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ABSTRACT 

 

Hydrogen fuel cells, which can utilize either a proton- or an anion-exchanged 

membrane, are one of the most promising technologies for sustainable energy 

conversion. However, the slow kinetics of the ORR has hindered the devices’ 

applications to several real-world settings. One of the most successful strategies for 

improving the ORR activity has been to alloy a precious metal with 3d transition 

metals. In my study, I examine this enhancement in Pd-Cu bimetallic catalysts in a 

mesoporous structure format. My approach starts by creating a mesoporous Cu 

structure via electroless-plating on a self-assembled triblock terpolymer template. 

Then, I apply galvanic displacement in Pd2+ aqueous solution, where time and 

concentration variable were controlled to arrive at different Pd:Cu ratios. The catalysts 

were characterized by X-ray diffraction to confirm the structure of the alloy, while 

scanning electron microscopy and adsorption isotherm were used to characterize the 

morphology. Inductively coupled plasma atomic emission spectroscopy was further 

used to identify the atomic ratio. I optimized the heat treatment sequences as well as 

ink formulations and catalyst loadings to measure the intrinsic ORR activity of the 

bimetallic catalysts using a standard three-electrode rotating disk electrode cell. The 

results of the ORR activity, whether normalized by mass or by surface areas, are 

compared to standard palladium on carbon catalyst to gain new insights into the role 

of the Cu addition and how the confined porosity can benefit future catalyst design. 
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CHAPTER 1 

 

INTRODUCTION 

 
Introduction to fuel cells 

Fuel cells are a promising potential solution for sustainable energy conversion 

applications in the future. Fuel cells generate electricity via a redox cycle, an electro-

oxidation of fuels and an electro-reduction of an oxidant (usually oxygen). The energy 

released from the breaking of chemical bonds gives rise to the obtain electricity. 

Oxygen from air is typically used as the oxidant in a fuel cell reaction due to its ample 

availability, giving fuel cells the potential to be widely used. It also has several other 

advantages compared to the widely used internal combustion engine. Internal 

combustion engines require a combustion process which releases most of the energy 

as heat, lowering the efficiency. Taken into account other factors such as fuel 

transportation and electricity generation and conversion, the well-to-wheel (WTW) 

energy efficiency of a fuel cell vehicle can be over two times higher than an internal 

combustion engine vehicle1. Hydrogen fuel cells, which use hydrogen as fuel and 

produce only water also eliminate the pollution caused by combusting gasoline, which 

can produce CO2, CO, and NOx, among others. In addition, no moving parts are used 

in the fuel cell structure, reducing extra maintenance costs. 

  

In comparison, batteries also convert chemical potential energy into electricity. 

However, a battery is a closed system such that once the electrode is fully oxidized or 



2 

reduced, the battery must be recharged in order to once again produce energy, 

typically a time-consuming process which is also not 100% energy efficient. Some 

battery materials also cannot be recharged, so the whole assembly must be discarded 

after use. In comparison, fuel cells use an external supply of fuel and oxidant, allowing 

them to potentially run indefinitely as long as there is sufficient input of fuel and 

oxidant. Therefore, compared to a battery, fuel cell systems are time efficient and 

compared to non-rechargeable batteries, more sustainable.  

 

There are several types of fuel cells, characterized by the used electrolyte, since the 

properties of the electrolyte determine which ions can be transported and thus the 

electrochemical reaction and operating temperature. For example, proton exchange 

membrane fuel cells utilize protons for ion transport, while anion exchange membrane 

fuel cells use OH- anions. The former operates in an acidic environment where the 

cathodic reaction is oxygen being reduced to water. The latter operates in a basic 

environment where the cathodic reaction is oxygen being reduced to hydroxide ions. 

Low temperature proton exchange membrane fuel cells (LT-PEMFC) utilize hydrogen 

as the fuel and air as the oxidant, with a solid polymer membrane (Nafion®) as the 

electrolyte which conducts proton. LT-PEMFCs have the advantage of relatively low 

operating temperature (80 °C), relatively small weight and volume, quick start up time, 

and favorable power to weight ratio, which make them suitable for transportation 

purposes, such as passenger vehicles.  
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Figure 1 Diagram of a fuel cell2  
 

The simplified proton exchange membrane fuel cell structure is shown in Figure 12. 

Hydrogen flows in from the anode side and is converted to protons and electrons in the 

presence of an anodic catalyst, shown in reaction [1]. The protons are then transported 

through the proton exchange membrane, which allows the proton to pass but is 

electrically insulating. The electrons therefore must exit the anode and reach the 

cathode via the external circuit. Air was supplied on the cathode side where the 

cathodic catalyst performs oxygen reduction reaction (ORR), using oxygen, electrons 

from the external circuit and protons passed through the membrane to produce water. 

This reaction is shown in [2]. The difference in the chemical potential of the two 

reactions provides a driving force for the electrons to flow through the external circuit, 

which provide power to an external device. 
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H2 à 2 H+ + 2 e-                    Eo = 0.00 V                                                                    [1] 

O2 + 4 e- + 4 H+  à 2 H2O Eo= 1.23 V                                                                    [2] 

 

Some difficulties which hinders the application of PEMFCs are hydrogen storage and 

heat management, since Nafion® is moisture sensitive3. However, the main problem is 

the cathode catalyst. The cathode catalyst in PEMFCs is generally Pt or its alloys since 

they are found to have the best catalytic ability to perform the ORR. However, Pt 

metal has limited earth abundance and high cost. In addition to that, energy loss from 

the cathodic half-reaction limits the overall cell efficiency. In order to achieve realistic 

power output, the operational power density in a fuel cell is typically on the order of 1 

A/cm2. At such high current conditions, the voltage loss becomes substantial. 

Gasteiger et al. studied the origin of voltage loss in a fuel cell assembly, shown in 

Figure 2.4 The line with circles indicates the measured cell output voltage when 

operating at different current densities while the dashed line on top indicates the ideal 

cell with no voltage loss. The authors propose that the voltage loss comes from three 

factors: ORR overpotential, ohmic drop and mass transport losses. The figure shows 

that at all current densities, the ORR overpotential is the major component of the 

voltage loss. At 1 A/cm2, the ORR overpotential accounts for a 30% drop in the cell 

potential while the other two factor has a combined effect of 10%. This analysis 

indicates that the major challenge to the commercial viability of fuel cells is this large 

ORR overpotential. The reaction rate depends on the type of catalysts used. Also, 

many catalysts use Pt which is expansive and scarce. Therefore, research effort has 
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been aimed at designing new catalysts which have better activity and low noble metal 

loading, potentially allowing the large scale application of fuel cells. 

 

 

Figure 2 4 Polarization curve of a model membrane electrode assemblies 

 

 
Ways to improve ORR catalyst 

There are several strategies to improve the ORR catalyst: by alloying noble metals 

with 3d transition metals, making the catalyst into a core-shell structure, or modifying 

the morphology of the catalyst.  

 

Alloying with different metals can change the position of d-band center, which alters 

the binding strength of different reactant species5. According to the Sabatier principle, 
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the catalyst with the best activity is the one which does not bind the reactant too 

strongly or too weakly. If it binds too strongly, the activity is limited by the number of 

available sites to perform the catalytic reaction. If it binds too weakly, the activity is 

limited by the electron transfer rate. In the case of Pt, the binding strength is close to 

ideal, but it still binds the intermediate slightly too strong. So, it is possible to improve 

the binding by alloying Pt with other metals. Another effect of alloying is that it 

changes the interatomic bond distances, which also has an effect on species 

chemisorbed to the catalytic surface. Stamenkovic et al. reported a Pt3Ni(111) facet 

which has 10 times higher specific activity than the Pt(111) facet and 90 times higher 

activity than a standard Pt/C catalyst. 6 The enhancement is attributed to a low fraction 

of absorbed OH during the reaction from the modified surface electronic configuration.  

 

Forming a core-shell structure is another strategy to increase the ORR activity by 

minimizing the bulk Pt/surface Pt ratio. Because the oxygen reduction reaction 

happens on the catalyst surface, any Pt atom which is not on the surface can be 

considered to have minimal contribution to the activity. Therefore, reduce the number 

of such atoms can benefit the activity per mass. Brankovic et al. reported a synthesis 

which uses galvanic displacement to make a Pd core/Pt shell structure. First, Cu 

sacrificial layers on Pd nanoparticles were formed by underpotential deposition. Then 

the particles were immersed in K2PtCl4 to form a Pt skin. 7 The Pt/Pd core-shell 

structure has 3 times higher mass activity compared to commercial Pt/C.  
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Manufacturing catalysts with certain morphologies can also increase the ORR activity.  

Kibsgaard et al. reported the formation of double gyroid Pt films from a silica 

template. The double gyroid Pt film has almost two times higher specific activity 

compared to commercial Pt/C. 8 In their work, they model the surface atom 

arrangement of their specific structure and standard catalyst particles, and proposed 

that the increased activity comes from smaller number of undercoordinated surface 

atoms in their structure. Undercoordinated atoms will form stronger bonds to reaction 

intermediates 9, which is undesired for Pt since Pt binds intermediates slightly too 

strongly. In a later work, Calle-Vallejo et al. modeled different shapes of Pt clusters 

and predicted the reaction rate. The authors propose that one possible reason for why 

some catalysts with concave structures have higher activity compared to normal 

convex particles is that the concave defects on the Pt surface are very active such that 

if they don’t suffer from steric hindrance, they would have theoretically have better 

activity than the atoms on planar Pt(111).10 While normal particles only have convex 

defects on their surface, which are ORR inactive based on the calculations, some 

structured catalysts have both convex and concave defects, which give rise to the ORR 

activity. 

 

Our interest: Effect of porous structures on catalysis 

Since alloying is one of the most successful strategies for improving ORR activity, 

and different porous structures have different concave surfaces which possibly 

influence the activity differently, in this work, we examine the effect of mesoporous 

structures as well as alloying on the ORR activity. Pd-Cu alloy particles was 
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synthesized, which have a mesoporous structure with Pd as the active ORR catalyst 

and Cu modifying the electronic structure of Pd to increase its activity. The addition of 

Cu as well as the mesoporous structure can also influence the Pd-Pd distance. Changes 

in this interatomic distance are believed can be beneficial to ORR activity.11 The 

mesoporous structure could also potentially introduce concave defects to the structure 

and can also increase the surface area-to-volume ratio which further reduces the 

fraction of buried Pd metal atoms. Therefore, we expect the catalyst will have both 

better mass and specific activity compared to standard Pd catalyst particles.  

 

A block copolymer templating method was used to make the porous catalysts because 

it has several advantages such as possible asymmetric structure, larger pore sizes, and 

does not require hazardous materials such as hydrofluoric acid which is used in the 

silica templating method. The silica templating method starts with a mixture of silica 

and the commercial surfactant Pluronic in organic solvents. Then the mixture is dried 

slowing, causing the surfactant to self-assemble into a porous structure. Then, the 

mixture was calcined in air to remove the surfactant and solidify the silica structure. 

After that, metal was introduced by electrodeposition in aqueous solution. Finally, the 

silica template was removed by hydrofluoric acid etching, leaving metal with a porous 

structure. For the polymer templating method, the procedure is similar because the 

polymer also forms a porous template, followed by metal backfilling and template 

removal. But the polymer template is able to produce asymmetric porous structure, 

which cannot be produced by silica templating to the best of my knowledge. Also, the 

polymer has a larger molecular weight compared to the commercial surfactant, which 
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means it can produce larger pore sizes in the structure. Larger pores sizes can have a 

beneficial effect on mass transport in aqueous electrochemistry. Another advantage of 

the polymer method is that to remove the silica template, hydrofluoric acid must be 

used, which is a dangerous chemical making it difficult to scale the process, while the 

polymer template can be removed by thermal treatment in inert or oxygen gas 

conditions, a relatively simple process without involving hazardous chemicals. 

 

Pd was chosen instead of Pt as catalyst to see if the effect of concave morphology was 

general or Pt specific. In addition, there was also a synthetic reason. Because the 

synthesis process requires Pd, and Pd will be contained in the porous catalyst no 

matter what atoms are used to be the catalyst. In this case, choosing Pt as catalyst will 

cause 3 types of atom exist in the catalyst. All of which are assumed to have influence 

on the activity, which makes the result analysis difficult. For simplicity, Pd is chose as 

the catalyst.  

 

Particles which have a similar porous structure and different Pd to Cu ratios are 

synthesized and tested in acidic and alkaline conditions to illuminate the effect of 

varying the alloy composition on the ORR activity in conditions similar as proton and 

anion exchange membrane fuel cells. The influence of Cu addition as well as the 

porous structure on the ORR activity in both conditions are discussed in this work. 

This new insight could benefit future catalyst design.  
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CHAPTER 2 

 

SYNTHESIS AND CHARACTERIZATION 
 

Formation of the Polymer Membrane Template 

The process known as self-assembly and nonsolvent induced phase separation (SNIPS) 

was used in this work to provide the polymer membrane template. Starting with the 

synthesis of the terpolymers, the poly(isoprene)-block-poly(styrene)-block-poly(4-

vinylpyridine) (ISV) triblock terpolymer was synthesized by anionic polymerization 

using procedures reported in literature12. The polystyrene block is hydrophobic while 

the poly-4-vinylpyridine block is hydrophilic. This combination forms an amphiphilic 

molecule that self-assembles in water. The polyisoprene block was added to 

mechanically support the template give its higher glass transition temperature than the 

polystyrene block and the poly-4-vinylpyridine block12.  The polymer used in this 

study has molar mass of 132 kg/mol, containing 20 wt% of polyisoprene, 64 wt% of 

polystyrene, and 16 wt% of poly-4-vinylpyridine. The polydispersity index (PDI) is 

1.2. 

 

The polymer was dissolved in 1,4- dioxane (DOX, Sigma-Aldrich, anhydrous, > 

99.9%, inhibitor free) and tetrahydrofuran (THF, Sigma-Aldrich, anhydrous, 99.8%) 

with a volume ratio of 7:3 and 11 wt% polymer concentration to form a clear, viscous 

liquid. The mixture (total volume of 1-1.5 mL) was subsequently stirred at 200 rpm 

overnight at room temperature.  After stirring, the solution was cast into a film on a 
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glass substrate in a humidity-controlled chamber, which had a stationary doctor blade 

and motors to control the motion of the glass substrate. The glass substrate and the 

doctor blade were clean with tetrahydrofuran and dried in air before each film casting. 

The height of the slit between the doctor blade and the glass substrate was measured 

by steel strips adjusted to a thickness of 0.305-0.381 mm. The humidity in the 

chamber was controlled at 40% RH by either purging with dry nitrogen or adding hot 

water to the chamber, depending on the ambient air condition. The terpolymer solution 

was transferred onto glass substrate (~500 µL) using a pipet to form a film. The film 

was allowed to evaporate for 100 seconds and was then plunged into a DI water (18.2 

MΩ) bath and was immersed for 6 minutes, precipitating a solid, white film. The 

polymer membrane was carefully removed from the glass substrate using a razor blade 

cleaned with DI water, and stored in fresh DI water. 

 

During the evaporation process, the solvent (DOX and THF) at the top layer of the 

film, which is exposed to air, evaporates faster than the solvent on the bottom of the 

film near the glass substrate, forming a concentration gradient along the film normal. 

Since water is a non-solvent for the polymer, when the film is plunged into water, the 

polymer precipitates, and the concentration gradient is “frozen-in” to the structure to 

form a structural gradient. The concentration of the polymer is higher on the top layer 

of the solution film, therefore, when the structure is frozen, the top layer of the 

membrane has larger filling fraction than the bottom. This creates a structural gradient 

along the film normal with smaller macropores on the film’s top and larger 

macropores (several micrometers in diameter) on the film’s bottom. The macropore 
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sizes and distribution are largely determined by the concentration of the polymer and 

the speed of non-solvent exchange. Evaporation time, polymer concentration, 

humidity and organic solvent ratio also influence on the macropore sizes and 

distribution. The graded structure also has mesopores in the macropore walls because 

the polymer forms micelles when dissolved in organic solvents that shrink in size in 

the nonsolvent. The leftover void space then forms a mesoporous (5-50 nm) structure. 

The micelle sizes are determined by the types of polymer used. Since a single type of 

polymer is used in this study, the micelle sizes are expected to be monodispersed, 

yielding mesopores with a similar diameter. Since the pore size is related to the 

polymer radius of gyration, the pore size can be tuned by using polymers with 

different molar masses. To summarize, this SNIPS process will transform a polymer 

solution into a polymer film with nearly monodisperse mesopores throughout the 

structure and macropores from small to large along the film normal. This polymer film 

will serve as template for making porous Pd-Cu. 

 

Figure 3 The SEM image (Tescan Mira3 FESEM) of cross section of a polymer membrane. 
This membrane is prepared by using 12 wt% solution and a 90 s evaporation time.  
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Formation of the Porous Pd-Cu 

The porous Pd-Cu was made by first introducing the palladium and copper using 

electroless plating followed by template removal based on literature methods.13 The 

polymer template was immersed in an aqueous solution containing 0.0011 M 

palladium  (II) chloride (Sigma-Aldrich, ReagentPlus®, 99%) and 0.15 M 

hydrochloric acid (VWR Chemicals BDH, ACS Reagent, 6M) for 1 hour at room 

temperature, causing the polymer membrane to be slightly yellow colored. During this 

process, the Pd2+ ions complex with the pyridine structure on the polymer membrane. 

HCl was added to aid the dissolution of PdCl2. Then, the membrane was carefully 

rinsed with DI water and was put into the Cu plating solution. The solution was made 

by mixing 0.01 M copper sulfate (Copper sulfate pentahydrate, Aldrich Chemical Co., 

99.995% trace metals basis), 0.15 M borane dimethylamine complex (DMAB, Borane 

dimethylamine complex 97%, MILLIPORE-SIGMA), 0.035 M 

ethylenediaminetetraacetic acid (Sigma-Aldrich, BioUltra, anhydrous, > 99%, 

titration), and 0.38 M triethanolamine (Triethanolamine 99.0% (GC), MILLIPORE-

SIGMA) in DI water. The borane dimethylamine complex has an odor and produces a 

gas upon dissolution. After complete dissolution, the solution pH was adjusted to 7.5 

(measured by Thermo Scientific Orion Star A215 pH meter) by adding phosphoric 

acid drops to the solution. Then, the solution was kept in 4 °C fridge until it reached a 

constant temperature. When the solution temperature stabilized at 4 °C, the polymer 

membrane was transferred from the palladium bath to the Cu solution, and the mixture 

was kept in fridge under 4 °C condition for 20 minutes, yielding a soft and flexible Cu 

colored membrane. During the plating process, the borane dimethylamine complex is 
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the reducing agent which quickly reduces the Pd2+ to Pd0, causing the polymer 

membrane to turn black and generating bubbles. Then, the DMAB reduces Cu2+ to Cu0 

with Pd serving as a catalyst. The polymer membrane gradually changes color from 

brown to copper color, with bubbles generated as the Cu is reduced. 

Ethylenediaminetetraacetic acid can complex with copper ions to reduce the reaction 

speed. In addition to that, the reaction needs to be kept at 4 °C, otherwise Cu will 

reduce too quickly, causing the metal structure to not reproduce the mesostructured 

template. Triethanolamine was added to help the solution wet the pores of the template. 

The pH of the solution must be adjusted using phosphoric acid to provide a stable 

condition for DMAB and serve as a buffer.  

 

After the plating process, the metal polymer hybrid membrane was extensively 

washed with DI water and wiped dry. The membrane was then put in between two 

PTFE plates (~0.5 cm thick, with slight vertical curvature) which cover the whole 

membrane. This structure was put inside a vacuum oven (Yamato ADP31 vacuum 

oven and Edwards RV8 vacuum pump) overnight at room temperature. This procedure 

ensures the removal of residue water inside the membrane structure so the membrane 

can be stored for months without rusting. The PTFE plates keep the membrane flat 

during the procedure, otherwise the membrane tends to roll because of the asymmetric 

structure. The membrane was then stored dry under ambient condition.  

 

The polymer template was removed using heat treatment to form a freestanding Pd-Cu 

porous structure. To demonstrate that the heating procedure is able to remove the 
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polymer template, thermogravimetric analysis (TA Instruments Q50 

thermogravimetric analyzer) was conducted under an Ar flow (Figure 4).  The result 

shows that 600 °C for 3 hours treatment can decrease the sample mass and leads to a 

stable mass plateau. Higher temperatures cause an increase in sample mass, possibly 

due to small air leaks which cause the samples to oxidize. Based on the TGA finding, 

600 °C was used for all subsequent template removal. The membrane was placed 

between graphite boards, similarly to the PTFE mentioned previously, and placed in a 

furnace boat in a quartz tube.   

 

The tube was heated under an Ar flow (6 L h-1, Airgas, high purity) to 600 °C at a rate 

of 1 °C/min, held at 600 °C for three hours, and cooled to room temperature under 

ambient conditions (4-5 h). The resulting porous Cu samples were dark brown with a 

smaller diameter compared to the metal polymer hybrid, consistent with the 

substantial material loss. 

 

Figure 4 TGA analysis. Samples heated under an Ar flow to 600 °C at 1 C/min, held 3 h, then 
to 800 °C over 2h, held for 1 h, then finally to 1000 °C over 2 h and held for 1 h.  
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The next step is to perform galvanic exchange to introduce Pd to the sample. The 

samples were put in Pd2+ solution with different concentrations, reaction times and 

temperature to control the amount of Pd introduced into the system. Specifically, three 

experiments were conducted: 0.02M Pd2+ at room temperature for 30 min, 0.005M 

Pd2+ in an ice bath for 1 min, and 0.002M Pd2+ in an ice bath for 1 min. After each 

experiment, the black samples were carefully washed with water. After drying, the 

compositions of the samples were analyzed using inductively-coupled plasma atomic 

emission spectroscopy (ICP-AES).  The samples were digested using boiling aqua 

regia (HNO3 (Nitric acid 68,0 - 70,0%, GR ACS, EMD Millipore) and HCl (Beantown 

Chemical, 36.5% min, 99.999%, trace metals basis), volume ratio 1 to 4), for 16 hours. 

During this process, freshly prepared aqua regia was added to the solution when the 

yellow color of the solution diminished. A blank sample was also necessary since 

metal ion impurities exist in both acid stock solutions. It was prepared by boiling aqua 

regia of the same amount without the addition of the porous sample. Since the blank 

sample contains relatively small amount of Cu and Pd ions compare to the digested 

samples, the Cu2+ and Pd2+ ratios in the digested solutions were used as the 

composition. The results as atomic percentages are: 32% Pd and 68% Cu, 27% Pd and 

73% Cu, and 23% Pd and 77 % Cu, respectively. The Pd Cu atom mixture are 

expected to be not homogeneous. Transmission electron microscope (TEM) and high 

resolution energy-dispersive X-ray spectroscopy (HR-EDS) should be used to gain 

more insight about the distribution of the copper and palladium atoms.  
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Morphology of the Porous Pd-Cu 

 

 

 
Figure 5 SEM images of samples with different Pd percentage. a): cross section of the sample 
flakes. b) c) d): zoom in images of the macro-pore walls of the three samples Pd-Cu with 
different compositions. 
 

Scanning Electron Microscopy (Zeiss Gemini 500) were used to observe the porous 

structure of the Pd-Cu samples. The cross-section image shows that the sample flakes 

have smaller macropores on one side and larger macropores on the other side, while 

the high magnification images show the mesoporous structure of all three Pd-Cu 

samples, with approximately 40 nm pore sizes. Some overgrowths were observed in 

Figure 5 d. This is possibly cause by high temperature during the electroless plating 

process. 
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Porosity of the Porous Pd-Cu 

 

 

Figure 6 Left: N2 absorption BET isotherm. Right: Pore size distribution from BJH analysis. 
 

Two methods were used to quantify the porosity and surface area of the Pd-Cu sample. 

Nitrogen absorption analysis (Micrometrics ASAP 2020 at 77 K. The sample was 

degassed at 120 19 °C for six hours under vacuum prior to measurement) was 

performed on the Pd0.32Cu0.68 sample with the Brunauer–Emmett–Teller (BET) 

method.  Samples were prepared for N2 adsorption by directly putting Pd-Cu flakes in 

the glass sample holder. The adsorption isotherms show typical type IV behavior with 

H1 type hysteresis, consistent with significant mesoporosity. The pore size distribution, 

determined by the Barrett-Joyner-Halenda (BJH) method, showed that most of the 

pores have diameter 30-40 nm, consistent with the SEM images. The surface area 

from BET analysis is 211 m2/g for the Pd0.32Cu0.68 sample, unexpectedly high for a 

metal sample with 30-40 nm pores possibly because of substantial microporosity. 
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Figure 7 CO-stripping of the three samples Pd-Cu with different compositions and Pd/C. The 
dashed lines are the CV in Ar while the solid lines are the first CV cycle after CO adsorption 
and Ar purging. 
 

CO-stripping experiments were also conducted to evaluate the electrochemical surface 

area (ECSA) of the samples in the same electrolyte environment (0.1 M HClO4) as the 

oxygen reduction reaction (ORR) experiment conditions. For the details of 

electrochemical cell setup, please see Chapter 3. First, the cell was purged with Ar 

(Airgas, ultra-high purity) for 20 minutes and CV scan of 20 mV/s were recorded. 

Then, the working electrode was held at 0.4 V vs RHE, and the cell was purged with 

CO (Airgas, ultra-high purity) for 20 minutes follow by Ar purging for 40 minutes. 

After that, a CV scan was recorded by first scanning to 0.05 V vs RHE then to 1.2 V 

vs RHE at 20 mV/s. The CO stripping integrated area was calculated by subtracting 

the suppressed oxide formation area (around 0.7 V vs RHE) from the CO oxidation 
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area (around 0.9V vs RHE)14. Specific charge of 410 μC cm−2Pd was used to calculate 

the ECSA15.  

 

When the cell was purged with carbon monoxide, CO is absorbed on Pd surface. The 

cell was then purged with Ar to get rid of the excess carbon monoxide in the solution. 

A relatively long purging time (compared to literature14) of Ar and CO were used in 

order to allow CO have enough time to diffuse into and out of the pores. The hydrogen 

absorption/desorption region and the oxide formation around 0.7 V vs RHE was 

suppressed in the CO stripping CV, while the big peak at around 0.9 V vs RHE is the 

oxidation of the CO absorbed on the surface. The ECSA calculated from this 

measurement is 19.5 m2/g for the Pd0.32Cu0.68 sample, 10x lower than the area from the 

BET analysis possibly because the micropores cannot be wet by the aqueous 

electrolyte.  

 

Crystallinity of the Porous Pd-Cu 

The phase diagram of Cu-Pd is shown in Figure 816. At any given composition, copper 

and palladium can form solid solution in room temperature. However, other phases 

can form during the cooling process from 600 °C to room temperature. If the cooling 

rate is too high, then these phases could possibly be kinetically trapped in the samples. 

X-ray diffraction experiments result are shown in Figure 9. Both Pd and Cu and the 

alloy phase form a face centered cubic structure, with diffraction peaks from (111), 

(200), (220), (311), and (222) crystal planes. For all three samples, only one set of the 

peaks were observed, indicating that most of the copper and palladium is in a single 
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alloy phase. The peak at 40° in Pd0.23Cu0.77 has a small shoulder on the right and small 

peaks at 60° and 80°, which might indicate that there is minor amount of different 

phase in the sample, possibly Cu3Pd. For Pd0.27Cu0.73, the peak positions are between 

the Cu and Pd standard, indicating formation of an alloy phase. In addition, the peaks 

shift to lower angles as more Pd is added (from Pd0.23Cu0.77 to Pd0.32Cu0.68), consistent 

with a larger lattice parameter, as expected.  

 

 

 

 

Figure 8 Cu-Pd diagram16 from literature. 
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Figure 9 X-ray diffraction of the three Pd-Cu samples. Turquoise lines on the top indicate peak 
positions from copper (PDF no. 00-001-1241). Purple lines on the bottom indicate peak 
positions from palladium (PDF no. 00-001-1201). 

 

 

 

 

 

 

 

 

 

 

Possible Cu3Pd 
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CHAPTER 3 

 

ELECTROCHEMISTRY OF THE PALLADIUM-COPPER 
 

 
Electrochemical Methods 

All electrochemical experiments are conducted using the following setup: Cell (Cell 

for rotating electrodes features five round glass ports, 150 mL, Pine Instrument) , 

modulated speed rotator (Pine Instrument), working electrode (E5TQ ChangeDisk 

RDE Tip PTFE with mirror polished glassy carbon disk insert, Pine Instrument), 

counter electrode (Platinum wire), reference electrode (Single junction silver/silver 

chloride reference electrode filled with 4M KCl solution, Pine Instrument), gas tube 

(PTFE), with the end of the tube close to the bottom of the cell, potentiostat (Sp300, 

Bio-Logic). Before the experiment, the cell was boiled in dilute nitric acid (68,0 - 

70,0%, GR ACS, EMD Millipore) until no visible gas bubbles generated from the 

surface of the glass. Then it was washed with ample amount of DI water (18.2 MΩ). 

Before put in the cell, gas tube, counter electrode, reference electrode was washed 

with DI water and were dried in nitrogen flow. HClO4 or KOH were used for making 

electrolyte.  

 

The GCE working electrodes were polished using three alumina suspensions with 

particle sizes of 1 μm, 0.3 μm, and 0.05 μm. Between each polishing step, the 

electrodes were sonicated in DI water twice for 10 minutes. The electrodes were then 
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dried in nitrogen and placed inside a 500 mL beaker (disk side up) with two vials of 

water (approximately 15 mL).  

 

To prepare the catalyst inks, the sample flakes were ground with a mortar and pestle 

and mixed with DI water and isopropanol (4:1, v/v) as well as acetylene black to a 

concentration of 0.5 mg/mL, and then the mixture were sonicated for 20 minutes in 10 

minutes intervals.  

 

Catalyst films were made by pipetting the inks (18 μL) onto the glassy carbon disks 

and placing them under a beaker. The evaporation rate was controlled by including 

two water vials under the beaker – one with hot water and another vial of room-

temperature water. Generally, it took approximately 24 hrs for the ink to dry and form 

a film on top of the glassy carbon.  

 
Cyclic Voltammetry Before and After Additional Heat Treatment 

Cyclic voltammetry experiments (10 mV/s, Ar-sat.) were conducted to characterize 

the electrochemical response of the catalyst in acidic conditions. Two CV features 

were expected from the Pd-containing samples: hydrogen absorption / desorption 

peaks at around 0.2 V vs RHE, and oxide formation / reduction peaks above 0.6 V vs 

RHE. Initially, however, neither feature was observed. The CV instead showed a 

substantial reduction current below 0 V vs RHE possibly comes from hydrogen 

generation due to water decomposition, and a broad peak in the forward scan possibly 

come from oxidation of the hydrogen gas which accumulates around the electrode. 
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Although there was Pd in the samples, confirmed by ICP characterization, the CV 

result was not as expected. Two possible reasons for this discrepancy are that the Pd is 

not completely crystalline or that the sample surface is not clean. To address these 

possible problems, additional heat treatments were performed on the samples.  

 

Higher temperature (800 °C and 1000 °C instead of the original 600 °C were used) in 

both argon and ambient air were used to test the hypotheses. As shown in Figure 10, 

the 800 °C treatment in argon didn’t improve the result because no peaks were 

observed in backward scan of the CV. Therefore, even higher temperature was used. 

When the samples were heated at 1000 °C in Ar, the hydrogen and oxide peaks appear, 

however, the oxide formation peaks are obviously larger in area than the oxide 

reduction peak. This phenomenon usually means that there are some impurities in the 

system which are irreversibly oxidized. Therefore, it is possible that the sample 

surface is not clean, so heat treatments in air were used to try to oxidize the impurities 

on the surface. The 1000 °C treatment in air led to an almost featureless result, 

however, possibly because the heating temperature was too high and it completely 

oxidized all the metals. In this case, the electrochemical test might reduce the metals 

to an amorphous form, which would give a featureless CV. Therefore, lower 

temperature treatments in air were tried and the result shows the hydrogen 

absorption/desorption region and oxide formation reduction region as expected. Based 

on these results, we hypothesize that although the 600 °C treatment appears to be 

enough to remove the polymer template due to the mass plateau in the TGA analysis, 

this process might not be 100% efficient. Small amounts of polymer residue might still 
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exist on the catalyst surface, causing the samples without additional heat treatment to 

give a CV without specific features. Additional 600 °C treatment in air would the 

remove the remaining organic impurities, leading to the expected CV.  

 
 

 
 
Figure 10 CV of Pd0.32Cu0.68 in 0.1M HClO4, Ar saturated, with 50 wt% acetylene black. a) 
without additional treatment b) heat treated at 800 °C, 1 h in Ar c) heat treated at 1000 °C, 1 h 
in Ar d) heat treated at 1000 °C, 1 h in air e) heat treated at 600 °C, 1 h in air 
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Optimize the Ink Formulation and Evaporation Condition 

The samples heated at 600 °C in air were used to measure the ORR activity with the 

rotating electrode setup. By rotating the electrode, constant flux was created in the 

electrolyte, which allows mass transport influence to be decoupled with kinetics, 

according to Levich equation17.  
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As the potential is scanned in the negative direction, we expected the resulting current 

to have two regions: a region with increasing reduction current due to greater 

overpotential driving force, and a region where the current stays constant when the 

system reaches the diffusion limit. However, the observed results show a changing 

‘limiting current’. Gasteiger et al. provided a possible explanation14: the oxygen 

reduction reaction can happen via two pathways 18: the “4-electron” pathway, where 

the oxygen is reduced by four electrons to directly form water, and the “2-electron” 

pathway, where the oxygen molecule is first reduced by the addition of 2 electrons and 

form the intermediate hydrogen peroxide,  then this intermediate is reduced by another 

2 electrons to form water. However, if the catalyst used in the reaction (in this case the 

film on the GCE) has low active site density, the intermediate hydrogen peroxide 

might diffuse away from the electrode and not get fully reduced, leading to a smaller 

reduction current. When the potential is scanned to more negative values, the reaction 

rate of absorbed oxygen converting to hydrogen peroxide reaction rate will become 
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faster, opening up the active center more quickly and causing more hydrogen peroxide 

to be reduced. Therefore, as the potential is scanned to more negative values, the 

limiting current will first appear to be smaller than expected before then gradually 

become larger, as shown in the results. Two possible reasons could cause a film with 

low active site density: either the catalyst particles have a low number of active sites 

or a large fraction of the active sites are buried in the film and not exposed to the 

electrolyte.  

 

Different ink formulations were tried to examine whether the second hypothesis is the 

reason for these results. Acetylene black was added to the ink to help the catalyst 

particles disperse during the drying progress. Initially, 50 wt% acetylene black with 

respect to the catalyst particles was used arbitrarily, and the result shows a changing 

limiting current. To improve the limiting current behavior, different acetylene black 

quantities were subsequently tried. At 12 wt%, the limiting current shows a larger 

change than the 50% samples while the 25 wt% samples alleviated the problem, but 

the limiting current is still not flat. At 35 wt%, though, the samples have a limiting 

current as expected. The initial sample has more acetylene black than the 35 wt% 

sample, however, the limiting current is not constant, indicating that there is an ideal 

loading of catalyst particles on acetylene black. Our hypothesis based on these results 

is that if too little acetylene black is used, the catalyst particles will aggregate and not 

cover the whole glassy carbon surface. In this case, hydrogen peroxide would have a 

larger chance of diffusing away to the bulk since it would need to diffuse a large 

distance to be in contact with another catalyst particle. If too much acetylene black 



31 

were added, though, it could block most of the catalyst surface, reducing the available 

active site density.  

 

Figure 11 ORR of Pd0.32Cu0.68 sample and Koutecky–Levich analysis. a) with 12 wt% 
acetylene black b) 25 wt% c) 35 wt% d) 50 wt% e) Koutecky–Levich analysis on 25 wt%, 35 
wt%, and 50 wt% at 0.7 V 
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Koutecky–Levich analysis were performed on the 25 wt%, 35 wt% , 50 wt% samples 

to extract the number of electrons in the reaction to see whether the loss of hydrogen 

peroxide intermediates is the reason for the changing limiting current – the value 

would be less than 4 if partial reduction happened during the reaction. The limiting 

current for 400, 900 and 1600 rpm at 0.7V vs RHE were fitted to the following 

Koutecky–Levich equation: 

 

  

where F is Faraday constant, Do is the diffusion coefficient of oxygen, υ is viscosity of 

the solution, and C0 is the solubility of oxygen in electrolyte. The number of electrons 

n were extracted from the slope. The values of other constants were extracted from 

literature19. For 25 wt% , 35 wt% and 50 wt% samples, the number of electrons were 

3.65, 3.95, 3.88, respectively. The sample with a flat limiting current has the number 

closest to 4. The analysis supports the hypothesis that the changing limiting current is 

due to incomplete reduction of the oxygen. The 35 wt% sample also has the lowest y-

intercept of the three, which means it has the highest kinetic activity. This indicates 

that higher activity can be observed from the ink with the optimized ink formulation, 

compared to other inks made from the same catalyst particles.  

 

The evaporation conditions of the inks were also optimized. The criteria of a good film 

are that it should cover the entire glassy carbon surface and that it has a homogeneous 
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black appearance. The sample flakes were ground with a mortar and pestle to generate 

the catalyst particles, therefore, they are expected to have a larger size (5 to 50 μm in 

diameter, observed in SEM) compared to catalysts based on Vulcan® (nm in diameter). 

Longer evaporation times should be used to achieve a homogeneous growth of the 

film and avoid particle aggregation. Inks with low carbon loading cannot cover the 

entire surface even if long evaporation times (over 48 hours) were used. But after trial 

and error, good films were achieved from inks with moderate to high carbon loadings 

using ~ 24 hour evaporation times.  The evaporation was done in a bottom-up 500 mL 

beaker, and the atmosphere inside the beaker is connected to the ambient atmosphere 

through the nozzle of the beaker. A vial of hot water (DI water heated above the 

boiling point) was put inside the beaker to achieve slow evaporation by generating a 

humid environment inside the beaker. Initially, steam will rapidly form on the inside 

of the beaker, then the humidity will slowly decrease by convection with the ambient 

gas through the beaker nozzle, and the steam inside the beaker as well as the ink will 

gradually dry during this time. Good films were generated in a reasonable time with 

15 mL of hot water in 20 mL scintillation vials. During the experiment, small droplets 

might form on the beaker wall and drop on to the electrode. Therefore, the inside of 

the beaker needs to be thoroughly cleaned with DI water before the experiment in 

order to keep the electrode clean.  

 
The CV and ORR from Optimized Ink and Evaporation Condition 

The CV in Ar and ORR from the optimized ink of the three porous Pd-Cu samples and 

evaporation condition are recorded in 0.1M HClO4 at 10 mV/s. A 36 wt% Pd/C 
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sample was also tested as a reference. The cyclic voltammograms of the four samples 

show similar features: the peaks around 0.2 V vs RHE, which are the hydrogen 

absorption/ desorption peaks, and the peaks above 0.6 V vs RHE, which are the oxide 

formation/ reduction peaks. The slightly asymmetric hydrogen peaks might result from 

hydrogen insertion into the palladium lattice, which can be considered irreversible on 

the time scale of the CV test. The oxide formation peak in the forward scan is a long, 

broad peak which appears to consist of two parts, possibly indicating that the process 

is kinetically slow and that two facets contribute to this reaction. The oxide reduction 

peaks in the backward scan are sharp, indicating the reduction is favored over the 

oxidation process, which is expected with a noble metal. The peaks at around 0.1V vs 

RHE are believed to involve hydrogen. In the reverse scan, the rapidly increasing 

reduction current might be from water splitting, which would generate hydrogen 

around the working electrode. In the forward scan, the hydrogen molecules are 

oxidized and rapidly depleted, which causes a spike in oxidation current. For the tests 

of the three Pd-Cu samples, the same scan rate and acetylene black loading were used. 

Therefore, the double layer region (0.4 to 0.6 V vs RHE) is expected to be similar, 

consistent with our observations.  

 

The ORR plots also show similar features for the four samples. The limiting current is 

proportional to the square root of rotating rates (400, 900, 1600 rpm), as indicated by 

the Levich equation17. The forward scan and the reverse scan have two crossover 

points at around 0.75V and 0.95V. This phenomenon might be caused by different 

surface states of the Pd between a reduced to oxidized scan and a oxidized to reduced 
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scan. The small loop at around 0.3 V vs RHE in some results might be from the 

hydrogen absorption/desorption, According to the CV results in Ar, hydrogen 

absorption/desorption starts at around 0.3 V vs RHE, and hydrogen might be small 

enough to be able to reach the catalyst surface even with rapid oxygen diffusion to the 

electrode. Another observation is that the limiting current at 1600 rpm is not perfectly 

flat. Besides the film quality issue mentioned above, another explanation for this 

phenomenon is that reduction products generated in the pores are relatively difficult to 

diffuse to the bulk compare to those generated on the surface, which could also 

temporarily affect the number of available active sites and cause a small slope of the 

limiting current. 

 

Figure 12 Ar CVs of porous Pd-Cu samples and Pd/C in 0.1M HClO4.  



36 

 

Figure 13 ORR of porous Pd-Cu samples and Pd/C in 0.1M HClO4. 
 

The CVs of porous Pd-Cu samples in alkaline conditions are different than those in 

acid conditions. Specifically, the CVs in alkaline have a different oxide formation 

region and hydrogen absorption/desorption peaks are not observed. The oxide 

formation in acid conditions starts at 0.7 V vs RHE, but in alkaline it begins at 0.8 V 

vs RHE. Also, the shape of the oxide formation peaks in acid and alkaline are different. 

This might indicate different reaction kinetics in the two different environments. The 

positions of the oxide reduction peaks are basically unchanged, however, possibly 

suggesting that Pd has a greater tendency to reach the reduced state, despite the 

changes in the reaction conditions. In alkaline conditions, hydrogen peaks are not 



37 

observed from the Pd-Cu samples, which might suggest that the surface of the catalyst 

is different compared to acid conditions. A bump is observed in the reverse scan of 

Pd0.23Cu0.77 (0.4 to 0.6 V vs RHE, while in the same potential window of the 

Pd0.32Cu0.68 and Pd0.27Cu0.73 CV result, a gradual change in reduction current is 

observed. These might come from the reduction of Cu20. However, in the acid CV 

scans, none of these three samples show this reduction peak tail. Possible explanations 

are: Cu reduction has different kinetics in acid and alkaline solutions, or in acid 

conditions, Cu on the surface is etched out, and the surface consists of only Pd. while 

in alkaline conditions, the surface consists of Pd-Cu. The Pd/C CV in alkaline shows 

two peaks in the forward scan (0.45 V and 0.58 V vs RHE). These peaks can be 

attributed to the hydrogen absorption on Pd(111) and Pd(100) crystal planes, 

respectively21.  

 

The ORR activity in alkaline also shows some differences compare to the acid 

experiment. The limiting current of the forward and reverse scan has a larger 

difference than in acid. This might be due to stronger absorption of the electrolyte or 

slower ion movement in alkaline conditions. Both effects will cause a larger double 

layer charging current during the voltammetry scan.  The slower ion movement 

hypothesis was supported by the observation that the resistance in alkaline is larger 

than that in acid (~60 Ω in alkaline compared to ~ 30 Ω in acid when using the same 

electrode). Also, in the small reduction current region, for Pd/C in alkaline and all four 

results in acid, the reduction current at 1600 rpm is larger than 900 rpm, which is then 

larger than 400 rpm. For the three porous Pd-Cu results in alkaline, however, this 
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relationship is inverted. Since the experiment are conducted as 1600 rpm, 900 rpm, 

then 400 rpm chronologically, this inverse relationship seems to indicate that the 

samples slowly become more active. However, if the samples are continuously cycled 

at 1600 rpm, they very slowly become less active, as expected. Therefore, another 

hypothesis is still needed to explain the phenomenon that in small reduction current 

region, 400 rpm result is more active than 1600 rpm result.  

 

 

Figure 14 Ar CVs of porous Pd-Cu samples and Pd/C in 0.1M KOH.  
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Figure 15 ORR of porous Pd-Cu samples and Pd/C in 0.1M KOH. 
 

The kinetic currents were extract using the Levich equation17 at 0.9 V and 0.85 V vs 

RHE, assuming the limiting current is the average of the current between 0.3 and 0.4 

V vs RHE for the positive scans22. The kinetic currents were normalized by Pd mass 

(from ICP) or electrochemical surface area (from CO stripping) and were compared to 

the activity of the Pd/C standard. Figure 16 summarized the mass and specific activity 

of the three samples with different Pd concentrations. The mass and specific activities 

appear to increase with the increasing Pd concentration in acidic conditions (0.1M 

HClO4). In addition, porous Pd-Cu has comparable or higher activity than Pd/C in 

acidic condition. Pd/C mass activity at 0.9 V vs RHE is 30 mA mg-1Pd, which is half 
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the activity of Pd0.27Cu0.73 and Pd0.32Cu0.68, which are 61 and 64 mA mg-1Pd. The same 

can be said to Pd/C mass activity at 0.85 V vs RHE, which is 174 mA mg-1Pd, also 

about half the value of the porous Pd-Cu activities. The porous Pd-Cu samples also 

have higher specific activities than Pd/C. The specific activity of Pd/C at 0.9 V vs 

RHE is about 0.07 mA cm-2ECSA, which is half of the Pd0.32Cu0.68 specific activity. 

Pd/C has an activity of 0.39 mA cm-2ECSA at 0.85 V vs RHE, which is lower than all 

three samples and about one third of the activity of Pd0.32Cu0.68.  

 

 

Figure 16 ORR mass activity and specific activity of Pd0.23Cu0.77, Pd0.27Cu0.73 and Pd0.32Cu0.68 
versus Pd percentage. In acid and alkaline. Triangles are activities at 0.85 V vs RHE, balls are 
activities at 0.9 V vs RHE. Colors are used to differentiate among the samples.   
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In alkaline, the trend among the sample composition and activity versus Pd/C is 

different than in acid. The mass activities in alkaline environments seem to have an 

inverse v shape relation versus Pd concentration in sample. The Pd0.27Cu0.73 samples 

show larger activity than Pd0.23Cu0.77 and Pd0.32Cu0.68 samples, while the specific 

activities in alkaline decrease with increasing Pd concentration in the samples. Also, 

the Pd/C mass activity at 0.9 V vs RHE is 435 mA mg-1Pd, which is about two times 

the activities of the Pd0.23Cu0.77 and Pd0.32Cu0.68 samples. Pd0.32Cu0.68 also has half the 

activity of Pd/C at 0.85 V vs RHE, the latter reached 1209 mA mg-1Pd while 

Pd0.27Cu0.73 has comparable mass activity with Pd/C at both potentials. Based on the 

specific activity trend in alkaline, Pd0.23Cu0.77 has the highest specific activity among 

the three samples, and it is higher than Pd/C at 0.85 V vs RHE by about one fifth of 

that value (2.74 mA cm-2ECSA). However, its activity at 0.9 V vs RHE is only 2/3 the 

value of Pd/C (0.99 mA cm-2ECSA). Pd0.27Cu0.73 has 3/4 the activity of Pd/C at 0.9 V vs 

RHE and Pd0.32Cu0.68 has about ½ the activity of Pd/C at both potentials.  

 

The porous Pd-Cu samples are more active in acid than in alkaline compared to Pd/C. 

Also, there was a positive correlation between the specific activity and the Pd 

concentration in acidic conditions, while this correlation becomes negative in alkaline. 

These phenomena can be explained by the same hypothesis proposed previously, 

which is that the active surface is different in acid and alkaline conditions because Cu 

leaches out in acid, but not in alkaline. In acid, the catalyst surface is composed of Pd 

layer on top of a Pd-Cu alloy. Since there is more Cu than Pd in all the three samples, 

Cu dissolution might cause considerable microstructural changes, such as leaving the 
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remaining Pd in an amorphous state or Pd detachment. Both of these effects will 

decrease the activity. Under these assumptions, the more Pd in the samples, the less 

these two effects influence the sample after Cu is leached out. So, samples with a 

higher concentration of Pd will give higher specific activity in acid. After Cu leaching, 

more concave Pd surfaces will also be generated. Combined with the concave surface 

from the porous structure, this can lead to high activity per surface atoms. This is a 

possible explanation for why the porous Pd-Cu samples are higher in specific activity 

than Pd/C in acid. The mass activity can be considered as a combinative effect of 

surface Pd / bulk Pd ratio and the activity per surface atoms. So, the ratio of mass 

activity to specific activity brings more insight about surface Pd / bulk Pd ratios. At 

0.9 V vs RHE, the specific activities of Pd0.32Cu0.68 and Pd0.27Cu0.73 are two times that 

of Pd/C, while Pd0.23Cu0.77 is comparable. The mass activity of the porous samples and 

Pd/C also have a similar relationship. Namely, Pd0.32Cu0.68 and Pd0.27Cu0.73 are twice 

as active as Pd0.23Cu0.77 and Pd/C. The mass to specific activities ratios of these 

samples are similar. Therefore, surface Pd / bulk Pd ratios of the porous samples can 

be proposed to be similar of that of Pd/C, after the Cu leaching. Which means that 

before Cu leaching, the porous samples have more Pd in the bulk.  

 

In alkaline, porous Pd-Cu samples are less active than Pd/C, and more Cu in the 

sample benefits the activity. The addition of transition metal atoms to noble metals 

could shift the d-band structure and the distance between catalyst atoms. Both effects 

can benefit the specific activity23, which would lead to samples with more Cu having 

higher activity. However, all three samples have lower specific activities than Pd/C. 
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Two reasons are proposed: Although the activity of Pd atoms are enhanced, the nearby 

Cu could cause steric hindrance to the absorbed species since there is more Cu than Pd 

in the samples. In addition, these specific activities are calculated using the surface 

area from acidic CO stripping. Cu might leach out in acidic conditions which will lead 

to a higher surface area than in alkaline. In this case, the normalized currents would be 

underestimated. The mass activities of the porous samples in alkaline are lower than 

Pd/C activity as expected, because of the smaller specific activities and smaller surface 

Pd / bulk Pd ratios before Cu leaching.  

 

The hypothesis of Cu leaching can be tested by HR-EDS on the samples before and 

after acid tests or by an ICP test on the electrolyte after a sample test in acid, or by 

measuring a CV / ORR scan in alkaline on the samples which were tested in acid. CO 

stripping in alkaline can also be used to demonstrate that the surface areas are different 

in acid and in alkaline. 
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APPENDIX 

 

0.1M HClO4 

Mass activity  

i (mA mg-1Pd) 

Specific activity  

i (mA cm-2ECSA) 

0.90V vs RHE 0.85V vs RHE 0.90V vs RHE 0.85V vs RHE 

Pd0.23Cu0.77 33±10 318±94 0.09±0.03 0.87±0.26 

Pd0.27Cu0.73 61±10 433±88 0.12±0.02 0.84±0.17 

Pd0.32Cu0.68 64±11 503±147 0.15±0.02 1.14±0.33 

Pd/C 30 174 0.07 0.39 

 

0.1M KOH 

Mass activity  

i (mA mg-1Pd) 

Specific activity  

i (mA cm-2ECSA) 

0.90V vs RHE 0.85V vs RHE 0.90V vs RHE 0.85V vs RHE 

Pd0.23Cu0.77 249±197 1175±480 0.68±0.54 3.20±1.31 

Pd0.27Cu0.73 389±57 1379±170 0.75±0.11 2.67±0.33 

Pd0.32Cu0.68 207±120 764±665 0.47±0.27 1.73±1.50 

Pd/C 435 1209 0.99 2.74 
 

Table 1 ORR mass activity and specific activity of Pd0.23Cu0.77, Pd0.27Cu0.73, Pd0.32Cu0.68  and 

Pd/C in acid and alkaline.  
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CHAPTER 4 

 

CONCLUSION 

 
Hydrogen fuel cells are a promising technology because they represent an 

environmentally friendly, sustainable was of converting energy for mobile 

applications.24 One of the major problems hindering the application of fuel cells is the 

significant voltage loss during operation4, which is largely caused by the low activity 

of the cathodic catalyst. Multiple ways of improving the catalyst activity, both per 

mass and per surface area (the ‘specific activity’), have been proposed in previous 

works including alloying, designing core-shell structures, or using porous 

morphologies, among others. In this work, we combine these two of these strategies, 

alloying multiple metals and using a porous morphology, to develop a new and 

efficient catalyst as well as to gain new insight into the role of these two tuning 

strategies. Porous Cu catalysts were synthesized by block copolymer templating 

followed by electroless plating. Galvanic displacement with different temperatures, 

duration and ion concentrations were used to synthesize the final porous Pd-Cu 

catalysts with different Pd-to-Cu ratios. The composition of each sample was 

characterized by ICP and the porous morphology was confirmed by SEM while the 

surface area was analyzed by N2-sorption and CO-stripping. XRD was also used to 

characterize the crystallinity of the samples. The electrochemical response was 

improved by additional heat treatment in air at 600 °C to remove possible surface 

contaminants and the ORR performance was optimized by changing the acetylene 
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black loading in the inks as well as the evaporation conditions. The ORR performance 

of each composition was tested in 0.1M HClO4 and 0.1M KOH and was compared to 

the activity of Pd/C nanoparticles. In acid, samples with high Pd-to-Cu ratios are more 

active, and all samples showed comparable or higher specific and mass activity than 

the Pd/C standard. In alkaline, samples with high Cu-to-Pd ratios are more active, but 

all samples showed lower activity than the Pd/C standard. The different trend in acid 

and alkaline environments could be explained by Cu leaching in acid which will lead 

to more concave surface sites, improving the activity compared to Pd/C. However, 

leaching will also cause structural changes which will affect the activity. In alkaline 

electrolytes, the active surface is a Cu-Pd alloy, and while higher Cu concentrations 

could benefit the activity through the electronic and strain effects, Pd active sites could 

suffer from steric hindrance caused by Cu, making it less active than Pd/C. This 

hypothesis can be tested by further experiments, e.g. alkaline tests with catalysts 

which were pre-leached in acid. The project shows that the ORR activity of Pd-based 

alloy catalysts can be increased with porous morphologies and provides more insight 

into how alloying can benefit ORR performance.  

 

CO2 reduction selectivity towards valuable products such as ethylene and ethanol can 

also benefit from porous morphologies or other mesoscale structures, as demonstrated 

by De Luna et al.25, Kim et al.26, and Dutta et al.27  The graded porous Cu that can be 

synthesized using the same polymer templating method could cause a similar 

enhancement due to intermediate trapping in mesopores and fast diffusion through 
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macropores. Combined with parameters such as temperature, overpotential and 

electrolyte concentration, CO2 reduction on graded porous samples could provide 

more insights to reaction selectivity and lead to the application of this reaction which 

can convert waste into fuel.  
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