different from the conventional wisdom of ORR mechanisms of Pt-

based alloys based on lattice strain and electronic effects. The superior MEA 

performance of Co-Mn spinels in low relative humidity, relative to Pt/C, was ascribed 

to the Co sites with unique capability to maintain H2O under water-depletion condition. 

Those studies highlight a fundamental aspect of the ORR mechanisms; H2O is the 

reactant and proton donor for the ORR in alkaline media whereas H2O is the product 

and H+ is the proton donor for the ORR in acidic media.  

   One of the key remaining challenges in alkaline fuel cell technologies is to evaluate 

and improve long-term durability of non-precious electrocatalysts in MEA 

measurements. The RDE/MEA discrepancy points out the necessity of MEA 

measurements, even at the early stages of catalyst development. Future research should 

focus on deconvolving the catalyst durability from membrane/ionomer stability and 

mass transport at high current densities. With continuous advances in alkaline fuel cell 

technologies, it is foreseeable to achieve the DOE AEMFC MEA milestones of 

performance ≥600 mW/cm2 with long-term durability under H2/air in PGM-free MEA 

in the next decade.3  

   The second part of this thesis introduced the operando EC-STEM studies of 

electrochemical reactions at electrode/electrolyte interfaces. We presented the 

preliminary progress on resolving the electrochemical double layer (EDL), i.e. the ionic 

distributions at charged nanocrystal surfaces with systematic investigations of several 

chemical probes. The pursuit of the EDL led to the surprising observation of cathodic 

corrosion at the nm-scale. We employed EC-STEM to reveal that cathodic corrosion led 

to a significantly higher level of structural destruction for Au nanocubes than bulk Pt 
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electrodes, accompanied by the unexpected formation of Au-Pt alloy nanostructures, 

which are thermodynamically immiscible in the Au-Pt phase diagram. Dynamic 

evolution in morphology, composition, and crystallographic information was retrieved 

by analytical and four-dimensional STEM techniques. We designed a strategy to enable 

operando, in situ and ex situ EC-STEM operation in the same cell, and at identical 

locations to enable reliable electrochemical measurements of cathodic corrosion and 

simultaneously probe real-time interfacial changes by generating H2 bubbles to 

reversibly control the liquid thickness. This microscopic study of cathodic corrosion of 

nanocrystals underlies the structural evolution of nanoscale electrocatalysts during 

many electrochemical reactions under highly reducing potentials, such as CO2 and N2 

reduction. The operando EC-STEM strategies designed here can serve as a generalized 

platform for understanding interfacial electrocatalysis across multiple scales, allowing for 

our initial work on cathodic corrosion to be extendable beyond to other important energy-

related electrochemical reactions.  

   In summary, electrocatalysis lies at the interface between chemistry and physics and 

represents one of the most promising approaches for renewable energy technologies. This thesis 

has contributed to the design and understanding of non-precious electrocatalysts for alkaline 

fuel cells, a long-standing interest that bridges interfacial electrocatalysis and real-world 

energy applications. With the continuous advances in techniques, operando TEM and X-

ray based methods may lead to ground-breaking advances in addressing fundamental 

challenges in sustainable energy. 
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11.2 Future work 

11.2.1 Elucidate ORR mechanism on MBE-grown single-crystal metal oxides 

Nanoparticle catalysts provide large surface areas with morphology, surface 

composition and structures to tune for performance optimization. However, the ORR 

activity of nanoparticle catalysts depends on the synthesis methods employed, particle 

size (and its distribution), morphology, as well as surface and crystal structures. Those 

factors present formidable challenges to control simultaneously, and complicate our 

understanding of the intrinsic activity of electrocatalysts. Thus, we are interested in 

using single-crystal spinel oxides, with well-defined surface structures, to better 

understand the structure-(re)activity relationship(s) and identify the ORR active site(s). 

They have the potential to advance our understanding of ORR electrocatalysis like 

single-crystal Pt studies have done for metals. 

   In order to perform standard electrochemical measurements on well-defined oxides 

on insulating substrates, a custom-built rotating disk electrode (RDE) holder assembly, 

made of polyether ether ketone (PEEK), was designed with a front electrical contact 

(Fig. 11.1A).4 We further employed a (110)-oriented RuO2 film grown on an insulating 

TiO2 (110) substrate to examine the application of the custom-built RDE for MBE-

grown metal oxides. CV profiles of RuO2 exhibit two well-defined redox peaks of 

Ru+3/+4 (OH adsorption) and Ru+4/+5 (O adsorption),5,6 indicating the high quality of 

MBE-grown single-crystal oxides (Fig. 11.1B).  



 
 

326 
 

 

Figure 11.1 (A) Customized RDE holder for MBE-grown single-crystal oxides. (B) CV 

profiles of RuO2 (110) at 50 mV/s in Ar-sat. 0.1 and 1 M KOH. 

 

   Preliminary experiments showed that MBE-grown Co3O4 and Mn3O4 single crystals 

are too resistive for electrochemical measurements and Fe3O4 single crystals are semi-

conductors but not active for the ORR. In order to tackle this challenge, we designed 

Co-doped Fe3O4 and revealed that a 15% Co-doping level achieved the optimal ORR 

activity in alkaline media (Figs. 11.2A-B). This was ascribed to the maximum number 

of Co active sites that could be incorporated without affecting the conductivity of the 

Fe3O4 matrix. In an effort to search for conductive and active single-crystal metal 

oxides, perovskites, LaMO3 (M=Ni, Mn, Co) have emerged as promising candidates. 

Conductive LaNiO3 was grown on a LaAlO3 substrate and showed an ORR activity 

higher than Co-doped Fe3O4 by several orders of magnitude (Fig.11.2C). However, 

LaNiO3 is not stable at potentials lower than 0.7 V (Fig. 11.2D), which is possibly due 

to the unstable nature of Ni3+ in the structure.                
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Figure 11.2 (A) ORR polarization profiles of Co-doped Fe3O4 single crystals on a MgO 

(100) substrate grown by MBE. (B) Kinetic current density at 0.5 V measured from (A) 

as a function of Co-doping level. (C) ORR profiles of 15% Co-doped Fe3O4 and LaNiO3 

(100) on a LaAlO3 substrate. (D) ORR profiles of LaNiO3 (100) with different potential 

lower limits. All RDE measurements were conducted under the same conditions: O2-

sat. 1M KOH at 1600 rpm and 5 mV/s. 

 

  RDE measurements of LaMO3 (M=Ni, Mn, Co) nanoparticle catalysts showed that 

LaCoO3 and LaMnO3 are more active than LaNiO3. More interestingly, LaMnO3 

exhibited better ORR activity than LaCoO3 in the kinetically-controlled regions (0.82-

1 V vs. RHE) while LaCoO3 showed higher ORR selectivity than LaMnO3 in the mass 

transport-controlled regions (0.4-0.6 V vs. RHE). This intriguing finding shows a great 

potential to prepare single-crystal LaCoxMn1-xO3 with tuneable ORR activity and 

selectivity (Figure 11.3).       



 
 

328 
 

 
 

 

 

  We proposed to first prepare pure LaMnO3/LaCoO3 layered perovskites and 

examined their structure-(re)activity correlations (Fig. 11.4A-B). Given bulk LaCoO3 is 

semiconductive, LaMnO3 is insulating while LaNiO3 is conductive, we plan to first 

epitaxially grow LaNiO3 (100) films on single-crystal LaAlO3 (100) substrates with a 

lattice mismatch of 1.3% and examine their ORR activity and stability (Fig. 11.4A). 

Subsequently, we will grow two types of layered structures, (LCO)2/(LNO)4 and 

(LMO)2/(LNO)4 with two layers of LCO or LMO on top of four layers of LNO and a 

surface termination of LCO or LMO. The lattice mismatches between LCO, LMO and 

LNO are 0.8% and 2.8%, respectively (Figs. 11.4B-C). A previous study on MBE-

grown (LMO)2/(LNO)4 superlattices reported a noticeable charge transfer from 

LaMnO3 to LaNiO3 layers, leading to a transition from Mn3+/Ni3+ to Mn4+/Ni2+.7 Such 

a change in electronic structure shows the potential to tune the ORR activity by 

controlling the number of layers of LMO or LCO (1-2 layers) and LNO (n ≥ 4). Finally, 

following observations from nanoparticle studies (Fig. 11.3), we plan to grow layered 

Figure 11.3 ORR Polarization Profiles in O2-saturated 1M KOH at 1600rpm and 5mV/s. 

The E1/2 values of LaMnO3 and LaCoO3 are only 60 mV away from that of Pt/C. 
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LCO/LMO and LMO/LCO on top of the LNO underlayer to investigate the interaction 

between Mn and Co layers (Figs. 11.4D-E). The Co/Mn ratios in the first and second 

layers, and Ni in the underlayer, enable the precise control of surface composition and 

tuneability of the electronic structure of the electrode surface, which are expected to 

significantly influence ORR activity and stability. 

  Previously, through collaboration with Brock and Schlom groups, we employed 

operando X-ray reflectivity to measure the crystal truncation rod (CTR) to study the 

surface reordering of MBE-grown SrTiO3 under applied potentials with joint DFT 

simulations, and identified an anatase-like (TiO2) surface, which is responsible for 

significant activity increase after electrochemical treatment.8 We intend to use the same 

operando X-ray method to detect the surface structure change under electrochemical 

reaction conditions. With the first-principles joint DFT simulations, it is possible to 

provide a molecular-level picture of the oxygen adsorption on the oxide surfaces, and 

help identify possible ORR intermediates and the rate-determining step (RDS) in 

alkaline media.    

 

 

Figure 11.4 Proposed epitaxial LaMO3 films on LaAlO3 (100) by MBE. (A) pure 

LaNiO3. (B-C) (LCO)2/(LNO)4 and (LMO)2/(LNO)4 layered structure (D-E) 

(LCO)/(LMO)/(LNO)4 and (LMO)/(LCO)/(LNO)4 layered structures 



 
 

330 
 

11.2.2 Spatially resolved local crystal structures of metal oxide nanoparticles  

Co1.5Mn1.5O4/C has three different types of surface compositions, Co-rich shell (i.e. Mn-

rich core), Mn-rich shell and Co, Mn evenly distributed, depending on the aging 

temperatures in the hydrothermal synthesis (Fig. 3.2). Co1.5Mn1.5O4 with homogenous 

distribution of Co and Mn showed the highest ORR activity in alkaline media. 

Synchrotron-based XRD patterns revealed that Co1.5Mn1.5O4 with a Co-rich or Mn-rich 

shell, exhibited tetragonal CoMn2O4 and cubic MnCo2O4 structures respectively, 

indicating that the dominant element in the core largely determined the overall crystal 

structure. However, why did Co1.5Mn1.5O4 with homogenous distribution of Co and Mn 

adapt the cubic and not the tetragonal spinel structure? This question can be addressed 

by spatially resolving the local crystal structures.  

  A recently developed electron microscope pixel array detector (EMPAD) provides 

STEM with a 106:1 dynamic range per frame, enabling the imaging of direct electron 

beam at the single electron sensitivity.9,10 The EMPAD revolutionizes the scanning 

nanobeam electron diffraction (NBED) technique, which enables direct straining 

mapping of the local lattice structure at the atomic scale. The exit wave power cepstrum 

(EWPC) method has been developed by Padgett et al. as a robust data processing 

technique to decouple lattice information from the intensity variations in electron 

diffraction due to sample thickness variation and tilt.11 

  We used EMPAD to analyze MnCo2O4 spinel oxide nanoparticles and were able to 

resolve the local variations of lattice structures, as shown in the color maps of lattice d-

spacing differences (~1%) in different lattice planes (Figure. 11.5). Those lattice planes 

in the tetragonal spinel structure would have slightly larger d-spacings than 
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corresponding cubic spinels, so that those regions in red are tetragonal while those in 

blue are cubic.   

 
Figure 11.5 Preliminary lattice map based on NBED of MnCo2O4 nanoparticles.  

   However, those spinel particles, synthesized by hydrothermal methods, showed 

several challenges for obtaining high-quality NBED data, such as considerable sample 

inhomogeneity, large sample thickness (30-50 nm) and polycrystalline nature with 

defects. To tackle those challenges, we proposed to make small (less than 20 nm), highly 

crystalline metal oxide nanocrystals, which initiated a collaboration with the Fang group 

at Binghamton University, to make shape-controlled Mn-Co spinel oxides, which only 

expose certain facets of the surface. Early studies on octahedral and cubic Co3O4 

nanoparticles and DFT simulations by the Arias group suggested that octahedral Co3O4 

showed higher ORR activity than the cubic counterpart. Thus, we will focus on the 

synthesis of octahedral MnCo2O4 and CoMn2O4 nanocrystals, which requires the 

deliberate addition of surfactants in organic solvents. The removal of organic surfactant 

is essential for not only long-time NBED experiments but also electrochemical 

measurements. The strain mapping of nanocrystals will be critical for characterizing the 
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surface composition, distribution and structure for optimal ORR activities. This project 

will be carried out by Dasol Yoon from the Muller group in collaboration with the Fang 

group at CABES.    

11.2.3 MEA measurements with long-term durability in H2-Air mode 

  CABES enables the close collaborations between fundamental studies of reaction 

mechanisms and realistic device evaluations. The assembly of fuel cell test stations and 

MEA testing protocols will be introduced in detail in APPENDIX B. The MEA studies 

at Cornell have really accelerated since we invited Qihao Li from the Zhuang group at 

WHU for an one-week training and dedicated collaborations with Zhifei from the 

Mallouk group at Penn (Fig. 11.6). We are now able to demonstrate peak power 

densities of 1.5 and 1 W/cm2 for Pt and Mn-Co spinel cathodes in H2-O2 mode (Fig. 

11.7).         

 

Figure 11.6 Timeline of the progress of MEA studies at Cornell  
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Figure 11.7 MEA performance of Pt (A) and Mn-Co spinel (MCS) (B) as cathode 

catalysts. Mass loadings of Pt/C, PtRu/C and MCS/C are 0.3 mgPt/cm2, 0.3 mgPtRu/cm2, 

0.8 mgoxide/cm2, respectively. Test conditions are H2-O2 mode with fully humidified 

gases at a flow rate of 1000 mL/min and backpressure of 0.2 MPa at a cell temperature 

of 80 oC. 

    

   Besides the promising progress on non-precious ORR electrocatalysts, we also need 

to tackle the challenge of developing high-performance HOR electrocatalysts since the 

HOR in alkaline media is 100 times slower than in acidic media and requires a 

significant amount of Pt or Pt-Ru catalysts. We recently developed Ni-based HOR 

catalysts with a Ni core and a N-doped carbon shell, CNx, in collaboration with the 

Zhuang group (Figures 11.8A-C). CNx shell effectively suppressed the oxidation of Ni 

on the surface, which was the key to prevent the performance degradation of Ni at 

polarization potentials above 0.2 V. As a result, Ni@CNx showed significantly 

enhanced activity and durability in MEA tests, relative to bare Ni nanoparticles. 

Ni@CNx achieved a PPD of 480 mW/cm2 with Pt cathode at a current density of 800 

mA/cm2 (Figure 11.8D). Furthermore, Ni@CNx achieved a PPD of 210 mW/cm2 with 

Mn-Co spinel cathode, which is the highest among literatures of completely non-

precious alkaline fuel cells published to date (Figure 11.8E).  
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Figure 11.8 Structure and MEA performance of Ni@CNx anode. (a-b) ADF-STEM 

images of Ni@CNx (c) EELS maps of Ni and C, showing the existence of a Ni core and 

1-3 nm N-doped carbon shell. (d) MEA performance of Ni@CNx and Ni nanoparticles 

with a loading of 15 mgNi/cm2 and cathode catalysts of 60 wt.% Pt/C with a loading of 

0.4 mgPt/cm2). The inset describes stability test at a constant potential polarization at 0.6 

V. (d) MEA performance using Ni@CNx as anode (15 mgNi/cm2) and 80 wt.% MnCo2O4 

(1.5 mgoxide/cm2) as cathode catalysts. Fuel cell operation conditions: cell temperature 

of 80 ºC, gas backpressure of 0.2 MPa on both sides of the cell. Fully humidified H2 and 

O2 were fed at a flow rate 500 ml/min. 

 

   Looking forward, we will continue to improve the MEA testing protocols and better 

understand the effects of relative humidity on flooding in the anode and water depletion 

in the cathode, gas pressure and flow rate, H2/O2 reactant stoichiometries, and others. 

To really implement non-precious ORR catalysts for AEMFCs, we need to pay close 

attention to the long-term durability of the catalysts and AEM, which are often 

convolved. Non-precious catalysts experience mild particle aggregation, leading to 

smaller surface areas during accelerated durability tests in RDE, which needs to be 



 
 

335 
 

carefully examined in MEA tests. Non-precious catalysts, such as spinel oxides and Fe-

N-C, often have a peroxide yield of 5-10%, higher than that of Pt/C (1-3%) and also 

potentially generate other radical species that can attack ionomers and membranes like 

nucleophilic reagents. During long-term durability tests, OH- can also degrade the side 

chain and/or polymer backbone through β-elimination or Hofmann elimination. 

Analyzing degradation mechanism from just I-V curve measurements will be 

challenging and additional characterization techniques, such as impedance, NMR and 

cryo-TEM, will be particularly valuable to understand degradation mechanism(s). 

   Preliminary MEA measurements in H2-air mode showed that the addition of CO2 

(around 400 ppm in air) can cause a 50% performance loss. Several degradation 

mechanisms have been proposed and need to be verified by experimental evidence. For 

example. CO2 can react with OH- and decrease the amount of accessible OH- and lower 

the ionic conductivity. The origin of performance degradation, due to carbonation, is 

associated with the CO2 intake at the cathode and “self-purging” at the anode.12 How to 

tackle this challenge remains an open question.  

  A recent DOE report proposed an AEMFC milestone of peak power performance of 

> 600 mW/cm2 in H2-air mode with PGM-free catalysts for the next decade.3 With the 

approach of use-inspired research, I believe that our collaborative efforts at CABES will 

advance our understanding of the fundamental factors governing the activity and 

stability of catalysts and membranes/ionomers in alkaline media with the ultimate goal 

of achieving ultra-low Pt or precious-metal-free high-performance and durable alkaline 

fuel cells and related technologies. Electrocatalysis in alkaline media is a fast-growing 

community and I look forward to exciting research in this field in the near future.      
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APPENDIX  

A. Testing Protocols for RDE Measurements  

Rotating disk electrode (RDE) have been extensively used as a rapid screening tool to 

evaluate the catalyst activity before performing measurements in practical membrane 

electrode assembly (MEA) devices. Large variations in reported activity (sometimes up 

to orders of magnitude) are not uncommon for RDE measurements in the literature. To 

have a rigorous comparison among different research groups, we need to establish 

standard RDE testing protocols. Here, I will provide a practical guide for how to perform 

RDE measurements and evaluate ORR activity.   

Preparation of catalyst ink: 5 mg catalysts are mixed with 1.0 mL 0.05 wt.% 

Nafion/ethanol solution (catalyst to ionomer ratio of 12.5:1) and sonicated for about 30 

min to form a homogenous catalyst ink. 10 µL of the resulting catalyst ink is loaded 

onto a glassy carbon (GC) electrode (diameter, 5 mm) as the working electrode (WE). 

If the catalyst is quite hydrophobic (e.g. carbon support is graphitized after high-

temperature treatment), isopropanol (IPA) works better than ethanol for catalyst 

dispersion. If the catalyst is quite heavy, such as metal oxide without carbon support, a 

higher mass fraction (0.1-0.5%) of Nafion binder can mitigate particle precipitation 

from solvent too quickly before depositing on the GC. If the catalyst ink does not cover 

the GC uniformly, either the catalyst or the GC is hydrophobic and treating the GC in 

HNO3 can make the GC surface more hydrophilic. The mass loading of catalyst on the 

GC (e.g. 20wt.% Pt/C) can be calculated as follows, and the mass loading can be easily 

adjusted by changing the volume of catalyst ink deposited onto the GC. 

                        
5 𝑚𝑔

1 𝑚𝐿
×10 µ𝐿×20%

𝜋(0.25 𝑐𝑚)2 ≈ 50 µgPt/cm2         



 
 

341 
 

Impact of catalyst loadings: It should be noted that for each type of catalyst, the 

measured MA or SA is relatively independent of catalyst loadings within a certain range 

(e.g., 20-50 µg/cm2 for Pt NPs). Catalysts with too low loadings will not fully cover the 

GC electrode, resulting in a diffusion-controlled limit current density, jd, less than that 

for 4e- process and often a larger amount of peroxide. Catalysts with too high loadings 

will have too thick catalyst layers, which complicates the interpretation of mass 

transport-controlled region. For example, with a low carbon loading of 0.1-0.2 mg/cm2, 

Pt/C (0.025 mgPt/cm2) and Co4N/C (0.05 mgCo4N/cm2) both showed a jd of 3.7 mA/cm2, 

which is the theoretical value expected for 4e- process in 1M KOH at 1600 rpm (Fig. 

A.1). Increasing the loading of Co4N/C, from 0.05 to 0.2 mg/cm2, increased the E1/2 

from 0.875 to 0.9V, surpassing that of Pt/C, indicating a higher ORR activity. However, 

Co4N/C with higher metal loadings of 0.1 to 0.2 mgCo4N/cm2 also increased the jd to 4.8 

mA/cm2, much higher than that of Pt/C. Based on the Levich equation, jd = 

0.62nFAD2/3𝜔1/2ʋ-1/6C where electron number, n=4, A is the electrode area, D is the 

diffusion coefficient, 𝜔 is the angular rotation rate, ʋ is the kinematic viscosity and C 

is the bulk O2 concentration. At given testing conditions, it is very likely that the 

observed larger jd was due to an increase in the effective electrode geometric area, A. 

As shown in Fig. A.1, Co4N/C with a metal loading of 0.2 mg/cm2 and thus a carbon 

loading of 0.8 mg/cm2 is as thick as 50 µm and the side can contribute up to a 20% 

increase in the total electrode area, which explained why the jd is larger than the 

theoretical values by 20% for 4e- process. Thus, we recommend that RDE measurements 

with various loadings are required to perform for each newly developed catalyst to 

assess the impact of loadings on measured activity. The same optimal loading then 
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should be selected for the same family of catalysts.  

 

Figure A.1 (A) RDE measurement of ORR polarization profiles of Pt/C (20 wt.%) and 

Co4N/C (20 wt.%) with various Co4N loadings at 1600 rpm and 5mV/s. Pt/C has a Pt 

loading of 0.025 mg/cm2 and carbon loading of 0.1 mg/cm2. Co4N/C has a Co4N 

loadings of 0.05, 0.1 and 0.2 mg/cm2, corresponding to carbon loadings of 0.2, 0.4 and 

0.8, respectively. (B) Cross-sectioned SEM image of Co4N/C (0.2 mgCo4N/cm2 and 0.8 

mgcarbon/cm2).     

Impact of ionomers: The main focus at the CABES will be devoted to developing 

catalysts in alkaline media, the use of Nafion, an ionomer designed for PEMFCs, seems 

to be problematic because it does not conduct OH-. While Nafion cannot be used as 

ionomers in AEMFCs, it generally works well as a polymer binder for RDE 

measurements in an ocean of hydroxide solution. As shown in Figs. A.2A-B, Pt/C with 

Nafion or QAPPT alkaline ionomers (Pt/C to ionomer ratio is 4:1) exhibit nearly same 

ORR polarization profiles although Pt/C with Nafion ionomer shows a slightly smaller 

ECSA calculated from the HUPD region. Quantitative analysis in Table A.1 shows that 

Pt/C with Nafion ionomer shows slightly lower E1/2 and nearly same mass activity, 

relative to Pt/C with QAPPT ionomer. Those results suggest that the use of Nafion has 

a minimal impact on the ORR kinetics in alkaline media. However, alkaline ionomers, 

such as QAPPT, are recommended as the same ionomer in both RDE and MEA 
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measurements to better assess catalyst activity.   

 

Figure A.2 (A-B) CV and RDE measurements of Pt/C (60 wt.%) with a Pt/C to Nafion 

or QAPPT ionomer mass ratio of 4:1. Loadings of Pt/C, Pt and ionomer are 100, 60 and 

25 µg/cm2, respectively. (C-D) CV and RDE measurements of Pt/C with catalyst to 

ionomer ratios of 10:1, 4:1 and 2:1. CV profiles were acquired in Ar-sat. 1 M KOH at 

20 mV/s and RDE profiles were acquired in O2-sat. 1 M KOH at 5 mV/s and 1600 rpm. 

Nafion ionomer is dispersed in ethanol while QAPPT alkaline ionomer is first dissolved 

in DMSO (2 wt.%) and then diluted in n-propanol. QAPPT stands for quaternary 

ammonium poly (N-methyl-piperidine-co-p-terphenyl).     

  Figure A.2C-D presents Pt/C with different catalyst to QAPPT ionomer mass ratios 

of 10:1, 4:1 and 2:1. Besides slight variations in the ECSA, Pt/C/QAPPT with a 10:1 

mass ratio shows nearly same E1/2, MA and SA as that with a 4:1 mass ratio (Table A.1). 

It should be noted that a 10:1 mass ratio has been widely adapted in literature for Nafion 
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as a binder in RDE tests while a 4:1 mass ratio is now the standard recipe in this group 

for QAPPT alkaline ionomer in MEA tests. Further increase Pt/C to QAPPT ratio to 2:1 

leads to a negative shift in E1/2 by 13 mV, a decay of MA from 0.16 to 0.1 mA/gPt, decay 

of SA from 0.34 to 0.22 mA/cm2
Pt, relative to that with 4:1 mass ratio (Table A.1). It 

indicates that a 2:1 Pt/C / QAPPT ratio has excess ionomer that blocks the active sites 

and impedes the ORR kinetics. In addition, a relatively larger amount of QAPPT 

ionomers also lowers the jd slightly below the expected 3.7 mA/cm2 for a 4e- ORR in 1 

M KOH at 1600 rpm, which is possibly due to the effect of alkaline ionomers on the 

effective O2 concentration in the catalyst layer or leading to a higher peroxide yield.   

Catalysts/ionomers 
HUPD ECSA/ 

m2
Pt/g 

E1/2 / V  

vs. RHE 

Mass Activity 

@ 0.9 V  

mA/gPt 

Surface Activity 

@ 0.9 V 

mA/cm2
Pt 

Pt/C / Nafion (4:1) 31 0.925 0.16 0.52 

Pt/C / QAPPT (4:1) 46 0.930 0.16 0.34 

Pt/C / QAPPT (10:1) 52 0.931 0.18 0.35 

Pt/C / QAPPT (2:1) 47 0.918 0.10 0.22 

Table A.1 ECSA, E1/2, MA and SA of Pt/C with Nafion and QAPPT ionomers with 

different catalyst to ionomer ratios.  

   In summary, we recommend a catalyst/alkaline ionomer ratio of about 10:1 to 

minimize the impact of ionomers on the ORR kinetics in RDE tests and a ratio of 4:1 

for a sufficient amount of OH-conducting ionomer in MEA measurements. Such a 

conclusion has also been validated for Co-Mn metal oxides as ORR electrocatalysts in 

alkaline media.         
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Three-electrode system: Electrochemical measurements 

are performed in a three-electrode configuration, 

including working electrode (WE), reference electrode 

(CE) and counter electrode (CE) (Fig. A.3). The WE is 

often a glassy carbon (GC) electrode with one side mirror 

polished. Before depositing catalyst ink. the WE should 

be fine polished with 0.3 and 0.05 µm alumina, 

respectively, rinsed and sonicated in ethanol and dried 

under infrared light. It should be noted that one should only sonicate the PTFE-coated 

GC for a short period of time (5-10 s) and dry it at a medium temperature (60-100 oC), 

to avoid damaging the PTFE by over-sonication or over-heating.  

   The type of the RE depends on the type of electrolyte. In acidic media, such as 0.1 

M HClO4, reversible hydrogen electrode (RHE) is an ideal reference electrode and can 

be easily prepared by sealing H2 gas in a glass tube with Pt/C or Pt black using the same 

electrolyte as that for testing catalysts. No salt bridge is required, and the raw data are 

collected directly versus RHE. However, one needs to be careful to ensure the purity of 

H2 gas (often done by multiple-time hydrogenation by water electrolysis). A trace 

amount of O2 in H2 can cause a positive shift of the RE potential. Additionally, the RHE 

reference electrode is not recommended for electrochemical measurements in alkaline 

media, especially for long-term tests since CO2 in air can react with KOH in the RE and 

change the RE potential.   

   Another widely used RE is Ag/AgCl in KCl solution. Benefiting from a stable 

solid/solid interface, It is the most widely used RE in literature (commercially available 

Figure A.3 Three-electrode 

RDE setup  
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from CHI or Pine) and can work at various pH environments. Since PGM 

electrocatalysts are sensitive to ppm-level Cl- contamination, a salt bridge as well as a 

glass frit are necessary to slow down the diffusion of Cl-. Additionally, running 

electrochemical tests over a long time will eventually cause a slow dilution of KCl by 

the testing electrolyte, which in turn will cause a positive shift in the RE potential. For 

example, Ag/AgCl in saturated KCl (4.8 M at 25 oC) has a potential of 0.197 V vs. SHE 

while Ag/AgCl in 1M KCl has a potential of 0.235 vs. RHE. We recommend that the 

Ag/AgCl RE should always be soaked in KCl if not being used. Caution: Home-made 

Ag/AgCl needs to make sure that the KCl solution is protected under N2 or Ar during 

the deposition of AgCl on Ag wire, in order to prevent the formation of Ag2O (black vs. 

white AgCl). Hg/Hg2Cl2 in sat. KCl (saturated calomel electrode, SCE) has been widely 

used in early electrochemical studies and is gradually replaced by Ag/AgCl due to 

hazardous mercury. Other commonly used REs are Hg/Hg2SO4 in H2SO4 for acidic 

media and Hg/HgO in KOH for alkaline media, Ag/AgNO3 in acetonitrile (MeCN) for 

organic electrochemistry. Potentials of All REs are listed as follows with the SHE 

defined as 0 V (Fig. A.4).   

 

Figure A.4 Potentials of various reference electrodes (REs). 

Electrochemical Testing Conditions: The purity of solvent, chemicals and cleaning of 
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glassware are pivotal to ensure clean environment for rigorous electrochemical tests, 

especially for single-crystal metal electrodes. HClO4 (Veritas Doubly Distilled, GFS 

chemical), when diluted to 0.1M, has trace amount of Cl- (1 ppb) and SO4
2- (10 ppb) 

while HClO4 (ACS grade) has Cl- (100 ppb) and SO4
2- (100 ppb). KOH with a purity of 

99.99% or 99.999% should be used for electrochemical measurements in alkaline media 

instead of KOH (ACS or AR grade), the latter has ppm-level impurity of Fe, Co, Mg, 

Al, etc. Ultrapure water should have a resistance of 18 MΩ∙cm or higher. To avoid any 

potential contamination of precious metal for the measurements on non-precious 

electrocatalysts, the three-neck electrochemical cell can be washed using aqua regia 

(HCl/HNO3, mole ratio of 3/1) and followed by rinsing thoroughly using ultrapure 

water. Glassware can also be cleaned with KMnO4+H2O2 followed by boiling in 

ultrapure water for three times to effectively remove possible organic impurity. Freshly 

prepared KOH solution can be stored for 1-2 weeks in in plastic PE bottle for 

nanoparticle catalysts and should be freshly prepared right before use in single-crystal 

studies. The contamination from the slow reaction between glass and KOH is proven to 

be minimal for a short-term test within one day. PTFE cell works better than glass cell 

for long-term durability tests in alkaline media.  

Electrochemical data process and interpretation: Catalyst activities are evaluated 

often with the following metrics including half-wave potential (E1/2), mass-specific 

activity (SA) and surface-specific activity (SA). The E1/2 is the potential at which 

measured current (Im) is half of the diffusion-limited current (Id). As shown in Fig. A.5, 

Pt/C shows a E1/2 of 0.89 V vs. RHE at a loading of 25 µg/cm2. Pt/C exhibits a slightly 

lower E1/2 of 0.87 V vs. RHE in 0.1 M HClO4 and 0.1 M KOH. It should be noted that 
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the E1/2 of Pt/C is a simplified activity metric and depends on the Pt loading and particle 

sizes. The E1/2 is straightforward to compare among different literatures and one can 

quickly assess if the literature reported a reasonable ORR activity of Pt/C. For example, 

a recent study1 in Nat. Mater. claimed that the ORR activity of ZrN surpassed that of 

Pt/C, but the E1/2 of the Pt/C in this work is only 0.8 V vs. RHE, 90 mV lower than that 

of benchmark value despite a higher Pt loading of 50 µg/cm2. Unfortunately, many 

similar studies deliberately used a bad Pt/C reference to claim that their catalysts were 

“superior” to Pt/C, indicating a lack of basic electrochemical skills. We should do our 

best to avoid and discourage such an attempt.  

 

Figure A.5 ORR polarization profiles of Pt/C in 1M KOH at 1600 rpm and 5 mV/s. 20 

wt.% Pt has a Pt loading of 25 µg/cm2 and particle size of 3 nm (Johnson-Matthey).  

   Compared to the E1/2, the MA and SA represent more intrinsic activity metrics. The 

kinetic current is calculated based on the Koutecky-Levich equation (1/Im = 1/Id +1/Ik). 

The MA and SA at 0.9 V vs. RHE are standard metrics widely accepted for Pt-based 

catalysts in acidic media and recommended by the U.S. DOE. The MA and SA can be 

calculated by normalizing the kinetic current to the catalyst loading and electrochemical 

surface area (ECSA), respectively. The ECSA of Pt are measured from the HUPD region 
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by integrating charge from 0.05 to 0.4 V vs. RHE in CV profiles and assuming a 

conversion factor of 200 µC/cm2 measured by Feliu et al. It can also be calculated from 

the CO stripping method by integrating CO oxidation peak(s) with a conversion factor 

of 420 µC/cm2. The non-faradic double-layer contribution should be removed when 

calculating the total charge. Typical MA and SA values of Pt/C in acidic and alkaline 

media are summarized in Table A.1. Those are the numbers one can refer to when 

evaluating the literature about ORR catalysts. In MEA studies2, Pt/C cathode in 

PEMFCs showed a MA of ~0.1 A/mgPt and SA of ~0.2 mA/cm2 at 0.9 V, which is 

relatively comparable to those values from RDE measurements in 0.1 M HClO4. As we 

have learned from previous chapters, Pt-based alloy catalysts, such as our benchmark 

ordered Pt3Co/C achieved a MA of 0.52 A/ mgPt in MEAs (Chapter 8), representing a 

four-fold increase, relative to Pt/C, and surpassed the DOE 2020 target (0.44 A/ mgPt).   

Electrolyte E1/2 / V vs. RHE 

 

MA / A/mgPt 

 

SA / mA/cm2
Pt 

0.1M HClO4 
0.87 0.06 0.09 

0.1M KOH 
0.87 0.07 0.10 

  1M KOH 
0.89 0.09 0.13 

Table A.2 Summary of MA and SA of Pt/C from RDE measurements in acidic and 

alkaline media. MA and SA were calculated at 0.9 V vs. RHE by normalizing the Id to 

the mass loading and ECSA of Pt, respectively. The ECSA was estimated to be around 

70 m2/gPt (Pt particle size of ~3 nm). The E1/2 has an error of 2-3 mV while MA and SA 

have relative errors of around 10%.    

IR-correction: Although the DOE protocols recommend reporting ORR activity after 

IR correction, so-called “IR-free” measurements, in reality, the activity losses due to IR 

drops cannot be removed during fuel cell operation. All the electrochemical 
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measurements in this thesis are based on uncorrected RDE measurements and thus 

represent a lower limit of the ORR activity. After IR correction, the MA and SA would 

be even higher than what we reported. Using one example of Pt-Co catalysts, from 

electrochemical impedance spectroscopy (EIS) measurements, we estimated a total 

resistance of 25 Ohm for catalyst-loaded electrodes in 0.1 M HClO4, which would 

translate into about 10 mV loss in the E1/2 in RDE measurements. The IR-free 

(corrected) MA of PtCo was calculated to be close to 1 mA/gPt, significantly higher than 

the reported value of 0.46 mA/gPt without IR correction. However, instead of making 

a claim that the activity of our catalyst is twice as high as the DOE 2020 target (0.44 

mA/gPt), we believe it is more appropriate (and realistic) to report values measured 

under real practical application conditions. The impact of IR-correction in MEA 

measurement will be more dramatic and will be discussed below (vide infra).    

B. Testing protocols for MEA measurements  

   MEA integrates electrocatalysts and membranes/ionomers into an operating fuel cell 

device. However, few research groups have reported high-performance MEA for 

PEMFCs or AEMFCs, which is mainly due to the complexity of MEA fabrication and 

testing protocols that involve meticulous engineering optimization. MEA studies in 

hydrogen fuel cells are so challenging that many papers developed ORR catalysts and 

then looked for applications such as Zn-Air or Li-Air batteries. Here, I will describe the 

basic aspects of MEAs and the impact of testing conditions. As shown in Fig. B.1, 

MEAs are composed of two catalyst layers (cathode and anode), membrane (AEM) in 

between and gas diffusion layer (e.g. AvCard GDS3250 from fuel cell store), PTFE 

gasket and graphite bipolar plates. The key components are the catalyst coated 
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membrane (CCM) with a total thickness of ~100 µm or below. Pt/C and PtRu/C 

(60wt.%) can be purchased from Johnson-Matthey.      

Figure B.1 Schematic of MEA components. CCM represents catalyst coated 

membrane. Adapted from DOE Fuel Cell R&D overview, 2018.  

Catalyst ink preparation and spraying for CCM: Catalyst ink for MEA tests are quite 

different that for RDE tests. Here, I will use an example of MEA, composed of Pt/C 

cathode and PtRu/C anode and QAPPT membrane, to illustrate the assembly process. 

Both 60wt.% Pt/C and 60 wt.% PtRu/C, instead of 20wt.% catalysts commonly used for 

RDE tests, are selected for MEA studies to minimize the catalyst layer thickness so as 

to enhance mass transport. Thus, we need to increase the mass fraction of Pt in Pt/C 

composite from 20% developed for RDE tests to 60-80% for MEA tests, which can be 

challenging for other alloy or metal oxide catalysts to maintain single-phase and 

desirable particle sizes at higher mass fractions. First, 200 mg QAPPT ionomer powder 

is dissolved in 10 mL DMSO at 60 oC to form a 2 wt.% ionomer solution (any 

undissolved residual particles need to be removed by a 0.2 µm mesh Nylon syringe 

filter). 18 mg 60wt.% Pt/C are mixed with 225 µL QAPPT/DMSO (2 wt.%) and 4.5 mL 

n-propanol. The catalyst/ionomer mass ratio is 4:1 and the resulting catalyst ink is 
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sonicated for 30 min. The catalyst/ionomer ratio needs to be optimized for each type of 

catalyst and ionomer and a proper amount of ionomer ensures sufficient local OH- 

conductivity while not blocking active sites of catalysts. After sonication, 1.5 mL of 

Pt/C catalyst ink is air sprayed on membrane and then PtRu/C is sprayed on another side 

of the membrane, which is heated at 80 oC in a vacuum table (Fig. B.2). Based on the 

reproducibility of a home-made automated air spray system, we estimated a yield of 

50±7%. Therefore, the loading of Pt or PtRu is calculated as follows.  

1.5mL×18mg×60wt.%×50%

4.5mL×4cm2
 = 0.4 ± 0.05 mg/cm2 

  Similarly, 28 mg 80% MnCo2O4/C are mixed with 350 µL QAPPT/DMSO and 4 

mL n-propanol. 1mL catalyst ink is sprayed with a yield of 60% to achieve a metal 

oxide loading of 0.8 mg/cm2 

  
1mL×28mg×80wt.%×60%

4mL×4cm2
 = 0.8 ± 0.1 mg/cm2 

  The catalyst loading can be adjusted by changing the volume of catalyst ink to be 

sprayed. Typically, a high Pt loading of 0.3-0.4 mg/cm2 is used to examine the 

maximum MEA performance for a newly developed AEM while a minimal Pt loading 

(0.1-0.2 mg/cm2) should be used for well-established AEMs when considering the cost 

in practical applications. It should be noted that state-of-the-art PEMFCs use Pt loading 

of 0.1 and 0.025 mg/cm2 in the cathode and anode, respectively (Chapter 9). 10% errors 

in PGM loadings varying from batch to batch result in about 10% errors in the final 

MEA performance in terms of the PPD of ~1.5 W/cm2 (Fig. B.3). A PPD of ~1.5 W/cm2 

is a metric to keep in mind for benchmark MEA performance with present best AEM 

and PGM catalysts. The dry CCM in each batch is always weighted to accurately record 
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the catalyst loading, in order to assess its impact on the MEA performance.  

 

Figure B.2 Home-made automated air spray system modified from a 3D printer. The 

white holder for air spray gun is 3D printed using polylactic acid (PLA). The 

reproducibility of spraying 14 batches of Pt/C or PtRu/C catalysts suggests a yield of 

70%. 

 
Figure B.3 I-V and I-P curves of four MEA trials. Catalysts were sprayed using 

automated spray system with a PGM loading of 0.3 mgPt/cm2 at the cathode and 0.3 

mgPtRu/cm2 at the anode. Fuel cell test conditions: fully humidified H2 and O2 at a flow 

rate of 1000 mL/min and 0.2 MPa backpressure at a cell temperature of 80 oC. 

Assembly of CCM in cell module: The prepared dry CCM is in Cl- form and will be 

exchanged to OH- form by soaking it in 1 M KOH at 60 oC for 6-8 h. The CCM in OH- 

form will be rinsed by DI water to remove excess of mobile OH- and only remain OH- 

that is attached to the polymer. During the assembly process of CCM in cell module, it 
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is important to ensure that Pt/C catalyst is facing the cathode side and PtRu/C is facing 

the anode side of cell module, since Pt/C and PtRu/C electrodes look very similar unless 

they are clearly labeled (Fig. B.4). A torque screwdriver is required to apply a uniform 

pressure to eight screws in the cell module, in order to make a tight sealing to prevent 

H2 or O2 leaking. A typical torque force is controlled to be 6 N·m (4.4 lb·ft). 

Occasionally, the cell may have a gas leaking, stop both H2 and O2 gas immediately and 

increase the torque to 8 or 10 N·m to seal the cell again (don’t panic!). 

  If gas leaking still occurs with a large torque, stop the test and examine the membrane 

and PTFE gasket to look for possible pinholes. Some novel membranes may not have 

desirable mechanical strength and too high torque may break the membrane and cause 

gas crossover and power failure.      

 
Figure B.4 CCM with AEM (4 cm2) in the middle and catalysts on both sides and a 

single cell MEA connected to fuel cell test system (Scribner 850e).      

MEA test procedures: It is necessary to go through the following checklist to ensure 

safety since MEA tests involve pure H2 and O2 in a sealed cell at elevated temperatures.  

1. H2 anti-flame arrestor and H2 sensor are built in a room dedicated to MEA tests. 
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Absolutely no flame or chemical synthesis involving a hot plate is allowed in the 

room. H2 gas tank should only be opened when a fuel cell test is performed, and 

should be closed once a fuel cell test is done. In case of gas leaking, shut down the 

fuel cell test immediately, fully open the sash and press the “exhaust” button of the 

fume hood, and the room can be ventilated with fresh air in several seconds.   

2. Check pressure of H2 , O2 and N2 tanks to make sure the tank pressure is above 500 

psi and the second pressure gauge has a reading of above 50 psi to ensure enough 

gas pressure inside cell module. Test station does not allow fuel flow if the gas 

pressure of H2 , O2 and N2 is below 50 psi. N2 serves as purge gas to remove fuel 

from cell if needed. It’s wise to have backup H2, O2 and N2 tanks available. Since 

H2 outlet is inside the fume hood while O2 outlet is in the room, the sash of the fume 

hood should remain closed during fuel cell tests to prevent H2 from mixing with O2.   

3. Scribner fuel cell test station has its own built-in safety precaution as the last defense 

line to prevent fuel leaking. It will automatically shut down fuels and purge the cell 

with N2 if cell voltage drops below the shutdown voltage (often set as 0.1 V), which 

indicates a possible hydrogen crossover through broken membrane. 

4. Open Scribner 850e test station and 885-HS fuel cell potentiostatic, and then 

Scribner fuel test software, set surface area (4 cm2), fuel and cell temperatures (60-

80 oC), max. fuel and cell temperatures (90 oC), maximum current and power (50 A 

and 100 W), shutdown voltage (0.1 W) and gas flow rate (100-1000 mL/min). When 

the fuel temperature is same as cell temperature, the fuel is fully humidified (i.e. 

100% RH). A more realistic operation condition would involve a lower RH to 

simulate the actual humidity when driving electric vehicles. For example, to achieve 
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a 50%RH at a gas pressure of 1 bar, the dewpoints of fuel temperatures need to be 

set at 63.8 oC for a cell temperature of 80 oC and 45.7 oC for a cell temperature of 

60 oC. Calculation details can be found via: VAISALA Humidity Calculator 5.0.  

5. Record the open circuit voltage (OCV) and save file with information about 

catalysts, membrane and test conditions. Set a small gas flow rate of 100 mL/min, 

Press the buttons of “Apply Fuel” and “Apply Temperature”, and it will take about 

30 min for fuel and cell to achieve target temperatures. Then, make sure that the 

current is set at zero and press the button of “Apply Load”. As shown in Fig. B.5, a 

stable OCV around 1.0 V, often indicates a successful preparation of MEA and good 

stability of AEM at elevated temperatures. If the membrane cannot survive at 80 oC, 

cell temperature should be set at 60 oC for a new MEA test.          

 

Figure B.5 Open circuit voltage and Cell temperature as a function of time. Pt and PtRu 

loadings are both 0.3 mg/cm2 with QAPPT membrane.  

6. Set the flow rate to be 500 mL/min, increased the backpressure to a desirable value 

(max. 0.2 MPa ) and begin the activation process. As shown in Fig. B.6, the power 

http://go.vaisala.com/humiditycalculator/5.0/?_ga=2.3761840.1089157705.1576593915-186731690.1576593915&_gac=1.262974334.1576593988.CjwKCAiAluLvBRASEiwAAbX3GWCmN-smSkbXeZQxOUqXsLeBf2KHrL0wuICcW4zEyO73BHx8H02aUBoCphkQAvD_BwE
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density is recorded as a function of applied current density (P = I × E) and the 

cutoff voltage is set at 0.2 V. The first cycle shows a sluggish P-I curve and power 

density abruptly increases at a current density of 2 A/cm2 , which is often described 

as “break-in procedure”3 to activate the cell to reach its maximum performance and 

then remains stable. The following 2-5 cycles are intermediate process and then the 

cell achieves its maximum performance with a stable PPD of 1.6 W/cm2 at 4 A/cm2. 

Current scanning mode is selected with a step size of 0.2-0.5 A/step and 5-10 s/step 

and voltage and power density are recorded in a steady-state mode.  

7. After fuel test is finished, Stop “Apply Load” and then stop “Apply Fuel” and 

“Apply Temperature”. Close H2 and O2 tanks. It will take 0.5-1 h for the cell to cool 

down before dissembling it.   

   

Figure B.6 Cell performance with initial break-in procedure. Both Pt and PtRu loadings 

are 0.3 mg/cm2 and the AEM is QAPPT membrane. Fuel cell test conditions: fully 

humidified H2 and O2 at a flow rate of 500 mL/min and 0.2 MPa backpressure at a cell 

temperature of 80 oC. 

During fuel cell test, the high-frequency resistance (HFR) is recorded 

simultaneously as voltage and current. The HFR is recorded by EIS at a high frequency 
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of 10 kHz. The cell in Fig. B.6 shows a typical HFR of ~80 mΩ∙cm2 and varies slightly 

at different current densities. The HFR reflects ohmic resistance, which are mainly from 

three sources, electron transport within electrodes, GDL and flow filed/current 

collectors; ion migration within the AEM; contact resistances.4 Thus, catalysts with 

higher electronic conductivity and membranes with higher ionic conductivity and 

smaller thickness can lower the ohmic resistance (i.e., a lower HFR). Since the early 

stage of developing PEMFC, minimizing the HFR has been the key to optimize MEA 

performance. Fig. B.7 exhibits a 70 mV voltage loss due to ohmic resistance (HFR of 

50 mΩ∙cm2). Lowering the HFR is even more important for higher current density in 

AEFMCs. Using the data in Fig. B.6, voltage loss at 4 A/cm2 due to ohmic resistance 

will be: 4 A/cm2×80 mΩ∙cm2 = 0.32 V. Thus, it is very important to improve MEA to 

lower the HFR to be less than 50 mΩ∙cm2, a benchmark value for well-optimized 

PEMFCs. Additionally, it is crucial to know the HFR value of a MEA literature and 

whether the authors have applied IR-correction to remove the ohmic resistance. IR-

corrected MEA performance is acceptable to report although such a voltage loss cannot 

be recovered in realistic fuel cell operation. However, the literature must honestly report 

the HFR value and provide the raw data without IR correction. For example, when a 

recent paper published in Science6 reported an outrageous IR-corrected MEA 

performance of PEMFCs without mentioning the HFR value, the credibility of such 

work remains deeply questionable.  
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Figure B.7 Performance loss break-down in an early study of PEMFCs.2 50 cm2 single 

cell H2/air performance at Tcell of 80 oC and 100 RH%, at a total pressure of 150 kPa. A 

HFR of 50 mΩ∙cm2 was estimated at 1 kHz. ηtx is the voltage loss due to mass transport. 

   Finally, long-term MEA durability for non-precious electrocatalysts are the key 

challenging facing the development of alkaline fuel cells, in order to meet the DOE 

AEMFC milestone of performance ≥ 600 mW/cm2 with long-term durability under 

H2/air in PGM-free MEA. Fuel cells can operate over extended period of time at 

constant voltage of 0.6 V or constant current density of 600 mA/cm2. U.S. DOE 

established an accelerated stability test (AST) protocols for PEMFCs5: 30,000 

trapezoidal voltage cycles between 0.6 V (3 s) and 0.95 V (3 s) with rise time of ~0.5 s 

or less, at 80°C, 100% relative humidity, and ambient pressure. Such AST protocols 

emphasize on the stability of catalysts and may also be valuable for stability studies of 

AEMFCs. Fig. B.8 presents our recent progress on MEA durability at the CABES; a 

200 h durability at 200 mA/cm2 and a 50 h durability at 600 mA/cm2 have been 

demonstrated with PGM electrocatalysts. Preliminary XPS measurements show the 

evidence of ionomer degradation catalyzed by Pt/C catalysts. This is an active area that 
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require tremendous collaborative efforts across electrocatalysts, membranes/ionomers 

and spectroscopic investigations, such as XPS, NMR, cryo-TEM, and theoretical 

simulations.    

 

Figure B.8 MEA durability tests at 200 (A) and 600 (B) mA/cm2 with Pt/C cathode (0.3 

mgPt/cm2) and PtRu/C anode (0.3 mgPt/cm2). Fuel cell test conditions: fully humidified 

H2-O2 at a flow rate of 500 mL/min at a cell temperature of 80 oC. The first 100 h test 

at 200 mA/cm2 was at no backpressure and the second 100 h was at 0.2 MPa 

backpressure. The MEA test at 600 mA/cm2 was at 0.2 MPa backpressure. 

C. Testing Protocols for In situ Electrochemical Liquid Cell TEM 

 

The majority of my study on in situ liquid-cell TEM has benefited from Megan Holtz’s 

practical tutorial in her PhD thesis, publications,6-9 and hands-on training sessions from 

Protochips engineers.  

   As-received electrochemical chips have a polymer coating, which can be removed 

by putting chips in acetone (>2 min) and methanol (>2 min). Cleaned chips then are 

plasma cleaned for 10s to make the surface partially hydrophilic. The first step involves 

a fast preliminary quality check of electrochemical chips in the Protochips “open cell” 

(Fig. C.1) before loading the chip in liquid-cell TEM holder. It is important to keep 

plasma clean time for 10-15 s, otherwise the chip surface will become too hydrophilic 

so that any drop of electrolyte will not only wet the electrode of the chip in open cell, 
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but also diffuse to three Au contact pins, which would cause short circuit. Once the chip 

passes the preliminary check in the open cell, the chip can be plasma cleaned for another 

20 s for carbon electrode and 60 s for Pt electrode to make the surface fully hydrophilic 

for cell assembly in liquid-cell holder.  

 

Figure C.1 Protochips open cell with a plasma cleaned electrochemical chip in a drop 

of 0.1 M HClO4 (~2 µL). This tiny drop can last for 3-5 min and needs to be refilled.  

Procedures for testing electrochemical chips in the open cell.  

1. Deposit catalyst nanoparticles (e.g. Pt NPs) on electrochemical chips and plasma 

clean chips for 30 s. Load chips in the open cell and add one drop of electrolyte (e.g. 

0.1 M HClO4). Check connection to Gamry Potentiostatic and make sure the Gamry 

software recognizes the open cell. 

2. Examine the open circuit potential (OCP) and single-frequency impedance (5 kHz) 

of the chip. A working chip should show a stable OCP of around 0 V (± 0.1 V), a kΩ-

level ohmic resistance (often in the range of 10-40 kΩ) and a phase angle of 40-70o, 

indicating a mixed behavior of resistance and capacitance. Those three criteria need to 

be met at the same time before further electrochemical tests. An unstable OCP, a MΩ-

level resistance or a phase angle close to 90o indicate the surface does not contact well 

with the electrolyte, and then the cell needs to be dissembled for further plasma process. 
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3. A series of “potential window opening” experiments are then performed with the 

potential range gradually opened from -0.1~0.1, -0.2~0.2..., ~-0.7-0.4 V vs. Pt. Despite 

Pt is a pseudo-stable RE relying on PtOx/Pt redox couple, it is relatively stable for a 

short-time test (potential stability is around 20 mV). The potential of Pt RE is about 0.8 

V higher than that of RHE. Therefore, in order to perform a normal CV from 0.1-1.2 V 

vs. RHE, one needs to set the experimental potential window to be -0.7-0.4 V vs. Pt. As 

shown in Fig. C.2, well-defined hydrogen and oxygen regions of Pt suggest that the chip 

is able to deliver electrochemical results that can be compared to standard 

measurements. As discussed in detail in Fig. 10.8C, Cu electrodeposition is another 

routine experiment to evaluation the holder’s electrochemical function. The lower and 

upper potential limits should be kept within -0.8 V to 0.6 V to avoid the undesirable 

HER and OER, respectively. However, as illustrated in Chapter 10, the H2 bubble 

formed under reduction potentials can significantly improve the spatial resolution in 

liquid if the HER naturally occurs as part of the electrochemical processes.  

 

Fig. C.2. CV profiles of bare carbon WE and Pt/C loaded on carbon WE on 

electrochemical chip in the open cell in 0.1 M HClO4 at 20 mV/s from -0.75V to 0.4 V 

vs. Pt RE (0.05-1.2 V vs. RHE).   
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Procedures for testing electrochemical chips in liquid-cell TEM holder 

   Fig. C.3 shows an overview of assembly process of liquid-cell TEM holder. The 

assembly procedure is illustrated in Fig. C.3B: first insert the small chip into the O-ring 

in the holder tip with the membrane and spacer facing upwards. Then dispense a drop 

of electrolyte on the surface of the small chip, and put down the large chip with 

membrane side facing downwards. If the two chips are aligned properly, one should be 

able to see through the narrow SiN window under optical microscope. Gently close the 

lid and tighten the screws using torque driver. Verify again that the two chips are aligned 

properly and there should not be any gaps of uneven spacing between the holder tip and 

the lid. Use filter paper to absorb any visible water droplets outside of the holder tip.       

   Before inserting the liquid-cell holder into TEM, it is necessary to perform a “leak 

check” in a turbo pump. Observe the pressure and look for a steady pressure decrease 

without large oscillation in pressure reading. Typically, it takes 30min to 1h to reach the 

safety threshold of 5E-6 mbar (3.8E-6 Torr) and will reach 2E-7 mbar after overnight 

pumping, which is similar to the column pressure of a typical TEM (~1E-7 mbar). 

   When the liquid-cell holder passes the safety threshold, syringe pump can control 

the liquid flow inside the holder (Fig. C.3.A). The electrolyte is purged with Ar and 

loaded in syringe. At a fast flow rate of 300 µL/h and a force level of 50%, it will take 

about 1 h to completely remove the residual gas inside the long tubing and TEM holder. 

Then the flow rate is lowered to about 20-50 µL/h to constantly supply fresh electrolyte.  
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Fig. C.3. (A) In Situ liquid-cell TEM setup in F-20 STEM. (B) Schematic of Protochips 

Poseidon liquid-cell holder and three-electrode electrochemical chip (inset). (C) Optical 

image of three-electrode chip with WE (carbon), RE (Pt) and CE (Pt). (D-F) In situ BF-

STEM image of surface wetting process of carbon during CV cycles between -0.5 and 

0.5 vs. Pt at 20 mV/s in 0.1M HClO4. (G) ADF-STEM image of Pt nanoparticles in 

0.1M HClO4 at a beam dose of ~30 e/(nm2 s).     

   STEM (e.g. Tecnai F20) should be aligned before the liquid-cell holder is inserted. 

At lowest magnification, the position of view window can be found at middle right 

region of the search panel (Fig. C.4). The four corners of SiN window are labeled as 1-

4 and the corners of carbon WE electrode are labeled as 5 and 6. Overall, the electron 

beam needs to penetrate SiN window (total 100 nm), electrolyte (~500 nm) and carbon 

WE (60 nm). The relative liquid thickness can be estimated from the plasma scattering 

in EELS.8 Given the huge pressure differential between the cell and TEM vacuum, the 

SiN membrane will bulge in the center, and a spacer of 500 nm and 40 µm wide 

windows can result in electrolyte in the center as thick as 800-1000 nm, relative to the 

corners (~500 nm). A smaller spacer of 250 nm and a narrower window of 25 µm would 

result in a thinner electrolyte (~650 nm) in the center. 
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Fig. C.4. Relative chip positions in TEM and the summary of chip dimensions.   

   Thinner electrolyte will enhance spatial resolution while thicker electrolyte allows 

electrochemical reactions in TEM holder to better represent results of a conventional 

electrochemical cell. However, electrochemical cell with too thin electrolyte (<200 nm) 

suffers from larger ohmic drop in solution.7 A spatial resolution of 2-5 nm can be 

achieved with an electrolyte thickness of ~500 nm (Fig. C.3.G). Octahedral PtNi 

particles can be visualized in STEM mode with a liquid thickness of 300 nm.9 In situ 

TEM image can visualize the wetting process of carbon WE, suggesting the carbon 

surface changes from partially hydrophilic to fully hydrophilic after CV cycles. (Figs. 

C.3.D-F).  

   Beam dose control experiments need to be performed to determine a beam dose 

threshold for each electrochemical measurement. For example, Pt particles in 0.1M 

HClO4 solution appear unaffected by the beam in STEM mode at a beam dose rate lower 

than 500 e-/(nm2 s). However, 1 mM CuSO4 is only stable under beam illumination at a 
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dose rate less than 10 e/(nm2 s). The beam dose rate can be calculated from the following 

equation: Dbeam = 
𝐼×𝜏

𝑒×𝑡×(
𝐹𝑂𝑉

𝑃𝑖𝑥𝑒𝑙 𝑛𝑢𝑚𝑏𝑒𝑟
)2

 where I, 𝜏, t, e and FOV are beam current, dwell 

time (time/pixel), frame time (s/frame), elementary charge and the field of view (nm). 

For example, A STEM probe current of 2 pA with a dwell time of 12 µs, a frame time 

of 3 s/frame, a FOV of ~500 nm and 512 by 512 pixels, would results in a beam dose 

rate of ~50 e-/(nm2 s), i.e. beam dose of 150 e-/nm2. Typically, soft materials, 

compounds with metallic cation, metal oxides and some organic solvent are particularly 

sensitive to beam damage.10            
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