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In order to fulfill the increasing demands for electricity without further
contributions to climate change, we must generate and store electricity using carbonfree sources. Although fuel cells are a promising emerging candidate as an
environmentally friendly alternative to internal combustion engines, there are several
materials-related challenges that need to be addressed in order to improve performance
and lower the cost of fuel cells. The catalyst support, carbon, is not
thermodynamically stable under operating conditions, leading to corrosion over time.
In addition, the catalyst at the cathode, Pt, is both inefficient and expensive.
Many nitrides and oxynitrides are conductive, durable and resistant to
oxidation, making them especially attractive as fuel cell catalyst support. I prepared
mesoporous mixed metal oxynitrides of various compositions by a co-precipitation
method and subsequent ammonolysis. I investigated the effects of combination of
several metal oxynitrides in terms of chemical and electrochemical stability in acidic
and alkaline environments.
Many oxides are also conductive and durable, especially in alkaline media.
Several conductive oxides have been reported as potentially useful alternatives to
platinum as catalysts for the oxygen reduction reaction (ORR). In order to explore this

relatively new field, several collaborators have deposited thin film oxides. I developed
an apparatus to perform rotating disk electrode voltammetry (RDE) using thin films as
the electrode, enabling a quantitative characterization. By using the apparatus, I
identified a very attractive oxide, albeit unreported in the literature. I synthesized the
compound in powder form. The powder sample showed catalytic activities comparable
to Pt in activity for the ORR, and comparable to RuO2 for the OER.
Lithium-ion batteries are one of the most promising energy storage devices.
However, with the theoretical capacity of the current anode technology under 400
mAh/g and with the cathode even lower, development of new materials for both
anodes and cathodes is crucial for advancement in energy storage. Metal nitrides react
with lithium at low voltage, which makes them viable candidates as alternative
materials as anodes in lithium-ion batteries. I investigated capacity and cyclability of
metal nitride anodes as a function of metal compositions as well as annealing
temperatures.
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CHAPTER 1
INTRODUCTION TO ALTERNATIVE ENERGY SYSTEMS
1.1 Introduction to Fuel Cells and Batteries
1.1.1 Non-fossil Fuel Energy
Since the industrial revolution, the human population has relied heavily on fossil fuels
to meet its energy demands. As a result, CO2 levels in the atmosphere have reached their
highest1 in recorded history, which has resulted in global warming and all the undesired
consequences associated with it. Therefore it is clear that, in order to sustain (and improve in
the developing world) our lifestyle, a shift to renewable energies is dearly needed. Harnessing
solar energy is likely a promising and plausible contribution to that end, but our energy use
and the sun are almost completely phase-mismatched (Figure 1.1), and the sparseness of
sunlight makes it difficult to directly power automobiles (and other vehicles) form the sunlight.
In other words, there is a clear need to store the energy from the sunlight.

Figure 1.1 Renewable energy generation (yellow: solar, blue: wind), and back up/storage
needed (red) to meet energy demand (black line) in a typical winter week in Germany2
1.1.2 Fuel Cells
One possible storage technology is to generate hydrogen using the energy from the
sun, store it, and use that it a fuel to power fuel cells, a “holy grail” of renewable energy as
1

described by two distinguished electrochemists back in 1995.2 Fuel cells convert the chemical
energy of a fuel and oxidant (typically hydrogen and oxygen from air, respectively) into
electrical energy by the following reactions in polymer electrolyte membrane fuel cells
(PEMFC):
H2 → 2𝐻 + + 2 𝑒 −

E° = 0.00 V vs. RHE

O2 + 4 𝐻 + + 4 𝑒 − → 2 𝐻2 𝑂

E° = 1.23 V vs. RHE

Or, in alkaline fuel cells (AFC):
H2 + 2 𝑂𝐻 − → 2𝐻2 𝑂 + 2 𝑒 −

E° = 0.00 V vs. RHE

O2 + 2 𝐻2 𝑂 + 4 𝑒 − → 2 𝐻2 𝑂 E° = 1.23 V vs. RHE
These two half-reactions do not produce any persistent greenhouse gasses (water vapor is a
greenhouse gas, but excess water in the atmosphere precipitates in a short period cycle of days
to weeks). In addition to being “clean”, fuel cells provide the possibility of a high energy
density and a fast “charging process”, at least in comparison to batteries. The efficiencies of
fuel cells are also not limited by the Carnot cycle as are heat-based fossil fuel technologies
including internal combustion engines (ICE). Therefore, in theory, fuel cells can achieve much
higher energy efficiencies than ICE can be achieved. In fact, DOE reports that the stack
efficiencies of fuel cell stacks today are already over 50%3, much higher than those of ICE
(about 20%4).
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Figure 1.2. Schematic of a fuel cell5
Figure 1.2 shows a simple schematic of a single fuel cell. Fuel cells consist of gas
diffusion layers, ion exchange membrane (typically Nafion in the case of PEMFC, as shown in
Figure 2), and anode and cathode catalyst layers, which consist of catalysts (typically
platinum) dispersed on a conductive support layer (carbon black). Multiple fuel cells are
usually joined together by bipolar plates (represented by the black and the gray boxes) to form
what is commonly called a fuel cell stack.
Many of the components listed above pose significant challenges to the wide scale
deployment of fuel cells. Nafion is expensive, even though it has been over thirty years since
its discovery. In fact, the Department of Energy estimates that it accounts for nearly 30 % of
the cost of fuel cell stacks at low production rate (~1,000 systems/year).3 The cost of Nafion,
however, is expected to drop to 10% of the stack once mass-produced (500,000 stacks/year).
However, mass-production does not help alleviate the high cost-per-stack of the platinumcontaining catalyst layers. They account for approximately 20 % of the cost at low production
and 45 % at mass-production scale. This is because the catalysts used for both the anode and
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the cathode are Pt (or Pt-based), one of the most expensive and the least abundant metals. Also,
the carbon support used to disperse Pt efficiently and make electrical connections to the rest of
the system is not thermodynamically stable to corrosion under typical operating conditions6,
which, as a result, shortens the lifespan of a fuel cell stack. Finally, in order to replace the
internal combustion engine-based automobiles, a completely new infrastructure of hydrogen
fill stations would have to be built to replace traditional gasoline stations.
1.1.3 Lithium-ion batteries

Figure 1.3. Schematic of a lithium-ion battery9
It is at least as appealing to convert the energy from the sunlight into electricity using
photovoltaic cells and storing that electricity directly in the form of chemical energy. There
are many types of secondary (rechargeable) batteries available commercially, but the most
common, and the most promising, is the lithium-ion battery. Lithium is the lightest non-gas
element and has the lowest formal reduction potential of any element, which makes its use
highly advantageous in terms of energy density. Realization of the intercalation chemistry by
Whittingham in the 1970s7 revolutionized energy storage. Figure 1.3 (taken from Goodenough
et al.8) shows a schematic of a lithium-ion battery. In a typical lithium-ion battery, graphitic
carbon is used as the anode and a layer-structured oxide, such as LiCoO2, LiFePO4, LiMn2O4,
and Li(Ni, Mn, Co)O2, mixed with carbon, is used as the cathode. All of these electrodes are
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so-called intercalation electrodes, in which lithium diffuses in and out of the material with
minimal structural changes.
Assuming that the anode is graphitic carbon and cathode is LiCoO2, the two halfreactions are as follows:
LiC6 ↔ Li+ + e− + C6 (theoretical capacity 372 mAh/g9, practical capacity ~250 mAh/g)
Li1−x CoO2 + 𝑥 Li+ + 𝑥 e− ↔ LiCoO2 (theoretical capacity 274 mAh/g, practical ~ 150
mAh/g10)
These reactions are, as mentioned above, intercalation reactions. As such, the benefit of these
two half-reaction is that is that the solid phases do not change their structure. This is the
central reason for their excellent cyclability and lack of the so-called memory effect upon
cycling.
However, advancements in cell capacity have been slow. Even if the carbon anode
and the lithium cobalt/nickel/manganese oxide were optimized to their theoretical maximum
capacity, lithium-ion batteries would only improve by less than a factor of two compared to
the state-of-the-art product(s) in the market as of this writing. CoO2-based cathodes, in
particular, are unlikely to reach their theoretical capacity, as removing more than 0.5 unit of Li
from LiCoO2 may result in release of O2 gas by oxidizing the oxide anion, which can lead to
fires and explosions. In short, further breakthroughs in electrical energy-storage devices are
needed to implement electrical storage on the massive scale needed.
One way to do so is to change the chemistry of lithium-ion batteries. While
intercalation electrodes, with no structural change, have the benefit of high reversibility, it also
means that only a limited amount of charge (and therefore lithium) can be exchanged. In order
to incorporate more lithium, alloying or phase conversion chemistry may provide the needed
advancement. There are many compounds that react with lithium to form solid solutions or
ordered phases with lithium that may be used as the anode, but many plausible compositions
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are relatively unexplored in the battery field. They include, but are not limited to, silicon11,12,
germanium13, and metal fluorides, 14. However, in general they all suffer from cyclability
issues stemming from phase changes, surface-electrolyte interface (SEI) formation, poor
electrical conductivity, and/or volume expansion/contraction.
Finally, another way to radically change how batteries work is to use lithium metal (or
another alkali earth metal like sodium) as the anode. Doing so would dramatically increase the
anode capacity and may allow for different chemistry at the cathode, including lithium-sulfur15
16

and lithium-air17 batteries. However, issues such as sulfur dissolution18 and poor

reversibility17,19 continue to be roadblocks towards realization of such technologies. In
addition, dendrite formation20 that shorts the batteries is a big barrier in achieving that goal.
One way to prevent dendrite formation is to have a physical separator also act as the
electrolyte—a solid electrolyte. Currently, there are several polymer electrolytes that can be
used,20,21,22 though dendrites can still penetrate through them. As such, electrolytes made of
inorganic materials, such as oxides, have great appeal. In fact, the use of β’’-alumina23 has
allowed the technology of a molten sodium-sulfur battery to be commercialized24. However,
diffusion of metal ions through most solids is notoriously slow at room temperature, in the
order of 10-12 cm2/s or lower in many cases.
1.2 Outline of the Dissertation
A significant portion of these problems can be addressed with some combination of
solid state chemistry and electrochemistry. As someone co-advised by a solid state chemist
and an electrochemist, it is almost a gold mine of opportunities to attempt to advance the field
of fuel cells and batteries. So, the majority of this thesis will focus on materials that can
improve upon the issues raised above.
In Chapter 2, I will explore an alternative to the carbon catalyst support in fuel cells.
The required properties for a better catalyst support materials include high conductivity, high
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surface area, and high chemical and electrochemical stability. I will demonstrate that mixed
transition metal nitrides consisting of titanium, tantalum and aluminum are possible candidates.
In Chapter 3, I will explore a series of thin-film oxide catalysts for the oxygen
reduction reaction (ORR). Most non-noble metals are not stable under the acidic conditions of
PEMFC, but in alkaline fuel cells (AFC), many are stable. So, with collaborators, I developed
a method to perform electrochemical experiments on thin films deposited using vapor
deposition processes on non-conductive substrates.
In Chapter 4, I will show my successful approach for the synthesis of a new mixed
oxide in powder form and its electrochemical characterization. This chapter was inspired by
one result shown in Chapter 3, which gave comparable results to platinum in the alkaline
media. The highly active compound turned out to be a mixed oxide of ruthenium and
manganese that was previously unknown in the literature.
In Chapter 5, I will explore the use of transition metal nitrides as anode electrodes in
lithium-ion batteries. Most of them are thought to react with lithium to form lithium nitride
and the elemental metal at low potentials vs. lithium. As long as such reactions are reversible,
they would be a viable alternative to carbon anodes. However, little is known about their
performance and mechanisms of reaction in batteries. Equipped with the knowledge of nitride
synthesis from the fuel cell catalyst support work and blessed with collaborators who excel in
battery performance testing and operando X-ray techniques for mechanistic studies, I explore
the use of transition metal nitrides in lithium-ion batteries.
Chapter 6 explores an attempt at finding a new phase that conducts lithium or sodium
ions at sufficiently high rate at room (or near room) temperature to serve as potential battery
electrolytes. In this chapter I also explore the development of a method to test for ionic
conductivity of thin pellets of oxides.
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In Chapter 7, I will present concluding remarks and present an outlook for future
research.
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CHAPTER 2
SYNTHESIS AND ELECTROCHEMICAL CHARACTERIZATION OF TixTayAlzN1-δOγ
FOR FUEL CELL CATALYST SUPPORTS
Ryo H. Wakabayashi, Héctor D. Abruña*, Francis J. DiSalvo*
Department of Chemistry, Cornell University, Ithaca, New York 14853-1301
As of submission of the dissertation (June 2016), all but sections 2.4.4, 2.4.5.2, 2.4.6.2 and 2.6
are under review for publication in the Journal of Power Sources.
2.1 Abstract
Quinary TixTayAlzN1-δOγ of various compositions have been prepared by a coprecipitation method followed by ammonolysis. The nitride samples were examined as
potential catalyst supports in polymer electrolyte membrane fuel cells. The nitride products
crystallized in the rock salt (NaCl) structure over a wide range of compositions. The addition
of Ta and Al was highly beneficial towards improving the chemical and electrochemical
stability of TiN, without a significant loss of electrical conductivity. Platinum particles were
successfully deposited on the (oxy)nitride samples, and the composite samples at some
compositions were found to be comparable to Pt/carbon in their stability and catalytic activity
even without optimizing the Pt deposition and dispersion processes.
2.2 Introduction
Fuel cells represent an environmentally friendly alternative to the internal combustion
engine in applications such as automotive propulsion, since in principle they can operate at
very high energy efficiencies, and depending on how the fuel is generated, emit zero carbon at
the source of use.1 However, prior to widespread deployment, there are several materialsrelated challenges that still need to be addressed in order to improve their cost, performance
and durability. Currently, proton-exchange membrane fuel cells (PEMFC) use high-surface
area carbon black (Vulcan)2 as the catalyst support, but carbon is not thermodynamically
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stable under typical operating conditions. Its formal oxidation potential is only +0.207 V vs.
RHE, significantly lower than the working potential of fuel cell cathodes,3 although the
overpotential for oxidation is high. In addition, the carbon support can be oxidized at the
anode of a fuel cell under fuel starvation conditions.4 Corrosion of the carbon support can
result in detachment and coalescence/sintering of catalyst (Pt) particles,5 lowering the
efficiency and lifetime of the fuel cell stack.3
Potential alternative catalyst support materials must have high electrical conductivity,
chemical and electrochemical durability, high surface area, and binding affinity towards the
catalyst nanoparticles.6 Alternate candidates include carbides, 7,8 nitrides,9,10,11 and oxides.12,13
Of these, metal nitrides are especially promising, as many metal transition nitrides are metallic
conductors, highly durable, and can be synthesized as high-surface area nanoparticles.
Titanium nitride, for example, has been used as a coating material on bipolar plates of fuel
cells by General Motors. 14
Metal nitrides such as those of nickel,15 molybdenum16,17,18, niobium,19 iron20 and
chromium21 have previously been reported as viable materials in electrochemical systems such
as fuel cells. Of these, titanium nitride (TiN) is a particularly interesting and attractive
candidate, since it is a metallic conductor (1.3*104 S/cm22) and is known for its mechanical
durability. TiN has previously been examined as a possible alternative fuel cell catalyst
support material23. In addition, titanium nitride is one of the hardest materials known (9
Mohs).24 Although oxidation of nitrides to the corresponding oxides is thermodynamically
favorable,25 the kinetics of the reaction are very slow, sometimes resulting in the formation of
only a thin surface oxide/oxynitride layer a few nanometers thick.26 Pure TiN, however, is
known to passivate (build up a thicker, insulating oxide layer) easily under acidic conditions.27
In order to mitigate this tendency, several binary and ternary nitrides have been previously
explored.19
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Tantalum and aluminum nitrides10,28 have been used as dopants in titanium nitride and
other nitrides to enhance corrosion resistance. Tantalum nitride (as well as titanium nitride) is
used as a diffusion barrier in semiconductor devices,29 pointing to its durability. Aluminum
doping of TiN has been shown to improve the oxidation resistance of TiN at higher
temperatures30. Thin-film studies of (Ti,Al)N28,31,32,33 have been reported, and studies of thinfilms of (Ti,Ta)N34,35,36 and (Ti,Ta,Al)N37,38,39 have been published, in which increased
oxidation resistance was generally observed.
We have previously investigated the physical40 and electrochemical41 properties of cosputtered (Ti,Ta,Al)N thin films over a wide composition range, and found that (Ti,Ta,Al)N
crystallizes in the rock-salt structure over a broad range of compositions. In addition, even a
small amount of titanium nitride introduces considerable electrical conductivity, but the
optimum conductivity and durability under electrochemical conditions was obtained at
relatively high titanium content (approx.70 %). However, while thin films are useful for
screening and identifying new materials, they are not presently used as catalyst supports in
fuel cells due to the expense of deposition methods, the low surface area, and poor scalability.
In addition, thin films and powder particles do not always show the same corrosion behavior,
and to our knowledge, no powder synthesis or characterization of (Ti,Ta,Al)N (or oxynitride)
has been reported. To this end, we report here on the co-precipitation synthesis of mesoporous
oxynitride particles and the comparative characterization of a range of compositions.
Various synthetic methods have been reported to form powders of transition metal
nitrides. They include reaction of metal alkoxides with anhydrous hydrazine42, ligand
exchange of TiCl4 with NH3,43 and direct nitridation of Ti powder in a nitrogen or ammonia
atmosphere at high temperature. We have chosen to use the ammonolysis method with
flowing ammonia, starting with oxide precursors derived from co-precipitation. This method is
facile, versatile, produces high surface area particles, and is very tunable as has been shown in
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the literature44,45,46,47. However, with this method no full conversion of the oxide to the nitride
is possible, that is to say, some oxygen remains in the nitrides even after reaching equilibrium,
or at least steady-state under the reaction conditions.
2.3 Experimental
2.3.1 Synthesis of rock-salt TixTayAlzN1-δOγ (x+y+z = 1)
Ti(OBu)4 (Aldrich 97%), Ta(OEt)5 (Alfa Aesar 99.95%), Al(NO3)3∙9H2O (SigmaAldrich, ACS reagent), Zn(NO3) 2∙6H2O (Sigma-Aldrich, ACS reagent), ethanol (200 proof,
KOPTEC), and NH4OH (EMD) were used as received. In a typical synthesis procedure, a
stoichiometric amount (0.003 mol total Ti + Ta + Al precursors) of Al(NO3)3∙9H2O and excess
Zn(NO3)2∙6H2O were placed in a three-neck round-bottom flask. Addition of zinc ions to
increase macroporosity is a method that we have previously reported for synthesis of nitrides
from bulk, crystalline oxides.48,49 The flask was then evacuated to 60 mtorr or lower on a
Schlenk line. Metal nitrates are known to at least partially dehydrate under low pressure50.
After backfilling the flask with Ar, 20 mL of ethanol were added into the flask using a syringe,
followed by the addition of stoichiometric amounts of the remaining metal alkoxide reagents,
and stirred for several minutes. The solution was then transferred, using the cannula transfer
technique, into approximately 30 mL of 1.5 M NH4OH under rapid stirring, which resulted in
the instantaneous formation of a white gel. The gel was then centrifuged to remove excess
solvent and zinc ions, and was heated to 100°C to form a dry gel, followed by calcination at
450°C to form an amorphous mixed oxide precursor.
This precursor was subsequently ball-milled using a Fritsch Pulverisette 7 planetary
mill to ensure that all particles were well below 1 micron in size. The mixed oxide was then
heated under NH3 (Airgas, anhydrous) flow (approx. 6 L/h) at 800 °C for up to 24 hours,
yielding fine black powders. Zn has a very high vapor pressure under the reaction conditions,
and therefore sublimes away when heated at high temperature, as described in our previous
13

work.48,49,51 Some samples were heated up to 950 °C in order to obtain particles that exhibit
sharper XRD peaks for better fits in lattice parameter refinements.
2.3.2 Synthesis/Deposition of Pt nanoparticles
In order to deposit platinum, the polyol method52 was employed. Briefly, the nitride
sample and appropriate amount of H2PtCl6∙6H2O (Sigma-Aldrich) to deposit 20 wt. % Pt on
the nitride were dissolved in 50 mL of ethylene glycol (Malinckrodt AR), and heated at 125150 °C overnight. The product was then vacuum filtered, washed repeatedly with copious
amount of water, and dried in air at 80°C overnight.
2.3.3. Physical Characterization
All samples, including precursors at various stages of synthesis, were characterized
via powder X-ray diffraction using a Rigaku Ultima IV with Cu-Kα radiation (λ=1.5406 Å
and 1.5444 Å for Kα1and Kα2 respectively). Rietveld refinements were obtained using PDXL
(Rigaku). Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy
(EDX) were performed using a LEO-1550 field emission SEM. Nitrogen and oxygen contents
were measured using a LECO ONH836 N/O/H analyzer (by LECO Corporation, St. Joseph,
Michigan). Silicon nitride (NIST 8983) was used as the standard, and samples were dried for 1
hour at 105 °C. Nitrogen adsorption/desorption isotherms were measured and surface areas
were calculated using the Bruauner-Emmett-Teller theory at 77 K using a Micrometrics ASAP
2020. All samples were degassed at 150 °C for 24h on a vacuum line prior to isotherm
measurements. Conductivities of the powder samples, compressed at 200 PSI, were measured
using a home-built four-point probe system we described in a previous report.53
2.3.4 Stability Testing
To explore a variety of fuel cell corrosion conditions, we studied the reactivity of the
(oxy)nitride products (without Pt) in acidic environments. Approximately 10 mg of the
products were immersed in approximately 2 mL of 0.1M H2SO4 (Alfa Aesar, 99.9999%) or
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0.1 M NaOH (Malinckrodt AR) in small glass vials, which were covered by Parafilm (Benis).
The vials were immersed for 21 days in an oil bath kept at 60 °C. A photograph of the samples
in vials was taken approximately every two days to monitor any visual changes, and solutions
were replenished whenever the solution level decreased noticeably. After testing, the samples
were washed repeatedly with de-ionized (DI) water and dried in air before taking XRD and
SEM data.
2.3.5 Electrochemical Characterization
Glassy carbon (5 mm diameter) electrodes were polished using 1μm diamond
polishing paste (Buehler) followed by 0.3 and 0.05 μm alumina powder (Extec and Buehler),
and were rinsed using Millipore water (18 MΩ/cm Thermo Scientific Barnstead Nanopore).
These electrodes were then sonicated in 0.1 M NaOH (Malinckrodt AR) for 5 minutes to
activate the surface prior to deposition of the sample inks.
Inks were prepared by weighing out the appropriate amounts of sample (typically 3.9
mg) and ultrasonicating (Microson Ultrasonic Cell Disruptor XL) in 1 mL of 0.02 wt. %
Nafion (Sigma 5 wt. % in ethanol, diluted with 200 proof ethanol from KOPTEC) for at least
15 minutes. Within half an hour after sonication, 5 μL of the specific ink were deposited onto
a glassy carbon electrode. Inks were prepared such that Pt-containing samples would result in
20 μg/cm2 of Pt loading on the electrode. For CVs of the nitride samples without Pt deposited
on them, 7.8 mg of samples were used to make inks, and deposited on the electrodes.
Cyclic voltammetry was performed in 0.1 M H2SO4 (Alfa Aesar, 99.9999%) or 0.1 M
NaOH (Malinckrodt AR) at room temperature. A platinum wire was used as the counter
electrode and a home-made reversible hydrogen electrode (RHE) was used as the reference
electrode. Samples without platinum were scanned at 50 mV/s and samples with platinum
were scanned at 20 mV/s, using a Bioanalytical Systems CV-27 potentiostat. The oxygen
reduction reaction on Pt/nitride samples was studied at room temperature using rotating disk
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electrode (RDE) voltammetry at 20 mV/s. The solution was saturated with O2 (Airgas, Ultra
High Pressure) by bubbling for 15 minutes initially and for 7 minutes after every scan to
ensure that the solution remained saturated with oxygen for each scan.
2.4 Results and Discussions
2.4.1 Structure and Compositions
Figure 2.1 shows pXRD patterns of TixTayAlzN1-δOγ of various compositions (0.15 ≤ x
≤ 1), formed by heating the mixed oxides of the desired metal stoichiometry under ammonia at
950 °C. The nitrides crystallize in the rock salt (Fd-3m) structure over a wide range of
compositions with no visible impurity phases for medium to high Ti content (0.15 ≤ x if y = z
and 0.5 ≤ x if y or z = 0). At low Ti content (Ti0.3Ta0.7N1-δOγ and Ti0.3Al0.7N1-δOγ), crystalline
Ta3N5 and Al2O3 impurities were observed, respectively. We reported similar behavior results
in a previous study of thin films deposited via co-sputtering in Ar/N2.40
In the specific case of TiN1-δOγ, the lattice constant was found to be a = 4.239 Å. This
is in general agreement with other reported syntheses of titanium nitride using similar
synthetic methods (4.22-4.23 Å54, 4.242 Å55, 4.218 Å51). The observed lattice constant is also
slightly smaller than the value of 4.242 Å reported in the ICDD (00-038-1420). The reported
lattice parameter of bulk TiN (ICDD 00-038-1420) was made on a pristine single crystalline
sample prepared by the high temperature nitridation of elemental titanium, and therefore had
very low levels of oxygen impurities. Therefore the lattice constant of the TiN1-δOγ sample
reported in this paper suggests the presence of oxygen on nitrogen sites , since O2- = 126 pm
and N3- = 132 pm.56,57
When precipitated Ta2O5 and Al2O3 are heated under ammonia under identical
conditions, orthorhombic, deep red Ta3N5 and an amorphous, slightly-gray powder (Figure
2.1) were observed, respectively. Apparently, when TiN is present at a sufficiently high
concentration, it catalyzes the crystallization of a cubic (rock salt) products of Ta and Al
16

nitrides.

Figure 2.1. pXRD patterns of TixTayAlzN1-δOγ (a) synthesized at 950 °C. (b) shows a
zoomed region containing the first two peaks.
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Figure 2.2. Lattice constant as a function of x in TixTayAlzN1-δOγ synthesized at 950 °C.
Red dots: y=z (Ta = Al); purple dots: y = 0 (only Ti or Ta); green dot: literature value of
TiN.

The lattice constants of TixTayAlzN1-δOγ follow Vegard’s law (see Figure 2.2).
Addition of an element with a larger atomic radius than Ti (Ti3+ = 81 pm, Ta3+ = 86 pm,
though Ta5+ = 78 pm56,57) increases the lattice constants slightly, while addition of an element
with a smaller atomic radius than titanium (Al3+ = 67.5 pm56,57) decreases the lattice constant.
When equal amounts of both tantalum and aluminum (y = z) were added, only a slight
increase in the lattice parameter was observed as the composition changed. The X-ray peak
intensity ratios between (111) and (200) near 36.8° and 42.6° change from 0.62:1 for TiN1-δOγ
(literature value for pure TiN: 0.75:1) to 1.01:1 in the case of Ti0.33Ta0.33Al0.33N1-δOγ, which is
an effect that has been previously observed.10 These results are similar to those reported in a
recent study of sputtered thin film nitrides published by our collaborators.40 The X-ray data
suggest that the sample compositions are homogeneous, at least at the nanometer scale. A
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slight offset from the literature value of the lattice constant of TiN suggests that there are
oxygen impurities in the synthesized samples (oxygen ion is smaller than nitrogen ion56,57).
Samples synthesized at lower temperature (800°C) showed smaller lattice constants (by 0.015
Å) when compared to those synthesized at 950°C (Figure 2.3).

Figure 2.3. Lattice constants as a function of x in TixTayAlzN1-δO where y=z. Red dots
were samples heated under ammonia at 950 °C, pink at 800 °C.

Figure 2.4 shows EDX data of nitride samples (heated at 800 °C) at different
starting/nominal metal compositions. N and O are not reported here, as the small difference in
their energies (0.392 and 0.595 keV for N and O, respectively58) makes them very difficult to
distinguish by EDX. The ratio of the three metals is within the expected measurement error of
the nominal ratio, further suggesting a uniform mixture of the metal ions in the nitride samples.
As expected, no Zn was observed, as expected, since it sublimed out of the product under
reducing conditions at elevated temperature (see Experimental section for details).
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Figure 2.4. EDX results of atomic composition (atom %) of the TixTayAlzN1-δOγ samples
(nominal ratios in quotation marks) synthesized at 800 °C. Error bars are one standard
deviation calculated from ten measurements.

Table 2.1 gives the nitrogen and oxygen content of the samples (all heated at 800 °C),
measured using a LECO ONH836 N/O/H thermal analyzer. For TiN1-δOγ, the ratio of N to O
was 3.4:1. A low level of H (H:O of about 8%) was also detected. The hydrogen content may
arise from a small amount of adsorbed water, or –OH termination on the surface from air
exposure of the product. The nitrogen-to-oxygen ratio was comparable to those seen in
titanium nitride samples prepared using similar synthetic methods (N:O = 3.4:1 to 2.6:1 in
Dong et al.,45 for example). The composition of TiN1-δOγ sample can be calculated from these
data, assuming a rock salt structure, as Ti0.82□0.18N0.67O0.33 (□ indicates vacancies). From these
data, the average oxidation state of Ti was determined to be Ti+3.38 (consideration of the low H
content does not significantly alter the average oxidation state). In all cases, number of mol of
cations was less than number of mol of anions. This also indicates that there must be cation
vacancies (since the only crystalline phase has the rock salt structure and anion interstitials are
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highly unlikely due to the large size of the anion). In short, these (oxy)nitride samples are
much more complicated than generally recognized.
x:y:z in

mol N

mol O

mol H

mol
□cation

Avg. ox. state of
Ti, if all Ta = +3

Avg. ox. state
of Ti, if all Ta
= +5

1:0:0

0.772

0.228

0.020

0.18

3.38

3.38

0.7:0.15:0.15

0.672

0.328

0.027

0.19

3.41

2.99

0.33:0.33:0.33

0.402

0.598

0.036

0.37

5.37

3.37

0.7:0.3:0

0.777

0.223

0.034

0.24

3.91

3.05

0.7:0:0.3

0.573

0.427

0.038

0.20

3.33

3.33

TixTayAlzN1-δOγ

Table 2.1. N/O/H amounts and corresponding proposed chemical formulas of the
TixTayAlzN1-δOγ samples synthesized at 800 °C. Mol of every ions is normalized so sum of
anions add up to 1.
The samples with low amounts of aluminum (z ≤ 0.3) had a nitrogen-to-oxygen ratio
of approximately 3:1 and metal-to-anion ratio of about 0.6 to 0.8:1. Again, this indicates that,
at 800 °C, the ammonolysis process leaves some oxygen behind. Therefore the oxidation
states of some of the metal cations are likely to be different from +3, the expected value in a
pure rock-salt (defect-free) metal nitride. If one assumes that all tantalum cations have an
oxidation state of +3, the average oxidation state of titanium was found to be approximately
3.4-3.9, and if Ta ions are assumed to be +5, the average oxidation state of Ti is nearly exactly
+3. The average Ta oxidation state likely lies somewhere in between, but it is very likely that
a non-negligible proportion of Ta is +5, which agrees with the ammonolysis result of pure
tantalum oxide (Ta3N5, see Figure 2.1). The samples that contain 30% aluminum had
significantly higher oxygen content, which is not surprising given that aluminum nitride
cannot be formed from pure aluminum oxide using the synthetic method employed in this
work, even at higher temperatures.
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2.4.2 Conductivity Measurements

x:y:z in TixTayAlzN1-δOγ
1:0:0
0.7:0.15:0.15
0.33:0.33:0.33
0.7:0.3:0
0.7:0:0.3
Vulcan C XC72

Conductivity (S/cm) at 200 PSI
9.7*10-2
6.0*10-2
2.1*10-3
2.0*10-2
3.7*10-2
1.7*100

Table 2.2. Powder conductivity of TixTayAlzN1-δOγ samples synthesized at 800 °C
measured using home-built powder conductivity measurement device.
A home-made four-point probe was used to estimate the conductivity of compressed
powders at 200 PSI (Table 2.2). The conductivity values were somewhat lower than
previously reported values for titanium nitride powders (0.2 – 0.4 S/cm 55), likely due to interparticle resistance from poor packing of the grains inside the apparatus. Conductivities
controlled by the packing of powders have been reported in previous work.59 Whisker-like
TiN particles showed conductivity on the order of 105 S/cm, similar to the conductivity of
bulk TiN (1.3*104 S/cm 22), but our packed powder samples showed four orders of magnitude
lower conductivity at room temperature. We therefore expect that a significant fraction of the
resistance in our samples come from the contact resistance between the powder grains. Since
tight particle-to-particle packing is not a necessity in fuel cells (as long as particles can make
contact with the gas diffusion layer), this is not likely to be a problem in an operating fuel cell.
Such behavior is not surprising because very hard materials will not deform at low pressure,
resulting in poor packing and contact between particles. This contrasts with carbon black
(Vulcan XC-72R), which is soft and deformable. Our electrochemical data (Figures 2.9 and
2.22, discussed later vide infra) suggest that inter-particle and electrode-particle contacts are
sufficiently high for fuel cell applications.

22

Addition of tantalum and/or aluminum to TiN decreased its conductivity. Both Ta3N5
and AlN are wide band-gap semiconductors (2.1 eV and 6.2eV, respectively60,61), and since
both Ta and Al are more oxophilic, most of the oxygens are likely coordinated to Ta and/or Al,
and oxides of both are insulators. The samples with 70% Ti (by nominal composition),
however, still have comparable conductivity to the samples without any Ta and/or Al.
2.4.3 Surface Area

x:y:z in TixTayAlzN1-δOγ

SA (m2/g)

Sample std. dev. (m2/g)

1:0:0

33.6

10.0

0.7:0.15:0.15

51.27

4.33

0.33:0.33:0.33

56.10

5.26

Vulcan XC72

232.1

N/A

Table 2.3. Surface area and standard deviation of the TixTayAlzN1-δOγ synthesized at
800 °C.
The surface areas of the samples were determined by applying the Brunauer-EmmettTeller method to the nitrogen adsorption measurements (Table 2.3). All samples had surface
areas around 50 m2/g which is comparable to, or higher than, other nitride nanoparticles
previously reported.19,45,53,62 The surface area per gram was lower than that of carbon black
due largely to the difference in density of the materials (density of titanium nitride: 5.4 g/cm3;
graphite: 2.7g/cm3). The microcopy images (Figure 2.5) and the electrochemical behavior
(Figures 2.9 and 2.22) suggest that the porosity is sufficiently high for the purpose of fuel cell
applications.
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Figure 2.5. SEM images of of TixTayAlzN1-δOγ synthesized at 800 °C where x:y:z = (a)
1:0:0, (b) 0.7:0.15:0.15, (c) 0.33:0.33:0.33, (d) 0.7:0.3:0 and (e) 0.7:0:0.3. Scale bars are
200 nm.
2.4.4 Additional Discussion on Effects of Zn
Figure 2.6 shows the PXRD patterns of Ti0.33Ta0.33Al0.33Ox, with various amount of
zinc (ratio is shown as Zn/(Ti+Ta+Al)). Beyond 200% Zn to rest of the metals, the onset of
formation of ZnO peaks can be seen, and at 600% ZnO peaks are very clearly present. This is
not a surprising result, as the most Zn-rich phase of zinc titanate is Zn2TiO4 (“2”). The author
chose to include excess zinc (“6”) in all samples that were further tested, in order to maximize
porosity.
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Figure 2.6. pXRd patterns of Ti0.33Ta0.33Al0.33Ox, with various amount of zinc oxide.
Numbers are molar ratios of Zn: (Ti+Ta+Al).
Figure 2.7 shows SEM image of TixTayAlzN1-δOγ, with and without zinc in the precursor.
Particle sizes are significantly bigger than the domain size calculated using XRD (~20 nm),
indicating significant sintering and agglomeration of crystallites, but the samples still maintain
porosity, and therefore high surface area. Visually, samples that were made by solid-solid
separation of zinc cations appear to have significantly more macroporosity than ones without
zinc. However, nitrogen absorption data suggests that all samples have similarly high surface
areas, within error bar (Figure 2.8).
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Figure 2.7. SEM images of of Ti0.33Ta0.33Al0.33N1-δOγ, with varying amount of zinc ions in
oxide precursor: a) no Zn b) Zn: (Ti+Ta+Al) = 1:1, c) 2:1, d) 4:1 and e) 6:1. Scale bars are
200 nm.

Figure 2.8. BET surface area of samples made with Zn precursors (“with Zn”) and without
Zn. “with Zn” data are replication of Table 2.3. Error bars are sample standard deviation.
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2.4.5 Electrochemical Behavior
2.4.5.1 Acidic Media
Cyclic voltammograms (CV) in 0.1 M H2SO4 can be used to understand passivation
and/or corrosion behavior of materials under fuel cell-like conditions. We have chosen to
modify the accelerated durability test recommended by the Department of Energy/United
States Council for Automobile Research63 by cycling over a wider potential range (0.05 to 1.1
V vs. RHE) as we believe that cycling over such a potential range better simulates both fuel
starvation and the highly oxidizing conditions at the cathode. Changes in CVs over time can
be used as a proxy to assess the stability of samples under operating conditions. In Figure 2.9,
it can be clearly seen that the addition of Ta significantly increased the stability of the TiNbased compounds. While TiN1-δOγ and Ti0.7Al0.3N1-δOγ show substantial changes in their CVs,
likely due to surface oxidation of the particles to insulating oxides, the samples containing Ta
showed a far smaller decrease in current. While somewhat speculative on our part, we believe
that the secondary elements form a thin, stable oxide layer on the surface of the nitrides,
somewhat analogous to a thin layer of chromium oxide on stainless steel.
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Figure 2.9. Cyclic voltammograms of TixTayAlzN1-δOγ synthesized at 800 °C where x:y:z
= (a) 1:0:0, (b) 0.7:0.15:0.15, (c) 0.33:0.33:0.33, (d) 0.7:0.3:0 and (e) 0.7:0:0.3 in 0.1M
H2SO4, scanned continuously for 24 h at 50 mV/s. Shown CVs are taken at 0 h (blue), 4 h
(red) and 24 h (green) after the start of the experiment. (f) is Vulcan XC-72 as a
comparison.
2.4.5.2 Alkaline Media
Cyclic voltammetry was also performed in 0.1M NaOH. Unlike the case in sulfuric
acid, addition of secondary elements makes the nitrides more prone to change in cyclic
voltammograms (Figure 2.10), indicating passivation and/or corrosion. This is a curious result,
as none of the constituents should be less stable under alkaline conditions. It may be an ink
recipe optimization issue, as Nafion is a proton conductor and not therefore not optimal as a
hydroxide conductor, and that may be reflected as a generally lower current, and in the case of
Ti0.33Ta0.33Al0.33N1-δOγ, a significant slant indicating resistance in the system. However,
omission of Nafion seems to have made adhesion worse (see Figure 2.11), in that the CVs
actually showed even more change. I ascribe that to particles falling off due to the fact that
there is nothing acting as a binder. Further development of the ink preparation and formulation
are necessary.
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Figure 2.10. Cyclic voltammograms of TixTayAlzN1-δOγ where x:y:z = (a) 1:0:0, (b)
0.7:0.15:0.15, (c) 0.33:0.33:0.33, (d) 0.7:0.3:0 and (e) 0.7:0:0.3 in 0.1M NaOH, scanned
continuously for 24 h at 50 mV/s. Shown CVs are taken at 0 h (blue), 4 h (red) and 24 h
(green) after start of the experiment. (f) is the glassy carbon substrate.

Figure 2.11 Cyclic voltammograms of TixTayAlzN1-δOγ where x:y:z = (a) 1:0:0, (b)
0.7:0.15:0.15, (c) 1:0:0, ink made without Nafion (binder) and (d) 0.7:0.15:0.15, ink made
without Nafion in 0.1M NaOH, scanned continuously for 24 h at 50 mV/s. Shown CVs are
taken at 0 h (blue), 4 h (red) and 24 h (green) after start of the experiment.
\

29

2.4.6 Chemical Stability
2.4.6.1 Acidic Media
Long-term chemical stability tests were performed by submerging small amounts
(approximately 10 mg) of nitride samples in 0.1M H2SO4 which was kept at 60 °C in an oil
bath for 3 weeks. Figure 2.12 (inset) shows a photograph of the particles after 21 days, in
which oxidation of some samples is clearly evident from the white color of the samples.
pXRD patterns (Figure 2.12) confirmed this visual evidence, as patterns of all white or gray
samples did not have any peaks corresponding to the rock salt TiN structure, but instead
showed the presence of TiO2 (rutile) phase. The differences in overall intensities are ascribed
to from variations in quantities of samples recovered. EDX data and SEM images (Figures
2.13 and 2.14) further confirm the results. All samples, except Ti0.7Ta0.3N1-δOγ, showed
significant change in morphology after testing. In all of the samples, the amount of aluminum
in the retrieved product was shown to have dropped considerably, likely due to dissolution as
suggested by the Pourbaix diagram of aluminum64. The ratio of Ti:Ta also changed in all
samples except Ti0.7Ta0.3N1-δOγ (within the error bar, however), possibly indicating a partial
loss of titanium into the solution in some cases. The corroded TiN1-δOγ and Ti0.7Al0.3N1-δOγ
exhibited identical needle-like morphologies and had some sulfur content (by EDX), perhaps
indicating the formation of titanium oxysulfate (due to the presence of sulfate anions). The
EDX software detected Si in two samples, but this effect likely arises from interference with
the Ta signal (Si Kα = 1.74 keV, Ta Mα = 1.71 keV58). The small Ta signal in Ti0.7Al0.3N1-δOγ is
very likely a contamination from other samples or Si from the glass vial used in the stability
test.
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(e)

(d)

(c)

(b)

(a)

Figure 2.12. pXRD patterns and photographs (bottom) of TixTayAlzN1-δOγ samples
synthesized at 800 °C after 21 days of stability testing in 0.1M H2SO4 at 60°C. In the
photograph, the particles in vials (a) and (e) are white.
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Figure 2.13. EDX results of TixTayAlzN1-δOγ samples (nominal ratio in quotation marks;
synthesized at 800 °C) after 21 days of stability testing in 0.1M H2SO4 at 60°C. Error bars
are one standard deviation calculated from ten measurements.

Figure 2.14. SEM images of TixTayAlzN1-δOγ synthesized at 800 °C where x:y:z = (a)
1:0:0, (b) 0.7:0.15:0.15, (c) 0.33:0.33:0.33, (d) 0.7:0.3:0 and (e) 0.7:0:0.3 after 21 days of
stability test in 0.1M H2SO4 at 60°C. Scale bars are 200 nm.
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2.4.6.2 Alkaline Media
Chemical stability tests were also performed in 0.1M NaOH, kept at 60 °C in an oil
bath for 3 weeks. Figure 2.15 (top) shows a photograph of all particles after 21 days. The
nitrides showed better stability under alkaline conditions than they did under acidic condition.
Only Ti0.7Al0.33N1-δOγ turned completely white. XRD (Figure 2.15, bottom; the difference in
intensities are largely due to amount of sample recovered after the stability test) shows a broad
oxidation peak at around 45°, indicating formation of the anatase TiO2 phase. The same peak
can be seen for TiN1-δOγ as well, but curiously enough, no other peaks corresponding to TiO2
were observed. SEM images (Figure 2.16) show surface degradation of TiN1-δOγ as well as
Ti0.7Al0.3N1-δOγ, while other samples, especially Ti0.7Ta0.15Al0.15N1-δOγ, keep their porous
morphologies even after 21 days. However, in all but one sample (Ti0.7Ta0.3N1-δOγ), no
significant change in ratios of Ti:Ta:Al was observed (Figure 2.17). This indicates that the
presence of tantalum stabilized aluminum ions in the lattice, instead of dissolving into the
acidic solution as it is suggested on the Pourbaix Diagram of aluminum.64
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(e)

(d)

(b)

(c)

(a)

Figure 2.15. pXRD patterns and photographs (inset) of TixTayAlzN1-δOγ samples after 21
days of stability test in 0.1M NaOH at 60 °C.
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Figure 2.16. SEM images of TixTayAlzN1-δOγ synthesized at 800 °C where x:y:z = (a)
1:0:0, (b) 0.7:0.15:0.15, (c) 0.33:0.33:0.33, (d) 0.7:0.3:0 and (e) 0.7:0:0.3 after 21 days of
stability test in 0.1M NaOH at 60°C. Scale bars are 200 nm.

Figure 2.17. EDX results of TixTayAlzN1-δOγ samples (nominal ratio in quotation marks;
synthesized at 800 °C) after 21 days of stability testing in 0.1M NaOH at 60°C. Error bars
are one standard deviation, calculated from ten measurements.
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2.4.7 Pt Deposition and Electrochemistry Using Pt/ TixTayAlzN1-δOγ
Figure 2.18 shows the pXRD patterns of Pt deposited on representative TixTayAlzN1δOγ samples.

They show clear fcc Pt peaks and rock-salt TiN structure peaks, with Pt domain

sizes of approx. 5 nm from both the refinement and the Scherrer equation, using the full width
at half max (FWHM) of the Pt (200) peak (Scherrer constant = 0.94). Figure 2.19 shows the
SEM images of nitride samples with deposited Pt nanoparticles, and Figure 2.20 shows brightfield TEM images of those samples. The particles appear uniform in both size and distribution,
indicating that the deposition method was successful. In some of the TEM images, however, it
appears that Pt particles did not disperse uniformly on some of the nitride particles.
Optimization of Pt deposition and dispersion would be appropriate for further studies. Because
of poor image contrast of some of the nitride particles (not very thin, higher Z than carbon),
automated particle size analysis was not possible. As a consequence, there is a manual
sampling error in the Pt particle size analyses, but the average and standard distribution of the
particle sizes are consistent with the XRD domain size (Table 2.4).

Figure 2.18. pXRD patterns of Pt/TixTayAlzN1-δOγ.
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Figure 2.19. SEM images of Pt/TixTayAlzN1-δOγ synthesized at 800 °C where x:y:z = (a)
1:0:0, (b) 0.7:0.15:0.15, (c) 0.7:0.3:0. Scale bars are 20 nm.

x:y:z in TixTayAlzN1-δOγ

Average (nm)

Sample standard
dev.
(nm)

7.72

0.228

6.72

0.328

1:0:0
0.7:0.15:0.15

Table 2.4. Particle size analysis (average and standard distribution) of Pt particles on
TixTayAlzN1-δOγ from analyses of at least 100 particles.
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The oxygen reduction reaction (ORR) was studied by depositing 20 wt. % Pt on the
nitride supports. We chose this as a model reaction to test the behavior at high potentials
applied to the cathode, since this condition is one of the main causes for corrosion of carbon. It
is therefore important to show that an alternative material does not hinder the ORR activity.
We emphasize that absolutely no carbon black was added in the ink-making process, as the
corrosion of carbon supports (discussed in the Introduction section) is a significant motivation
for this work. Figure 2.21 shows stationary CVs in nitrogen-saturated 0.1M H2SO4 and Figure
2.22 shows the RDE voltammograms of ORR in oxygen-saturated 0.1M H2SO4. For
comparison, 20 wt. % Pt was deposited using the identical method on Vulcan XC 72, and
tested under identical conditions. The CVs of Pt/nitrides (in the absence of rotation) show
typical features of platinum CVs (hydrogen adsorption and desorption, Pt oxide formation and
desorption), especially after repeated scans, indicating that Pt nanoparticles are sufficiently
dispersed on the nitride supports and that there is good electrical contact between the Pt
nanoparticles and the substrate/support. Over at least 24 hours, nitride/Pt samples and Pt/C
showed negligible difference in ORR behavior (onset potential and E1/2 within 20 mV, and at
most 7 % decrease in limiting current). In fact, the ORR onset potential improved very slightly
(5-10 mV) using nitrides instead of carbon as catalyst support. CVs (Figure 2.9) show no clear
oxidative peak, so we anticipate that the long-term stability to be at least as good as carbon.
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Figure 2.21. Stationary CVs of Pt/nitride samples of TixTayAlzN1-δOγ where x:y:z = (a)
1:0:0, (b) 0.7:0.15:0.15, (c) Pt/C in 0.1M H2SO4, scanned continuously for 24 h at 20
mV/s. Shown CVs are taken at 0 h (blue), 8 h (red) and 24 h (green) after start of the
experiment.

Figure 2.22. RDE voltammograms (1600 rpm) of representative samples of (a) Pt / TiN1δOγ (20

wt. %) and (b) Pt / Ti0.7Ta0.15Al0.15N1-δOγ (20 wt. %) synthesized at 800 °C in O2-

saturated 0.1M H2SO4, taken at the start of the experiment, 8 hours after the start, and 24
hours after the start of the experiment. (c) is Pt/C for comparison.
2.5 Conclusions
We have synthesized quinary TixTayAlzN1-δOγ of various compositions by coprecipitation followed by ammonolysis in flowing ammonia. The synthetic method using
metal nitrate salts and/or alkoxides is a versatile approach that can be applied to other oxide or
nitride materials. We have shown that TixTayAlzN1-δOγ samples crystallize in the TiN (rocksalt) structure with cationic vacancies introduced by addition of Ta and Al as well as presence
of oxygen. These materials also have high surface areas, and are sufficiently conductive to act
as support materials for fuel cell catalysts. Addition of Ta and Al, especially Ta, improves the
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stability of titanium nitride under electrochemical conditions. Pt nanoparticles, immobilized
on the nitride support, exhibited well-behaved ORR kinetics, indicating that there are no
deleterious effects to the use of these nitrides as fuel cell catalyst supports.
2.6 Future Directions
Optimization of the Pt deposition system, as well as ink formulation and processing
procedures, would be highly desirable. Work discussed in 2.4.7 is definitely not welloptimized (unlike ink-making procedure for Pt/C, which is widespread in the literature).
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CHAPTER 3
METHODS: ROTATING DISK ELECTRODE VOLTAMMETRY OF THIN FILMS OF
NOVEL OXIDE MATERIALS
Ryo H. Wakabayashi^, Hanjong Paik#, Marc J. Murphy#, R. Bruce van Dover#, Darrell
Schlom#, Héctor D. Abruña^
^Department of Chemistry, Cornell University, Ithaca, New York 14853-1301
#Department of Material Science and Engineering, Cornell University, Ithaca, New
York 14853-1301
3.1 Abstract
A custom-built apparatus for performing rotating disk electrode voltammetry (RDE)
using vapor-deposited thin film samples as rotating electrodes is described. This method
allows for quantitative electrochemical characterization using thin film samples, including
those deposited on insulating substrates, and it allows for very facile exchange of samples.
Cyclic voltammetry and RDE voltammetry of iron ferricyanide was explored to examine if the
system causes unusual deviations from an ideal hydrodynamic voltammetric behavior. This
was also used to examine the ORR activity of a platinum thin film as a model system for a
higher-current reaction relevant to fuel-cell research. Both studies indicated that the set-up
does not cause any deviations anticipated from RDE behavior, indicating that this is a viable
method for performing rotating disk electrode voltammetry of vapor-deposited thin films, with
emphasis on those relevant to fuel cell research.
3.2 Introduction
Fuel cells, with a potential for higher energy efficiency, are a promising alternative
technology to internal combustion engines; however, there are many issues that need to be
addressed in order to make the technology more viable and affordable, including the cost of
catalysts. In today’s polymer electrolyte membrane fuel cells (PEMFC), platinum and/or
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platinum-based catalysts are used as the catalyst in both the cathode and the anode, which
accounts for a significant portion of the cost of fuel cell stacks1. A potential alternative in this
context may be an alkaline electrolyte system. One of the biggest barriers for alkaline fuel
cells has been the development of a good anion-exchange membrane membrane2, but in recent
years several reports of viable (anionic) hydroxide-conducting membranes3,4,5,6 that can be
used as an alkaline exchange membrane have been reported. This makes the discovery of less
expensive alternatives to platinum more important, especially given that the oxygen reduction
reaction (ORR) on platinum still requires at least 300 mV of overpotentials to generate a
sufficiently high current density. A major potential benefit of an alkaline fuel cell system is
that many non-noble metals, and even non-metals,7,8,9 are viable candidates as catalysts. In
particular, oxides are a class of compounds that may be of great use because many of them are
durable (they are already at least partially oxidized) and can be electrically conductive.
Manganese and cobalt oxides10,11, ruthenium oxide12, perovskites13,14 and some pyrochlore
ruthenates15,16 have been reported as potentially useful ORR catalysts in the past, but a
systematic study would surely advance the field.
Vapor deposition methods, such as sputtering, are useful tools to deposit thin layers of
highly controlled, clean surfaces, making them useful for many applications, including but not
limited to semiconductors and coatings. In particular, molecular beam epitaxy (MBE) is a
deposition method that can produce defect-free single crystals with well-defined surfaces.
These properties make MBE a very useful and attractive technique to fabricate semiconductor
devices17 18, superconductors19, ferromagnets20, and other technologically relevant materials.
These properties, in principle, are also useful for investigating the electrocatalytic properties
of many crystalline compounds, as electrocatalysis is highly sensitive to surface structure and
composition.
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A main challenge, however, lies in electrochemical characterization of thin film
samples prepared by vapor deposition methods, such as MBE. There have been reports of
electrochemical experiments using elaborate custom-made setups21, or several simple cyclic
voltammetry experiments using conductive substrates22,23,24or custom-made cells25,26,27,28.
These are complicated systems and generally not applicable to a significant portion of thin
film samples made using vapor deposition methods, in no small part because many of the most
commonly used substrates (silicon, sapphire, etc.) are poor electrical conductors. As such, a
facile yet versatile and reproducible way of making a good electrical connection from a
deposited sample to the rest of the circuit would be highly beneficial.
In addition, the ORR is not easy to characterize by cyclic voltammetry, because the
concentration profile of oxygen in stagnant solutions can be very ill-defined. It also has a twoelectron pathway (producing hydrogen peroxide) and a four-electron pathway (producing
water), and the two can take place concurrently, further complicating matters. We have
previously published a methodology to characterize fuel oxidation reactions on
combinatorially sputtered thin films using a scanning-probe differential electrochemical mass
spectrometer (DEMS) that can detect and quantify volatile products29, and other research
groups have done similar experiments since30, but the products of the ORR, hydrogen
peroxide and/or water (deprotonated in alkaline solution), are not detectable using DEMS.
Rotating disk electrode voltammetry (RDE) is a well-established hydrodynamic
voltammetry method that can address the issues by having well-defined and controlled mass
transport. Its use enables the deconvolution of mass transport effects from kinetic effects, a
difficult task to do with (regular) cyclic voltammetry. By applying the Levich and the
Koutetcky-Levich equations, parameters such as the number of electrons transferred, kinetics
of electron transfer, and mechanism of electrochemical reactions can be extracted. There have
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been a few published RDE voltammetry studies on thin film electrodes31,32,33, but those studies
were performed using custom-made substrates that limit the applicable methods of deposition.
Herein, we describe a facile method to turn thin film oxide/substrates into rotating
disk electrodes that behaves just like a commercial RDE electrode. The setup allows for facile
and reproducible assembly and disassembly without damaging the film electrodes. We
employed sputtered gold and platinum films as model cases to demonstrate that the method is
viable.
3.3 Methods/Description of the Instrument
3.3.1 Instrumentation
In order to have a better-characterized electrode as a standard, we used a custom-built
magnetron sputtering system at the Cornell Center for Materials Research. We deposited an
approximately 50 nm of gold on top of an approximately 15 nm thick titanium adhesion layer
on a microscope glass slide (VWR) that was cut into 10 mm x 10 mm pieces, all films were
front-contacted by applying a thin layer of a conductive silver paste (Ted Pella) and/or a
conductive carbon paint (SPI supplies) from the edge of the film to the back of the substrate.

Figure 3.1. Schematic of the custom-made rotating disc electrode system.
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Figure 3.1 is a simplified diagram of the electrode system. A 1 in diameter Teflon rod
was machined to fit a 10 mm x 10 mm electrode. In the center, a 5 mm diameter hole was
drilled to expose the sample to the electrode. A recess was made to place an O-ring (0.25 in),
in order to prevent liquid leakage into the sample holder. After placing the back-contacted
sample inside, the Teflon holder was packed with carbon felt (Alfa Aesar) and capped with a
custom-made, stainless-steel current collector (that could be connected to a Pine rotator) by
screwing the stainless steel piece to the Teflon piece using small hex screws. This process was
carried using a vice to ensure that the carbon felt was well-packed in order to ensure good
electrical conductivity.
A custom-made three-compartment cell (Figure 3.2) was used for the RDE
electrochemical experiments. The main chamber is 2 inches wide, and has an inner glass
basket to prevent cavitation (whirlpool). The three compartments were connected at the
bottom with glass frits, and at the top with simple glass tubing (to equalize the pressure in the
three compartments). A graphite rod (Sigma Aldrich) was used as the counter electrode and a
home-made saturated silver/silver chloride electrode (Ag/AgCl) was used as the reference
electrode. No platinum (or any noble metals) was used in the cell to ensure that there was no
contamination from trace Pt from pervious experiments30 (after testing the sputtered Pt and Au
films, the cell was soaked in aqua regia for several hours to remove any residual noble metals).
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Figure 3.2. Photographs of the custom-made 3-compartment electrochemical cell and the
custom-made rotating disk electrode. Ruler unit is in inches.
3.3.2 EIS
Electrochemcial impedance spectroscopy (EIS) was performed using a Solartron
1280B potentiostat, 0.1 M KCl (Macron) or NaOH (Malinckrodt AR) was used as the
electrolyte, a graphite rod was used as the counter electrode, and a home-made saturated
Ag/AgCl electrode was used as the reference electrode (when necessary). No DC voltage was
applied and 5 mV of AC voltage was applied, with a frequency range between 20,000 Hz to 1
Hz.
3.3.3 CV and RDE
Cyclic voltammetry (CV) and rotating disk electrode voltammetry (RDE) were
performed in 0.1M KCl or NaOH at room temperature. The CV was performed at a scan rate
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of 20 mV/s (unless otherwise noted), using a Bioanalytical Systems CV-27. K3[Fe(CN)6]
(Sigma, ACS reagent) was used as received. The oxygen reduction reaction was studied at
room temperature using rotating disk electrode (RDE) voltammetry at a scan rate of 20 mV/s.
The solution was saturated with O2 (Airgas, UHP) by initially bubbling the solution for 15
minutes and 7 minutes after measurements at each rotation rate, in order to keep the solution
remains saturated with oxygen for each recorded scan. During the measurement, the bubbling
was stopped to prevent noise in the current induced by bubbles.
Some data were averaged using the Savitzky-Goley method (9 points) to remove
periodic noise.
3.3.4 Deposition Methods
3.3.4.1 Au
Au thin film was deposited using a CCMR sputtering chamber. The details are
discussed in 3.3.1.
3.3.4.2 MBE (deposition done and section written partly by Dr. Hanjong Paik)
Complex oxide films were grown using Veeco GEN 10 dual-oxide MBE chamber.
While more detailed experimental procedures can be found in the published literature by the
Schlom group, a brief explanation by Dr. Hanjong Paik of the Schlom group is as follows.
Commercially available (111) yttrium-stabilized zirconia (YSZ) was used as substrate
for all but one sample. A non-commercial Sm2Ti2O7 (111) substrate was used as the substrate
for one sample to achieve a truly epitaxial growth. Prior to growth, the YSZ substrates were
heated at 1300 °C for 3 h in air to obtain an atomically flat surface. Sm2Ti2O7 (111) substrate
was mechanically polished using diamond paste to obtain an atomically flat surface. For the
metals on the A-site (Bi or Pb), an over-pressure supply flux (1.0×1014 atoms/cm2sec) was
used during growth, which was approximately 10 to 15 times greater than the the flux for the
B-site (Ru or Ir) (0.3×1013 atoms/cm2sec). All components were co-supplied simultaneously
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during the growth. Distilled ozone (1.0×10-6 Torr) was used as the oxidant. The growth
temperature was maintained at 500-600 °C by optical pyrometer.
To determine the optimal single-phase growth window, in-situ reflection high-energy
electron diffraction (RHEED) was used. Thin film crystalline quality was checked by fourcircle x-ray diffraction with two bounce Ge (220) monochromater (Rigaku, Smartlab), and
high-resolution rocking curve was measured by adding two bounce Ge (220) crystal analyzer
on the receiving side (triple axis geometry). Film thickness (i.e. growth rate) was limited by
the Sn-flux supply, which was consistent with the QCM measurement with in ± 10 % error.
The spacing of XRD thickness fringes (Kiessig fringes) of main 222 Bragg peak confirmed
the film thickness. Rutherford backscattering spectroscopy (RBS) confirmed the film
stoichiometry within ±3 % measurement error. Cross-sectional high-angle dark field
(HAADF) scanning transmission electron microscopy (STEM) revealed the interface structure
(FEI Technai F-20 TEM/STEM in STEM mode with a beam voltage of 200 keV). The surface
morphology was characterized by atomic force microscopy (AFM). For XRD, RBS, STEM,
and AFM data, refer to future published literature by Paik and Schlom.
3.3.4.3 Co-sputtering (deposition done and section written partly by Marc Murphy)
Films were also grown by the van Dover group. The details are shown in other
publications by the van Dover group. The following is a brief description of the deposition
procedure, courtesy of Marc Murphy of the van Dover group.
Binary composition spread thin film was deposited through off-axis reactive RF cosputtering of any combination of Pb, Bi, Ir, and Pt, onto a 76.2 mm diameter silicon wafer.
Prior to sputtering, the silicon wafer was heated to 1000 °C to form a SiO2 buffer layer. The
chamber was initially evacuated to a base pressure of ~ 2 x 10-6 Torr, and a steady flow of 15
sccm Ar and 10 sccm O2 gas was subsequently introduced up to a partial pressure of 30
mTorr. The appropriate power was applied the targets to ensure an approximate 1:1 mole
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ratio at the center of the film, based on calibration depositions. Following a 10-15 minute presputter step, the thin films with a composition spread was deposited, with a thickness ranging
from 150-400 nm across the film. Upon deposition, the film was annealed at 600 °C in an air
furnace for 1 hour.
One sample was annealed using a laser anneal apparatus. The details of the annealing
process can be found in this reference.34 Very briefly, a continuous wave laser was swept
across the sample, which heats the sample at over 100 °C/s, and typical dwell times are in the
order of 0.2 – 5 ms.
For the MnxRuyOz film, the procedures were slightly different. Multiple binary
manganese ruthenium oxide (Mn-Ru-O) composition spread thin films were deposited onto
76.2 (3”) mm diameter silicon (100) wafers through off-axis reactive RF co-sputtering.
Before placing a substrate in the sputtering chamber, the silicon wafers was heated in air at
1000 °C for 40 hours to grow a thin SiO2 buffer layer. In order to improve the conductivity of
the film for electrochemical characterization, some of the films were coated with a conductive
60 nm Ru metal through DC sputtering in 10 mTorr Ar, prior to the co-sputter step. A steady
flow of 40 sccm Ar and 10 sccm O2 gas (20% O2) was introduced until an O2 partial pressure
of 30 mTorr was reached. The applied power to the Mn and Ru targets were set to 90 to 50
W, respectively, so as to ensure an approximate 1:1 mole ratio at the center of the film.
Following a 10-15 minute pre-sputter step in order to ensure steady co-sputtering, Mn and Ru
were then sputtered onto the substrate for 20 minutes, resulting in a Mn-Ru-O composition
spread with a thickness ranging from 150-400 nm across the film. The films were annealed insitu at ~350 °C using a substrate holder with a built-in resistive heater. The samples were
cleaved to 10 mm square pieces for testing using the custom-built RDE system described in
this chapter.
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3.4 Operations/Results and Discussions
3.4.1 EIS
Our electrode setup has a somewhat unconventional method for making electrical
connection from the electrode to the current collector. To investigate the validity of this
method, reduction (and oxidation) of K3[Fe(CN)6] (0.81 mM) in 0.1 M KCl, a well-studied
electrochemical reaction, was investigated on a sputtered gold (approx. 50 nm thick) electrode,
and the results were compared to a bulk Au electrode (d = 5 mm).
Figure 3.3 shows the Nyquist plots of the thin film and bulk Au electrodes in 0.1 M
KCl (with no other redox-active components). Total linear resistance (first x-intercept, i.e.
impedance at which there is no capacitive contribution) is approximately 190 ohms for the
thin film, whereas it is approximately 90 ohms for the bulk gold electrode. EIS was performed
with the reference electrode being placed directly adjacent to the working electrode in order to
see if the rather long distance between the compartment introduced a junction potential, but it
did not (see Figure 3.4). It is clear that the distance between the reference and the working
electrode in this set-up did not introduce a significant ohmic drop.
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Figure 3.3. Nyquist plots of Au film (blue) and bulk Au (red) in 0.1M KCl, at OCP, 5 mV
AC, 20,000 Hz – 1 Hz (Z’ and Z’’ increase as the frequency decreases)

Figure 3.4. Nyquist plots of Au film with RE in its own compartment (red) and with the
reference electrode moved directly adjacent to the working electrode (blue) in 0.1M KCl,
at OCP, 5 mV AC, 20,000 Hz – 1 Hz (Z’ and Z’’ increase as the frequency decreases)
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3.4.2 CV and RDE of K3[Fe(CN)6]
The cyclic voltammetry 0.1M KCl does not show an evidence of a significant iR-drop
(Figure 3.5); in fact, the surface gold oxidation and reduction peaks are more visible on the
CV of the thin film electrode (Figure 3.5(b)). Noisy parts of the CV of thin film Au around 0
V vs. Ag/AgCl in the negative-going sweep (Figure 3.5(b)) is likely due to the local pH
change induced by the surface oxide reduction, since the electrolyte is not buffered. It is not a
major concern for the rest of the experiment, as the potential range used for redox of
K3[Fe(CN)6] lacks the surface redox processes (Red CVs of Figure 3.5). The difference in
series resistance, however, is somewhat noticeable in cyclic voltammogram (CV) of
K3[Fe(CN)6] in 0.1 M KCl (Figure 3.6) on sputtered gold, performed with various scan rates.
The peak-to-peak separation between the oxidation and the reduction of ferricyanide increases
with increasing scan rate when the thin film Au was used as the electrode, indicating some
resistance issues. On the other hand, there is only a minimal increase in the peak-to-peak
separation as a function of the scan rate on the CV of the same reaction using the bulk gold
electrode. Still, carrying out experiments at relatively slow scan rates (as it would be ideal for
RDE voltammetry) would eliminate any concerns.

Figure 3.5. Cyclic voltammograms of bulk (a) and film (b) Au in 0.1M KCl. Scan rate 20
mV/s. Red: potential range used for CV of K3[Fe(CN)6].
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Figure 3.6. Cyclic voltammogram of 0.81 mM K3[Fe(CN)6] in 0.1 M KCl on bulk (a) Au
and sputtered gold (approx. 50 nm thick; b), and peak-to-peak separations of the oxidation
and reduction peaks (c is for bulk Au, d is for thin film Au). Scan rates are 10 (red), 20
(orange), 50 (mustard), 70 (light green), 85 (green) and 100 (light blue) mV/s.
An ideal rotating disk electrode has a flat surface, so as to establish laminar flow. As
evident in Figure 3.1, the holder described in this paper has two irregularities; the electrode is
recessed by the thickness of the O-ring (approx. 2 mm), and the Teflon surface slants
downward towards the electrode. To investigate the effect of such irregularities, the reduction
of K3[Fe(CN)6] (0.81 mM) in 0.1 M KCl was investigated using the standard RDE technique
at a scan rate of 20 mV/s. Figure 3.7 shows the results of the experiment. The kinetic regions
(including the onset potential) of the two RDE voltammograms look nearly identical, aside
from the systematic offset in current introduced by the slight difference in the double layer
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current. Applying the Levich equation iL = 0.620nFAD3 𝜔 2 𝜈 −6 𝐶0 (F = Faraday constant, A =
area of the electrode, number of electron transferred n = , and kinematic viscosity ν =
9.913x10-3 cm2/s for 0.1 M KCl35) at 0.06 V vs. Ag/AgCl (Figure 3.7(d)), the diffusion
coefficient (D) was determined to be 7.6x10-6 ±0.7 cm2/s , which is very close to the value
given in the literature (7.6x10-6 cm2/s 36). As a comparison, the identical experiment was
performed in the same solution using a bulk Au electrode (Figure 3.7(a)). Using the same
assumptions, the diffusion coefficient was determined to be 7.5x10-6 cm2/s. An interesting
quirk of The Levich plot of thin film RDE is that the intercept of the best-fit line is below zero,
when in theory it should be zero (or often times positive). Taken for its face value, it would
mean that at the limit of no rotation, the limiting current of a reduction reaction would show a
positive current, which is clearly unphysical. While it is difficult to ascribe the cause for such
a phenomenon, the slope is still linear with a very high coefficient of determination (r2), which
is sufficient for extracting parameters like the diffusion coefficient or the number of electrons.
Therefore, we do not believe this to be a significant problem.
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Figure 3.7. Rotating disk electrode voltammetery of 0.81 mM K3[Fe(CN)6] in 0.1 M KCl
on bulk Au (a) and Au film (b). (c) Levich plots at 0.06 V vs. Ag/AgCl of bulk Au and Au
film (d).
3.4.3 ORR on Pt thin film
One of the greatest benefits of RDE voltammetry is the ability to quantify
electrochemical redox processes. RDE voltammetry of the ORR was carried out in 0.1 M
NaOH using a sputtered Pt electrode (see Figure 3.8(a)). The voltammetric profiles are in line
with reported ORR voltammograms of Pt. The Levich plot (Figure 3.8 (b)), made using
current densities at -0.6 V vs. Ag/AgCl yields an excellent best-fit line (r2 = 0.9999) and n =
3.87 electrons from the Levich equation (assuming diffusion coefficient of O2 in water of D =
1.93*10-5 cm2/s, C0 = 1.26*10-3 M O2 at saturation, and kinematic viscosity ν = 1.07*10-2
cm2/s, all based on values reported in the lterature37). Though the mass-transport region of
Figure 3.7(a) is not strictly flat, it shows negligible to no difference on the Levich plot (Figure
3.7(b)). General current and voltammetric profiles are in line with reported values as
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well38,39,40,41,42,43. This is a further proof that the dimensions and configurations of the
holder/electrode are sufficiently optimized for testing thin-film electrodes in electrochemical
cells for reactions such as the ORR.

Figure 3.8 (a) RDE voltammogram of sputtered Pt in oxygen-saturated 0.1M NaOH,
measured using a home-made electrode setup. (b) Levich plot, generated from current
densities at -0.4 V (green), -0.6 V (red) and -0.8 V (blue) vs. Ag/AgCl, with equations for
the linear regression lines for the data from -0.6V and -0.8 V.
3.4.4 ORR and OER on MBE Samples (from Paik/Schlom Group)
Figure 3.9 shows the Nyquist plots of oxide thin film electrodes (MBE) in 0.1M
NaOH. It is clear that the oxide thin films are more resistive than a standard electrode, with the
series resistance (can be approximated from the first x-intercept) being about twice that of the
GC electrode in the case of IrO2, and two orders of magnitude higher in the case of Pb2Ir2O7.
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Figure 3.9 Nyquist plots of selected MBE pyrochlore samples. A glassy carbon electrode
is a standard electrode (the RDE electrode setup described in this work is not used). OCP,
10 mV AC, 20,000 Hz – 1 Hz (Z’ and Z’’ increase as the frequency decreases)
Figure 3.10(a) is a metacomparison of RDE voltammograms of various pyrochlore
oxides grown using the Veeco GEN 10 dual-oxide MBE chamber in O2-saturated 0.1M NaOH
at 1600 rpm. The shallow slopes of the voltammograms strongly suggest that there is a
significant iR drop in these samples; therefore, the most useful parameter to compare is the
onset potential.
We tested a series of A2B2O7 pyrochlore samples. The following discussion for the
next two paragraphs will center on Bi2Ru2O7 (111) as the standard and will serve as the basis
to discuss the effects of substitution and other changes. Among the Bi2Ru2O7 samples (shades
of red in Figure 3.10(a)), there is little to no dependence on thickness (20 nm vs. 10 nm) or
crystallographic orientation (111 vs. 001). Similarly, introducing strain by epitaxial growth on
Sm2Ti2O7 also seems to have little effect on the electrocatalytic activity. The onset potentials
(E when j = 0.1 mA/cm2) are all approximately -0.2 V vs. Ag/AgCl. The sample with the best
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onset potential of the series (20 nm) was -0.20 V and the worst (001) was -0.23 V.
Substitution on B sites of the pyrochlore structures with iridium and forming Bi2(Ru/Ir)2O7
samples (shades of blue in Figure 3.10(a)) magnifies the iR drop significantly, even with a
small amount of Ir. However, the onset potential hardly shifts. Substitution on the A site with
Pb to form Pb2Ru2O7, however, improves the onset potential considerably, to -0.14 V vs.
Ag/AgCl (lime green in Figure 3.10(a)). Finally, substitution of both the A site and B site
from Bi2Ru2O7 to Pb2Ir2O7 significantly decreases the catalytic activity (and, likely,
conductivity), with the onset potential decreasing to -0.30 V vs. Ag/AgCl (green). Perhaps
these results are not surprising, as IrO2 (mustard) is a very poor ORR catalyst (pink line). In
short, Pb appears to be the slightly favorable candidate than Bi for the A site cation, and Ru is
a far superior B site cation than Ir.
Figure 3.10(b) shows linear sweep voltammetry of the select samples deposited by
MBE, examining the OER in O2-saturated 0.1M NaOH. The Bi2Ru2O7 sample shows an onset
potential of 0.58 V vs. Ag/AgCl. Substitution of B site with Ir (Bi2Ir2O7) does not
significantly alter the catalytic activity for the OER. Interestingly, two samples of Bi 2Ir2O7
showed dramatically different activities (blue vs. dotted blue), likely dependent on deposition
parameters. Partial substitution of Ir with Ru and forming Bi2(Ir/Ru)2O7 (shades of blue)
improved the onset and the kinetics slightly, a sharp contrast to the previous figure. Since bulk
IrO2 is one of the best OER catalysts known44, this result is consistent with those observations.
IrO2 (mustard), however, showed very poor activity, perhaps because of poor conductivity of
the thin film sample, as it was shown in Figure 3.9. Substitution of Bi with Pb (Pb2Ru2O7)
does not alter the catalytic activity at all. In fact, the second sample (dotted line of the same
lime green) has one of the best onset potentials (~0.55 V vs. Ag/AgCl). Pb2Ir2O7 (green),
substitution of both the A and the B sites of Bi2Ru2O7, improves the catalytic activity
considerably (onset potential ~0.55 V vs. Ag/AgCl, steeper slope). However, it should be
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noted that a significant difference was observed between samples (two different lime green
lines).

Figure 3.10. (a) RDE metacomparison of the oxygen reduction reaction in oxygensaturated 0.1M NaOH using MBE-grown pyrochlore electrodes. The voltammogram of Pt
is copied from Figure 2 (b) Comparison of OER in oxygen-saturated 0.1M NaOH using
MBE-grown pyrochlore electrodes. Dotted lines indicate different samples of the same
nominal composition. (c) (d) (e) are part (a) divided into three groups of compounds.
Colors are matched for same samples on (a) and (b). All samples are (111), unless
3.4.5 ORR and OER on Co-sputtered Samples (from Murphy/van Dover Group)
Figure 3.11(a) is a metacomparison plot of RDE voltammetry (1600 rpm) of the ORR
using various co-sputtered oxides used as the working electrode in O2-saturated 0.1M NaOH.
BixIryO7 (two different compositions) and a laser-annealed sample of the same category of the
compound that introduced a different crystal structure (for laser annealing process, see ref34)
(shades of blue) performed poorly, as was seen in pyrochlore thin films made by MBE (Figure
3.10(a)). Three different compositions of BixIryO7 (shades of blue) were tested, and all of them
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showed onset potential worse than -0.2 V vs. Ag/AgCl, with very shallow slopes (compared to
Pt). Partial substitution of Ir with Pt in BixIryO7 and forming Bix(Ir/Pt)yO7 (red and brown
lines) improved the kinetics (much steeper slope, comparable to Pt), and the sample in brown
line shows nearly identical onset potential to Pt (10 mV worse). However, we decided that
these samples were not worth further investigation, because they contained Pt and was inferior
to Pt itself (black line) with significantly more difficult synthesis and processing than Pt if
they were to be made as nanoparticles. One of the Bix(Ir/Pt)yO7 sample and the laser-annealed
sample of BixIryO7 showed unphysically high limiting currents (the limiting current at n = 4 for
1600 rpm should be 5.26 mA/cm2, assuming D = 1.93*10-5 cm2/s, C0 = 1.26*10-3 M O2 at
saturation, and kinematic viscosity ν = 1.07*10-2 cm2/s 7), but we attribute that to delamination.
The MnxRuyOz sample (orange), however, is extremely interesting sample. Its onset potential
(ca. -0.07 V vs. Ag/AgCl) was only about 45 mV worse than Pt, showed a comparable kinetic
region to Pt, and reached the same limiting current as Pt, despite not containing any precious
metal. We have decided that this sample would be an appropriate candidate to study further,
and will be discussed in the following chapter.
Figure 3.11(b) shows linear sweep voltammetry of the select co-sputtered samples in
O2-saturated 0.1M NaOH, investigating the OER (colors are matched with Figure 3.11(a)).
Most samples showed onset potentials at ca. 0.55 V vs. Ag/AgCl, except for the laserannealed BixIryO7, which did not show any OER activity until 0.6 V vs. Ag/AgCl. All of the
samples show better slope than IrO2, however, indicating either better kinetics or less ohmic
resistance. Finally, the MnxRuyOz sample (orange) again shows the best onset potential at ca.
0.5 V with kinetics comparable to the other samples. The OER activity will also be discussed
further in the following chapter.
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Figure 3.11. (a) RDE metacomparison of ORR in O2-saturated 0.1 M NaOH using thin
film oxide samples deposited by co-sputtering methods. The voltammogram of Pt is copied
from Figure 2. (b) Comparison of OER in oxygen-saturated 0.1M NaOH using thin film
oxide samples deposited by co-sputtering methods. Colors are matched between (a) and
(b).
Figure 3.12 shows RDE voltammograms of the MnxRuyOz sample in O2-saturated 0.1 M
NaOH, scanned at 20 mV/s. At all rotation rates the ORR reached transport limit. Applying
the Levich equation at -0.6 V vs. Ag/AgCl yields a nearly perfectly straight line (r2 = 0.9995),
confirming that there were no kinetic limitations. The electron count was calculated to be 3.74
(using the same constants listed in the previous paragraph), indicating that the 4-electron
reduction pathway, to form hydroxide, was the dominant reaction, instead of the 2-electron
process that produces hydrogen peroxide. The direct pathway is the preferred pathway, as it is
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the more efficient one.

Figure 3.12. RDE voltammograms of MnxRuyO2 “E8” in O2-saturated 0.1 M NaOH. Inset: Levich plot
from current densities at -0.6 V vs. Ag/AgCl.
3.5 Conclusions
A facile method to perform rotating disk electrode voltammetry on thin film
electrodes was developed. Using sputter-deposited Au and Pt, it was demonstrated to be a
robust method that can be used and configured for thin films. This method would allow for
more detailed characterization of reactions such as the oxygen reduction reaction than a simple
cyclic voltammetry using deposited thin film electrodes.
We have shown that, while many pyrochlore electrodes made via MBE show
somewhat promising electrocatalytic activities in terms of onset potentials, they exhibit
significant iR drops. Perhaps as a result, the effects of strain caused by epitaxial growth or
different crystallographic orientation seem to show negligible difference in the electrocatalytic
activity towards the ORR. Pb2Ru2O7 is the most promising candidate for further study. In
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order to address the iR-drop, perhaps a conductive substrate would mitigate the problem,
though such substrates are difficult to obtain, especially for epitaxial growth.
None of the co-sputtered pyrochlore (A2B2O7) samples showed promising activities
either, but they appeared to be a bit less hampered by ohmic loss. However, these results may
mean that pyrochlore structure samples are not a suitable class of materials for the catalysis of
the ORR. On the other hand, the MnxRuyOz sample showed a very promising result. With this
in mind, in the next chapter, synthesis of this compound will be investigated.
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CHAPTER 4
NEW MnxRu1-xO2 (x ≤ 0.2), A HIGH PERFORMANCE, LOW COST CATALYST FOR
THE OXYGEN REDUCTION AND EVOLUTION REACTIONS
Ryo H. Wakabayashi#, Marc J. Murphy†, Elliot S. Padget‡, David A. Muller‡, R. Bruce van
Dover†, Francis J. DiSalvo#* Héctor D. Abruña#*
# Department of Chemistry, Cornell University, Ithaca, New York 14853-1301
†Department of Material Science and Engineering, Cornell University, Ithaca, New York
14853-1301
‡School of Applied Engineering and Physics, Cornell University, Ithaca, New York, 148531301
4.1 Abstract
We present a new mixed oxide MnxRu1-xO2 (x ≤ 0.2), a compound that has not been
previously reported. MnxRu1-xO2 was synthesized using a hydrothermal method, and
crystallized in rutile (RuO2, β-MnO2) structure. This material shows comparable ORR activity
to that of Pt and OER activity to that of RuO2 in alkaline media, but at a fraction of the cost of
Pt. This so-called “bifunctional” catalyst represents an extremely attractive alternative to more
expensive cathode catalysts for alkaline fuel cells, or as a cathode catalyst in metal-air
batteries.
4.2 Introduction
Efficient catalysis of the oxygen reduction reaction (ORR) remains elusive to
electrochemistry. Even when using a very expensive catalyst such as platinum, the
overpotentials required to obtain an operational current density is over 300 mV1,2, which
represents a voltage loss of 25 % in a hydrogen/oxygen fuel cell (given that H2 + 2 OH-  2
H2O + 2 e- E0 = 0.0 V vs. RHE and O2 + 2H2O + 4 e-  4 OH- E0 = 1.23 V3). Metal oxides
have been studied as possible anode materials since the 1960s4, but the usage of oxides in
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cathodes in acidic conditions represent a considerably larger challenge, given that many
oxides (and non-precious metals in general) passivate, corrode, or dissolve at high potentials
in acid. Transitioning to an alkaline fuel cell would mitigate the problem, but as stated in our
previous chapter, the development of a good anion exchange membrane has long stood in the
way5. Now that there are a few reports of what appear to be adequate to excellent anion
exchange membranes6,7,8,9, we believe that there is a tremendous opportunity to explore non-Pt
cathode catalysts in order to lower the cost of the fuel cells, overpotential of the ORR, or, in an
ideal scenario, both.
In addition, so-called “bifunctional” catalysts—those that efficiently catalyze both the
oxygen reduction reaction (ORR) and the oxygen evolution reaction (OER)—have gained
interest as metal-air batteries 10,11 and unitized regenerative fuel cells12 have become more
popular. As if the aforementioned challenges of finding an inexpensive, efficient, and longlasting catalyst for the ORR were not daunting enough, there are not many catalysts that can
do both reactions efficiently and are stable at the high operating potentials of the two reactions.
Noble metals like Pt, for example, are expensive but (relatively) good catalysts for the ORR.
Pt is, however, not adequate for OER.13 Oxides represent another category of compounds that
can be stable over a wide range of potentials. RuO2, for example, is an efficient OER
catalyst14,15, but is a relatively poor ORR catalyst13 and therefore a fairly poor “bifunctional”
catalyst.
Assuming that catalysis on single-metal oxides is already well-studied, the number of
more complex (transition) metal oxides that can be studied are nearly limitless. A simple
linear combination of the 3d metal oxides alone gives us 100 oxides, before accounting for
variations in stoichiometric ratios. Clearly, inspiration or hints from past work, or some
fundamental, theoretical understanding of catalysis is essential for expedited discovery of new,
inexpensive catalysts.
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Several classes of oxides have been investigated in recent years, though the
requirement for electrical conductivity alone narrows the possible pool of candidates. Among
those are spinels16,17,18,19, perovskites20,21,22,23,24,25, and pyrochlores26,27,28. And in the previous
chapter we discussed a facile method to electrochemically characterize novel thin film
samples using rotating disk electrode voltammetry (RDE) that allows us to quantitatively
study a wide range of sputtered thin films. One of the most promising results that came out of
the initial screening of complex oxide thin films for their electrocatalytic activity towards the
oxygen reduction reaction (ORR) was a sample from a composition spread film of manganese
oxide and ruthenium oxide co-sputtered on a ~350 °C substrate. It showed remarkable activity
towards both the ORR and the oxygen evolution reaction (OER), an ostensible microscopic
reverse of the ORR. Physical characterization (X-ray diffraction, X-ray photoemission
spectroscopy) suggested that the active region host a predominantly rutile structure, as do
RuO2 and the β phase of MnO2, and contained approximately 12 to 20 % Mn (Ru to balance).
Manganese oxides (of various oxidation states) have been previously reported as
catalysts for the ORR in the alkaline media,29 and mechanistic study has suggested that MnOx
first reduces oxygen to HO2- (peroxide) and then to water11. In addition, it has been reported
that the β phase is the most electrocatalytically active form of MnO2.30 The use of manganese
oxide (α-Mn2O3) with potential applications as a “bifunctional” (ORR and OER) catalyst has
been reported previously.13 Some mixed oxides of Mn and other metals have been reported as
electrocatalysts as well.19 For example, it has been reported that doping MnO2 with Ni and Mg
increases the catalytic activity and promotes the 4-electron pathway to water (OH- in base) as
opposed to the 2-electron pathway to peroxide31. Several mixed Co/MnOx have also been
reported as potential ORR electrocatalysts.10,16,18,32
Ruthenium oxide-based materials have also been reported for similar purposes. A
mechanistic study on Ru-containing pyrochlore oxides suggested that oxygen first binds on
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the hydroxylated surface of the metal oxides33. Suppression of the 4-electron pathway by
doping with Co or Ni is known34. In addition, RuO2 is known as one of the best OER catalysts
in alkaline media14, indicating that RuO2-based material may also be ideal as “bifunctional”
catalysts. There have even been some reports of physical mixtures of MnOx and RuO2 (αMnO2 and RuO2 35, γ-MnO2 and RuO2 36). However, to our knowledge, no compound (solid
solution or ordered phase) of manganese oxide and ruthenium oxide has ever been reported in
the Inorganic Crystal Structure Database or the Phase Equilibria Diagram Online database of
the American Ceramic Society/National Institute of Standards and Technology. While this
may mean that no solid state chemist was particularly interested in synthesizing a mixture of
the two oxides, the more likely interpretation is that there is no stable solid solution or ordered
phase that is thermodynamically accessible by standard oxide synthesis at high temperature.
Hints for making this mixed oxide compound may lie in reported syntheses of various
polymorphs of MnO2, and in particular, the rutile β phase (rutile RuO2 is the most common
form of RuO2, and therefore can be synthesized using a wide variety of methods). β-MnO2 is
known to mineralogists as pyrolusite, and is known to occur and form “under highly oxidizing
conditions in hydrothermal deposits and rocks”37. In fact, most of the reported synthetic
procedures of MnOx are effectively lab-scale imitations of the formation conditions of
pyrolusite. Most of the reported syntheses are hydrothermal methods using a Mn2+ salt (sulfate,
chloride, acetate, etc.) and an oxidizing agent (Na/KMnO4, KClO4, (NH4)2S2O8). For example,
Sun et al. and Musil et al. reported on the effects of the manganese counteranion and the
oxidizing agent on the crystal structure of the MnO2 product.38 39Yin et al. reported on the
effect of non-Mn cations (K+ or H+) on the structure of the MnO2 product40, and Kuang et al.
reported on the effect of the anion on the shape and structure of MnO2 41. It is, therefore,
sensible to assume that synthetic conditions are extremely critical in obtaining any rutile
MnO2-containing compound, and that the likeliest method is a hydrothermal method. Taking
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these reports into account, synthetic methods to produce a solid solution of rutile MnO2 and
RuO2 have been hereby explored. The synthesized products were examined for
electrocatalytic activities for both the ORR and the OER.
4.3 Experimental
4.3.1 Synthesis of the Powder MnxRu1-xO2 (x ≤ 0.2)
Stoichiometric amounts of RuCl3∙3H2O (typically 62.7 mg) and MnSO4 (typically 8.68
mg) were mixed in approximately 5 mL of water, and stirred for approx. 30m. KMnO4 (0.6
mL of 4 mM aqueous solution) was then added (mol ratio MnSO4 : KMnO4 = 3: 2) and stirred
for approx. 10 minutes, by which time a brown solid had precipitated. The suspension was
transferred to a Teflon bomb autoclave (20 mL) and was heated at 160 °C for 6 hours. The
black precipitate was filtered and washed with copious amounts of water, and was
subsequently annealed in air at 450 °C for 6 hours.
As a comparison, the same procedure was performed with each of the reactants to obtain a
pure manganese oxide (β-MnO2) or a pure ruthenium oxide (RuO2). α-Mn2O3 was synthesized
by first dissolving approx. 900 mg of Mn(NO3)2∙3H2O in water, and then precipitating a
brown solid by adding NH4OH (1.5 M) to make the pH = 8. The suspension was filtered and
washed with water, dried at 80 °C , then finally heating in air at 550 °C for 12 hours,
following a literature procedure.42
The products were then mixed with carbon black (Vulcan XC-72R, pre-heated to 400 °C
for 12 h in air to oxidize the surface for better dispersion in polar solvents) using a Pulverisette
7 (Frisch) planetary mill. In order to ensure that the catalysts were not contaminated with
electrochemically active materials in the planetary mill, carbon black was milled by itself to be
electrochemically tested, as well. Physical mixtures of MnO2, Mn2O3, and/or RuO2 with
carbon black (2:8 Mn:Ru metal ratio, 40 % wt. loading on C) were also made by using a
Pulverisette 7.

75

4.3.2 Physical Characterization (EELS performed and written partly written by Elliot Padget)
X-ray diffraction was performed using a Rigaku Ultima IV using Cu Kα (λ=1.5406 Å for
Kα1, 1.5444 Å for Kα2). Refinement was done using PDXL (Rigaku) software. Scanning
electron microscopy (SEM) images and energy-dispersive X-ray spectroscopy (EDX) were
taken using a LEO KECK FESEM. High-resolution scanning transmission electron
microscope (STEM) images and electron energy loss spectroscopy (EELS) data were taken
using a NION UltraSTEM 1000 microscope.
Scanning transmission electron microscope (STEM) images and electron energy loss
spectroscopy (EELS) maps were acquired using a NION UltraSTEM, a fifth-order aberration
corrected microscope. It was operated with a 100 kV accelerating voltage and a 30 mrad
convergence angle, which provided a beam current of approx. 70 pA in an angstrom-sized
probe. EELS maps were acquired with a fast 5 ms dwell time in pixels at 5 angstrom spacing,
so as to minimize beam-induced damages. Spectra were subsequently de-noised using
principal component analysis (PCA). EELS maps were reconstructed using the first 7 principal
components (PCA), which accounted for 98% of the data variance and all visible systematic
spatial variation. After noise removal, composition maps were produced from the integrated
signal of the oxygen K-edge, the ruthenium M3-edge, and the manganese L3 edge after
background subtraction using a linear combination of power laws fit. Background subtraction
and integration was performed using the Cornell Spectrum Imager plugin for ImageJ.43
4.3.3Electrochemical Characterization
Glassy carbon (5 mm diameter) electrodes were polished using 1μm diamond
polishing paste (Buehler) followed by 0.3 and 0.05 μm alumina powder (Extec and Buehler),
and were rinsed using Millipore water (18MΩ/cm Thermo Scientific Barnstead Nanopure).
These electrodes were then sonicated in 0.1M NaOH (Malinckrodt AR) for 5 minutes to
activate the surface prior to deposition of the sample inks.
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The inks for electrochemical characterization were made using Nafion (0.02 wt. % in
200 proof ethanol), or in some cases, a previously published alkaline anion exchange ionomer6
(0.02 wt. % in 200 proof ethanol). As long as there is no carbon in the formation, the choice of
ionomer seems to have little to no effect in the electrochemical performance, perhaps due to
the fact that the loading of the ionomers is incredibly low. However, the phosphonium anion
exchange ionomer was not a suitable binder for samples with carbon black, however, since
carbon aggregated in the presence of the phosphonium ionomer. This may be due to the fact
that the ionomer was originally dissolved in n-propanol. 80 μg/cm2 of the oxide were
deposited on a glassy carbon electrode (d = 5 mm). A home-made Ag/AgCl was used as the
reference electrode, and a graphite rod was used as the counter electrode (so as to have no
metal contamination).
Cyclic voltammetry (CV) and rotating disk electrode voltammetry (RDE) were
performed using Bioanalytical Systems CV-27 potentiostat, at a scan rate of 20 mV/s, except
for the oxygen evolution reaction (OER) which was done at 2 mV/s. 0.1 M NaOH
(Malinckrodt AR) aqueous solution (made using Nanopure water) was used as the electrolyte
in all experiments. For the oxygen reduction reaction, the solution was initially deoxygenated
by bubbling N2 (Airgas, UHP) to take a CV, and then the solution was saturated with O2
(Airgas, UHP) by bubbling for 15 minutes initially and for 7 minutes after every scan to
ensure that the solution remained saturated with oxygen for each scan. ORR on Pt/C was
performed in a separate electrochemical cell and a Pt wire as counter electrode, in order to
avoid metal contaminations in the electrochemical experiments of the oxide samples.
Some data were averaged using the Savitzky-Goley method (9 points) to remove
periodic noise.
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4.4 Results and Discussions
Figure 4.1 shows the powder XRD patterns of Mn0.2Ru0.8O2 (red), RuO2 (blue), and βMnO2 (orange), all synthesized using identical methods. Mn0.2Ru0.8O2 appears (at least above
the limit of detection of pXRD) to be a single-phased product. Inspection of the spectra shows
that peaks corresponding to lattice planes (hkl) with l ≠ 0 show a small shift to higher angles,
indicating a decrease in “c”; given that RuO2 and MnO2 have a similar a axis but a
considerably different c axis (RuO2: a = 4.50 Å, c = 3.11 Å; MnO2: a = 4.40 Å, c = 2.89 Å).
However, the changes in both a and c were not as much as Vegard’s Law would predict (See
Figure 4.2). Applying the Scherrer equation to the (101) peak, the crystallite domain size was
estimated to be 5 nm. EDX results (Table 4.1) indicate that the ratio of Mn to Ru is 15.0:85.0,
which is within the experimental error of the desired 1:4 (resolution of EDX for non-ideal
samples such as small particles is limited).
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Figure 4.1. (a) X-ray diffraction patterns of Mn0.2Ru0.8O2 (red), RuO2 (blue),
Mn0.33Ru0.67O2 (green), of Mn0.2Ru0.8O2 heated at 160 °C in ambient air (purple),
Mn0.2Ru0.8O2 made with carbon black in the bomb autoclave (navy), and β-MnO2 (orange).
(b): zoom of the first three major peaks of Mn0.2Ru0.8O2 (red), RuO2 (blue), and β-MnO2
(orange). with labels of lattice planes for RuO2 peaks and black lines drawn at peak
locations of RuO2. Peaks of Mn0.2Ru0.8O2 are slightly shifted from RuO2, especially the
peaks with lattice planes that do not contain a z component, indicating some lattice
constant change.

Figure 4.2. Lattice constants (a on left, c on right) of the rutile structure products as a
function of % Ru. Red dots are literature values of β-MnO2 and RuO2.
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The solubility of Mn in RuO2 seem to be limited, however, as “Mn0.33Ru0.67O2” clearly
shows a presence of another phase of MnO2 (ε phase) (Figure 4.1 (a), green) in addition to the
peaks corresponding to the rutile structure. As was the case for the synthesis of β-MnO2, the
high-pressure vessel (bomb autoclave) seems to play a critical role in the synthesis. A phase
diagram (Phase Diagram for Ceramicists44) also predicts that MnO2 would decompose to
Mn2O3 and O2 at moderately high temperature (~400 °C) at atmospheric oxygen partial
pressure (or lower), but as shown in Figure 4.1(a) (orange), the MnO2 sample annealed at
450 °C was in β phase, and no Mn2O3 peaks are observed in Mn0.2Ru0.8O2 or β-MnO2 samples.
Another database (International Programme on Chemical Safety45) suggest, however, that the
decomposition of MnO2 happens at 553 °C, which is in line with the result shown here.
Heating the initial suspension in ambient air instead of a bomb autoclave (Figure 4.1
(a), purple) yields a second phase (α-Mn2O3). This process sometimes yields XRD patterns
without any clear signs of second phase, but the peaks look generally less crystalline and
appear less Gaussian (Figure 4.3). This likely indicates that the domain size is far less uniform
when a high-pressure heating process is not employed. In addition, from EDX, the distribution
of metals appears to be less uniform in the samples heated in air (much bigger standard
deviation in Table 4.1), as opposed to the one heated in autoclave. They also contain some K
and S impurities, likely from KMnO4 and MnSO4, respectively (see Table 4.1).
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Figure 4.3. X-ray diffraction patterns of Mn0.2Ru0.8O2 (red), another sample of
Mn0.2Ru0.8O2 heated at 160 °C in ambient air (light purple), and Mn0.2Ru0.8O2 heated at
160 °C in ambient air (darker purple). Darker purple and red traces are replicated from
Figure 4.1.

Using Autoclave

Mn (%)

Ru (%)

S (%)

K (%)

15.0 ± 0.7

85.0 ± 0.7

---

---

11.2 ± 4.0

82.0 ± 6.3

5.1 ± 1.8

1.7 ± 1.3

(similar to red in Fig 2.3)
No Autoclave (light
purple in Fig 2.3)
Table 4.1. EDX results of Mn0.2Ru0.8O2 made with and without using the bomb autoclave.
Standard deviation calculated from at least 8 measurements.
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Figure 4.4 (a, b) shows SEM images of Mn0.2Ru0.8O2. They appear to be uniform with
a primary particle size of around 200 nm. Given that XRD analysis yields a primary domain
size of 5 nm, it is clear that particles consist of agglomerated nanoparticle clusters, which is
not surprising given the absence of surfactants or catalyst support (carbon, etc.) in the
synthesis. We attempted to pre-mix Vulcan XC72R in the suspension prior to heating in bomb
autoclave, but it resulted in reduction of ruthenium to metallic ruthenium (Figure 4.1(a), navy
trace). The Mn0.2Ru0.8O2 particles also have a rough morphology with what appears to be very
small particles sprinkled on larger spheres. It is also important to note that the image looks
single-phase; pure MnO2 made under the identical synthetic condition yields rod-like
morphologies (Figure 4.3(d)), which are entirely absent in Mn0.2Ru0.8O2. Images of RuO2
(Figure 4.4(c)) to the first order, look like Mn0.2Ru0.8O2 but considerably bigger, which is
consistent with the XRD peak widths. Some images of Mn0.2Ru0.8O2 even show an empty core,
though we were unable to determine if such is the case for all or majority of the particles. The
sample made in ambient air (Figure 4.4(d) clearly shows multiple morphologies and different
appearance (more needle-like features in the spherical components). This further suggests that,
even if the XRD does not show clear peaks from impurity phases, heating in ambient air
instead of the bomb autoclave yields a multi-phase product.
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Figure 4.4. SEM images of Mn0.2Ru0.8O2 (a and b), RuO2 (c), MnO2 (d), and Mn0.2Ru0.8O2
made without using a bomb autoclave (e). Scale bars are 200 nm.
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Figure 4.5. High-resolution EELS image of Mn0.2Ru0.8O2, after removing noise by
principal component analysis. Region in red dotted box on the top right was mapped. Mn is
red and Ru is cyan in the bottom left (Image by Elliot Padget)
High-resolution EELS (performed by Padget) map largely shows a uniform mixture of
Mn and Ru (Figure 4.5). However, it must be noted that phase segregation induced by a high
beam current is entirely possible46,47. There is a region in the top left corner of the aggregate
map that is purely cyan (Ru) and shows no O content, indicating a presence of metallic Ru. It
is highly likely that metallic Ru was synthesized, given the oxidizing condition of the
synthesis. Therefore, the presence of metallic Ru is likely due to beam damage. We also
observed clear phase segregation with higher beam current (approx. 140 pA). Still, Mn and Ru
oxides appear to be mixed at atomic scale, indicating a very intimate mixture.
Figure 4.6 shows the RDE voltammograms of Mn0.2Ru0.8O2/C O2-saturated 0.1 M
NaOH. The slopes of the kinetic region of the RDE voltammograms are as steep as that of the
Pt/C sample (see Figure 4.7); half-wave potential (E½) taken from voltammogram of 1600
rpms are approximately -0.139 V vs. Ag/AgCl for Pt/C and approximately -0.185 V vs.
Ag/AgCl for Mn0.2Ru0.8O2, meaning that Mn0.2Ru0.8O2 requires only 46 mV more of an
overpotential to reach the same current density in the kinetic region compared to Pt, which is
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superior to any of the MnOx or RuO2-based materials discussed in the previous
paragraph.10,11,13,16,18,30,32 This is a remarkable activity, given that Mn0.2Ru0.8O2 would be nearly
40 times less expensive than platinum per mass (According to www.infomine.com on
3/23/2016, Pt is USD 956.35/OZT, while Ru is USD 42.00/OZT and Mn is USD 1.63/kg, or
USD 0.051/OZT, so Mn0.2Ru0.8O2 is 28.5 times less expensive than Pt per mass of metals, or
accounting for the mass of oxygen in the active material is 38.6 times less expensive than Pt
per mass).

Figure 4.6. RDE voltammograms of Mn0.2Ru0.8O2/C in O2-saturated 0.1 M NaOH. Inset:
Levich plot from current densities at -0.8 V vs. Ag/AgCl.
Applying the Levich equation at -0.8 V yields a very good linear fit (r2 =0.9998,
Figure 4.5 inset), indicating an ideal mass transport limit behavior with no kinetic limitation
even at high mass transport, and an electron count number n = 3.25 (diffusion coefficient of
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O2 in water D = 1.93*10-5 cm2/s, C0 = 1.26*10-3 M O2 at saturation, and kinematic viscosity ν
= 1.07*10-2 cm2/s, from Markovic et al.48). Given that the ORR on Pt in the alkaline media
does not proceed entirely either49, we do not expect this to be a significant drawback of this
catalyst. The ORR was also performed using pure RuO2/C and β-MnO2/C, and a
metacomparison of the RDE voltammograms (at 1600 rpm) of those samples, as well as Pt/C
and thin film sample of Mn0.2Ru0.8O2 (Chapter 3) are shown in Figure 4.7. It is evident that
Mn0.2Ru0.8O2 is a superior ORR catalyst when compared to RuO2 or β-MnO2. The catalytic
activity of Mn0.2Ru0.8O2 is nearly identical to the thin film of the same composition, indicating
that results from a thin film with a compositional spread can be translated into powder form,
even if the phase is previously unreported as discussed above.
It is notable, however, that the phase-impure product shows identical activity (purple
line of Figure 4.6, corresponding to purple trace in Figure 4.1(a) and 4.3) as the phase-pure
sample. This indicates, perhaps, that the requirement for a good catalytic activity is merely the
proximity of small domains of manganese oxides near a conductive “backbone” (RuO2 in this
work). The physical mixture of MnO2 with RuO2, and the mixture of Mn2O3 with RuO2, both
show comparable onset potential but considerably worse kinetics than the chemically mixed
(or at least partially mixed, as is the case with the purple line). E1/2 of the single-phase
Mn0.2Ru0.8O2 is -0.18 V vs. Ag/AgCl, compared to -0.16 V vs. Ag/AgCl for the segregated
Mn0.2Ru0.8O2, -0.20 V vs. Ag/AgCl for the MnO2/RuO2 physical mixture, and -0.22 V vs.
Ag/AgCl for Mn2O3/RuO2 physical mixture. The limit of small domains being well-dispersed
on a conductive matrix would be the alloy, which may explain the high activity of the samples
presented here compared to other works presented in the literature. 35,36
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Figure 4.7. RDE voltammograms (1600 rpm) of Mn0.2Ru0.8O2/C (red), RuO2/C (blue), and
β-MnO2/C (yellow), carbon black (green), Mn0.2Ru0.8O2 “E8” thin film (pink, by Murphy in
Ch. 3), phase-segregated “Mn0.2Ru0.8O2”/C (purple), physical mixture of MnO2/RuO2/C
(2:8 Mn:Ru metal basis, brown), physical mixture of Mn2O3/RuO2/C (2:8 Mn:Ru metal
basis, magenta), and Pt/C (gray) in O2-saturated 0.1 M NaOH.
From Figure 4.7, it is clear that Mn0.2Ru0.8O2 is a better catalyst than the sum of its
parts (though this statement is somewhat complicated, because it was not possible to make a
smooth, well-dispersed MnO2/C ink with Nafion or the phosphonium ionomer, for an
unknown reason). While somewhat speculative on our part, we suspect that manganese and
ruthenium oxides interact with each other favorably. Mao et al. reported that the ORR in
alkaline media on MnO2 electrodes first undergoes a 2-electron reduction to HO2-, but that
MnO2 also catalyzes the disproportionation of 2 HO2- to O2 (and 2 OH-)11. It may also be a Mn
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redox-mediated process, as described by Cheng et al., where MnO2 is first reduced to MnOOH,
and O2 adsorbs either on 2 sites (O2 sideways) or single site (O2 vertical) to yield a mixture of
2 and 4 electron processes, giving it an average of approximately 3 electrons30, which is
consistent with what we observe. In addition, Anastasijevic et al. reported that, on Ru
(technically RuOx, because Ru surfaces oxidize in alkaline media) the reaction undergoes a 4electron reduction of O2 to OH- at high overpotentials but also undergo a 2-electron reduction
to HO2- at lower overpotentials. Therefore, it is entirely possible that HO2- produced by Ru
(and Mn) sites are disproportionated back to O2, which is then reduced again at higher
overpotential. However, there is no strong evidence of such reaction in the rotation ratenormalized voltammograms (Figure 4.8) but instead looks “CE” (onset potential largely the
same, but normalized limiting currents different because at lower rotation rates there is more
time for the “C” process to happen). This may be because the product is carried away from the
electrode much faster than the kinetics of disproportionation. If Mn does indeed catalyze the
disproportionation, though, the benefit of this reaction pathway is that HO2-, a reactive anion
that may damage the carbon support and/or the polymer membrane, is consumed right away.
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Figure 4.8. Rotation-rate normalized RDE voltammograms of Mn0.2Ru0.8O2 in O2saturated 0.1 M NaOH.
Figure 4.9(a) shows RDE voltammograms of Mn0.2Ru0.8O2/C (40 wt. %) loaded on the
glassy carbon electrode at 80 μg/cm2. The ORR measurements were taken again after 24 hours
of continuous cyclic voltammetry at 20 mV/s (= approx. 2000 cycles). There is a slight
decrease in the slope of the kinetic region, possibly indicating corrosion, passivation and/or
particle loss. We suspect that it is some combination of the three. The Pourbaix diagram3
suggests that Mn can dissolve at high potentials (ca. 1 V vs. RHE) in aqueous solution at pH =
13, though we had set the potential limit at 0 V vs. Ag/AgCl (=0.96 V vs. RHE). Particle loss
is a strong possibility. Without carbon (Figure 4.9(b)), the RDE voltammograms show even
shallower slopes after 24 hours despite higher active material loading (100 μg/cm2), indicating
that the addition of carbon, a high surface area support, was helpful in keeping the active
material on the electrode.
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Figure 4.9. RDE voltammogram of Mn0.2Ru0.8O2/C (a; partial reproduction of previous
figure) and of Mn0.2Ru0.8O2 without C (b), at 0 h and after 2000 CVs (lighter shade).
The OER, ostensibly a microscopic reverse reaction of the ORR, was also investigated.
Figure 4.10 shows linear sweep voltammograms in O2-saturated 0.1 M NaOH. RuO2 is one of
the best OER catalysts known in the alkaline media4,14, but Mn0.2Ru0.8O2/C shows slightly
better kinetics than RuO2 (Tafel slopes: 111 mV/decade vs. 123 mV/decade—see Figure 4.11).
The thin film sample has a more positive onset potential than the powder equivalent, but
shows slightly better kinetics (78.7 mV/decade). Lower active surface area may be the reason
for a slightly worse onset potential. On the other hand, inferior Tafel slope of the powder
Mn0.2Ru0.8O2/C compared to the thin film sample suggests that there may be some ohmic loss
in the powder samples. Perhaps loading on the carbon could be optimized further.
The phase-impure sample (purple line) shows identical activity to the single-phase
Mn0.2Ru0.8O2, again indicating that a single-phase product is not necessary for the high activity.
The physically mixed samples of MnO2/RuO2 and Mn2O3/RuO2 both show inferior activity to
the two “chemically mixed” samples and even the pure RuO2. This may indicating that, what
is necessary may simply be a near-atomic scale contact of manganese and ruthenium oxides,
just like it was shown in the ORR (Figure 4.7). The fact that pure RuO2 shows better kinetics
than the physically mixed samples may indicate that the OER activity of all of these samples
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may be dominated by the RuO2 domains, and that physically mixed samples block RuO2 sites
by covering over them with the manganese oxide particles.

Figure 4.10. Linear sweep voltammograms in O2-saturated 0.1 M NaOH, investigating the

OER, of Mn0.2Ru0.8O2/C (red), RuO2 (blue), and β-MnO2 (yellow), carbon black (green),
Mn0.2Ru0.8O2 “E8” thin film (magenta), phase-segregated “Mn0.2Ru0.8O2”/C (purple),
physical mixture of MnO2/RuO2/C (2:8 Mn:Ru metal basis, brown), and physical mixture
of Mn2O3/RuO2/C (2:8 Mn:Ru metal basis, magenta) in O2-saturated 0.1 M NaOH.

Figure 4.11. (a) Linear region used to calculate the Tafel slope, and their values. Purple line
is on top of the red line. (b) Tafel plot.
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4.5 Conclusions
A previously unreported solid solutions of rutile β-MnO2 with rutile RuO2 (MnxRu1xO2),

albeit over a limited solubility window, (x ≤ 0.2), have been synthesized. The products,

made using a high-pressure, liquid-phase (hydrothermal) synthesis method, appear singlephase within the resolution of X-ray diffraction. The rutile Mn0.2Ru0.8O2, especially when
mixed with carbon, showed comparable ORR kinetics to Pt in alkaline media, a remarkable
observation for a non-noble metal catalyst that would be over 30 times less expensive than Pt
by mass. In addition, it has superior oxygen evolution activity to RuO2, one of the best OER
catalysts in alkaline media. It was also shown, however, that strictly for high catalytic activity,
phase purity is not essential. MnxRu1-xO2 reported in this article is a promising candidate as
catalyst material for cathodes in alkaline fuel cells, rechargeable metal-air batteries, and other
similar systems.
4.6 Future Directions
It is entirely possible that small domains of MnO2 are mainly responsible for the
catalysis (of ORR) at low overpotentials, and simply needs to be on a conductive matrix. Or, it
could be that the rutile template (RuO2) is critical for the electrochemical behavior of MnO2. If
this hypothesis is correct, then CrO2, a rutile oxide with a “half-metallic” conductivity and
similar lattice constant as MnO2 (β-MnO2: a = 4.40 Å, c = 2.89 Å; CrO2: a = 4.42 Å, c = 2.92
Å)50, may be an interesting, even less expensive replacement for ruthenium. CrO2, like βMnO2, can be prepared in a bomb autoclave, specifically, via a decomposition of CrO3, a
strong oxidant.51 Therefore, perhaps replacing KMnO4 and RuCl3 with CrO3 in the synthesis
may be a good starting point.
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CHAPTER 5
PERFORMANCE AND MECHANISM OF NIOBIUM (OXY)NITRIDES AS LITHIUMION BATTERY ANODE
Ryo H. Wakabayashi, James P. Pastore, Jie Gao, Francis J. DiSalvo*, and Héctor D. Abruña*
Department of Chemistry, Cornell University, Ithaca, New York 14853-1301
5.1 Introduction
Since the discovery of lithium-ion batteries in the late 1970s1 and their
commercialization in the early 1990s, they have revolutionized electrical energy storage.
While they have enabled technologies such as portable electronics and even electric vehicles,
the practical capacity of the anode today (carbon) is about 250 mAh/g. The theoretical
capacity is 372 mAh/g, which means that, even if both the cathode and the anode could deliver
their theoretical capacities, the overall capacity only increases by 50 %. Such an increase in
capacity will not, however, enable electric vehicles with driving ranges comparable to those of
internal combustion engine cars. To that end, new chemistries are necessary to advance the
field.
One possible solution is to move away from the insertion/intercalation chemistry
developed by Whittingham.1 Popular intercalation cathodes like LiCoO2, LiNi(1-x-y)MnxCoyO2,
and LiFePO4, paired with a graphite anode, have revolutionized the field of electrical energy
storage. However, their capacities are limited by the simple fact that intercalation compounds
can only incorporate a limited number of lithium ions per formula unit and withstand
significant changes in oxidation state without a structural change.2 For example, LiFePO4, as
its stoichiometry suggests, can only react with one Li per formula unit. In contrast, many
metals, oxides and other transition-metal based compounds can react reversibly by either
alloying or transforming to a different phase. The benefit of such systems lies largely in the
fact that they can incorporate multiple lithium atoms per formula unit. One such example is
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silicon. Silicon can incorporate 4.4 Li atoms per Si (forming an ordered Li22Si5 phase), giving
it a very high theoretical capacity of 4200 mAh/g. However, Si electrodes lose significant
capacity on cycling from cracking of particles induced by a significant volume expansion and
contraction(~400 %) that accompanies the charge/discharge process.3,4 In order to address this
problem, nanostructuring and particle engineering have been carried out in attempts to address
the issue.4,5,6,7 However, the fact that Si anodes, or any other conversion electrodes, are still
not widely commercialized is a clear sign that there is much work to be done before
conversion electrodes replace intercalation electrodes.
Many metal nitrides are conductive, and can react with lithium to form lithium nitride,
making them interesting candidates as new-generation conversion anodes. The reaction with
lithium, assuming full conversion, is proposed (or at least assumed) as follows:
MNx + 3x Li + 3x e− ↔ 𝑀 + 𝑥 𝐿𝑖3 𝑁 (Eq. 1)
Graphite anodes, for comparison, can only incorporate 1 lithium atom per 6 atoms of C. This
illustrates why conversion electrodes typically have a much higher theoretical capacity than
insertion electrodes across the board, despite the fact that most of them have higher molar
mass than carbon. Specifically, for nitrides, the theoretical capacities (assuming that Eq. 1
goes to full completion) are listed in Table 5.1.
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Nitride

MM (g/mol)

Theo. Cap. (mAh/g)

TiN

61.87

1299

VN

64.95

1238

CrN

66.00

1218

MnN

68.94

1166

FeN

69.85

1151

CoN

72.93

1102

ZrN

105.24

764

NbN

106.91

752

Mo N

205.88

391

C (C )

72

372

2

6

Table 5.1. Calculated theoretical capacities of metal nitrides as lithium-ion battery anodes,
and carbon for comparison. Molar mass of C is for “C6”.
Despite the attractive theoretical capacities, little is known about nitrides as battery
electrodes, in terms of both their performance and reaction mechanisms. A significant portion
of the studies on nitride battery electrodes are thin-film batteries8,9,10,11,12,13 that do not
necessarily translate to larger format batteries. Reports on nitride-coated oxide materials exist
as well,3,14 but they do not represent or exemplify the chemistry of nitrides as the nitride
coatings are largely there for electrical conductivity. A few powder nitride materials have
been studied as well. Powder Zn3N2 was shown to be reversible at approx. 550 mAh/g with the
discharge product being a mixture of LiZnN, LiZn and β-Li3N, and poor cyclability being
attributed to “grinding” of LiZn particles.15 Also, some pre-lithiated nitrides have been
investigated before 16,17. For example, Li3-xCoxN (x ≤ 0.5), in particular, was shown to be a
reversible insertion electrode, which is a nice property but does not have the benefit of high
capacity.18 Ni3N, a so-called interstitial nitride, was studied as an anode material and was
reversible at approx. 600 mAh/g, but that performance depended heavily on synthetic
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methods.19 As Table 5.1 suggests, however, there are many more known nitrides that may be
of interest as new lithium-ion battery electrode materials.
We therefore decided to explore the battery performance and mechanism of various
rock-salt nitrides. First, we investigated the battery performance of various rock-salt
transition-metal nitrides synthesized by Dr. Minghui Yang, a former postdoctoral associate in
the DiSalvo lab. The results will be discussed briefly. From such initial screening, we came to
the conclusion that NbN had the best combination of cyclability and capacity, so we decided
to further investigate the effects of processing conditions. Specifically, the effects of
ammonolysis temperature of the oxide precursors, and addition of secondary metals such as
aluminum, tantalum, and silicon were investigated. Niobium nitride, and specifically Nb4N5,
was previously reported as a supercapacitor electrode.20 While it showed encouraging results,
the performance was largely due to the pseudocapacitive incorporation of protons, and lithium
chemistry was not explored.
In addition, to our knowledge, there has only been one mechanistic study reported of
rock-salt (M: N = 1: 1) nitrides, which coincidentally was a niobium nitride anode.21 It
reported on the change in crystal structure upon charging and discharging. While they claim
(Figure 5 of their manuscript) that metallic Nb is visible after 50 cycles, the peak at approx.
38° (assigned to metallic Nb) can be seen in the “before” XRD where the signal-to-noise ratio
is much better than the “after” image. So, we found this to be an inconclusive evidence of any
structural change.
With this in mind, and with the help of a collaborator (James Pastore), we decided to
explore the mechanism of the charge/discharge process of Nb1-x□xOγN1-γ through the use of
operando X-ray diffraction (XRD) and operando X-ray absorption spectroscopy (XAS). XRD,
as mentioned above, provides insight on changes in structure as NbN anodes are charged and
discharged. XAS can be divided into two sub-components: X-ray absorption near-edge
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structure (XANES) and extended X-ray absorption fine structure (EXAFS). The former
provides information about oxidation state and electronic structure of the samples, while the
latter provides insight into coordination and (short-range) ordering in the materials of interest.
5.2 Experimental
5.2.1 Synthesis of Nb1-x□xOγN1-γ
Nb(OEt)5 (Strem, 99%), ethanol (200 proof, KOPTEC), and NH4OH (EMD) were
used as received. First, a 3-neck round bottom flask was evacuated to 60 mtorr or lower on a
Schlenk line. After backfilling the flask with Ar, 20 mL of ethanol were pumped into the flask
using a syringe, followed by the addition of Nb(OEt)5 (approx. 0.6 mL, or 0.002 mol), and
stirred for several minutes. Where appropriate, Ta(OEt)5 (Strem), Al(NO3)3∙9H2O (SigmaAldrich), and Si(OEt)4 (Aldrich) were also added with Nb(OEt)5 except for Al(NO3)3∙9H2O
which was added into the 3-neck flask before evacuation (total metal ~0.002 mol). The
solution was then transferred, using the cannula transfer technique, into approximately 30 mL
of 1.5 M NH4OH under rapid stirring, which resulted in an instantaneous formation of a white
gel. The gel was heated to ca. 80 °C to evaporate the solvents and form a dry gel, followed by
calcination at 450°C to form the amorphous oxide precursor.
The oxide precursor was then ball-milled using a Fritsch Pulverisette 7 planetary mill
with Super P carbon (TIMCAL) to reduce the particle size and thoroughly mix carbon and the
oxide. Milling the nitride products, which are very hard, results in contamination of the
samples with the mill material, even with tungsten carbide bowls and balls. The mixed oxide
was then heated under NH3 (Airgas, anhydrous) flow (approx. 6 L/h) at various temperatures
for 24 hours, yielding fine black powders.
5.2.2 Physical Characterization
Powder X-ray diffraction measurements were done using a Rigaku Ultima IV (Cu Kα,
λ=1.5406 Å for Kα1, 1.5444 Å for Kα2). Refinements were done using PDXL (Rigaku).
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Nitrogen and oxygen contents were measured using a LECO TC-600 thermal N/O analyzer,
with Si3N4 as the standard.
5.2.3 Coin Cell Testing (performed by Dr. Jie Gao and James Pastore)
The (oxy)nitride samples were made into a slurry using poly(vinylidene fluoride)
(PVDF, Aldrich) as a binder (active: C: binder = 70: 20: 10) and n-methyl-2-pyrrolidone
(NMP) as the solvent. The resulting slurry was cast on copper (thickness = 25 μm), the current
collector, using a doctor blade. To make a coin cell (CR 2032), Li foil (Sigma-Aldrich) was
used as the other electrode, with nickel foam as a current collector. 1 M LiPF6 in ethylene
carbonate/diethyl carbonate (EC/DEC; 1:1 v/v ratio, BASF pre-made electrolyte) mixture was
used as the electrolyte solution, and Celgard (20 µm thickness) was used as the separator. The
assembled cells were tested at 20 mA/g, unless otherwise noted, using an Arbin Instruments
BT2000 coin cell tester.
5.2.4 Operando X-ray Diffraction and X-ray Absorption Spectroscopy (performed by Pastore)
For operando experiments, the coin cells were assembled using the identical materials
in a similar manner. However, holes (approx. 3 mm) were drilled into every component except
the Celgard separator and the active material, so as to allow a higher flux of X-rays through
the cell and minimize background scatter. The holes on the coin cell casings were sealed by
gluing (TorrSeal) a Kapton film (5 mil thick).
All operando experiments were done at the Cornell High Energy Synchrotron Source
(CHESS). A Biologic SP-200 potentiostat was used to control the charge/discharge reactions
in all experiments. XRD experiments were done with a beam energy of 27.04 keV. Pilatus
K300 was used as the detector. XAS was performed by scanning the energy range of
monochromatic X-ray around 19.989 keV, which is the energy of Nb K-edge. Custom-made
ion chambers were used as counters. Chamber 0 was located immediately next to the incoming
beam. The sample was set between chambers 1 and 2. A Nb foil (reference) was placed
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between chambers 2 and 3. A rough schematic of the experimental setup is shown in Figure
5.1.

Figure 5.1. A simple schematic of the experimental set-up of X-ray Absorption
Spectroscopy, taken from DeBeer.22

5.3 Results and Discussions
1. 5.3.1 Survey of a Few Metal Nitrides (synthesis by Yang; cell testing performed by
Gao and Pastore)
Figure 5.2 shows the discharge capacity results of various nitride samples prepared by
Dr. Minghui Yang. His general synthetic methods can be found in his manuscripts.23,24 Briefly,
crystalline phases of AxMyOz (A= K, Cd or Zn, M =transition metal for the desired nitride
product) was heated under flowing NH3 at a minimum temperature of 600 °C to sublime the
“A” metal away, yielding highly porous metal nitride products. Some of the vanadium nitrides
appear to have good performance, but the highest-capacity sample was later shown to be
something other than the rock-salt VN (Figure 5.1(b)), and the performance behavior of VN,
in general, was inconsistent. CrN and TiN showed comparably lower capacities than NbN.
Therefore, we decided to use NbN as our model system.
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Figure 5.2. (a) Discharge capacities of various metal nitride samples prepared by Dr.
Minghui Yang (except NbN, which is my own work). (b) pXRD of the highest-capacity
VN, cast on Cu. Red and blue lines are database peaks of ammonium metavanadate (red)
and copper (blue) respectively.
5.3.2 In-depth Look at Niobium (Oxy)nitride (cell testing performed by Gao and Pastore)
Figure 5.3 shows (ex-situ) X-ray diffraction patterns of Nb1-x□xOγN1-γ, made at
different temperatures. Samples begin to crystalize in a rock-salt (Fm-3m) structure at 500 °C
(See Figure 5.3), and at 800 °C, traces of Nb4N5 (I4/m) can be seen. An interesting
observation to note is that, despite the 500 °C and the 600 °C samples having similar FWHM
(for the first peak: 500 °C = 1.47° and 600 °C = 1.15°, 6.2 and 7.8 nm domain size assuming
the Scherer constant is 0.944), the peak intensity and therefore the integrated counts are
clearly lower. This suggests a lower degree of crystallinity. Figure 5.4 shows a TEM image of
the Nb1-x□xOγN1-γ (mixed with C) synthesized at 500 °C. Parts of the particles appear
crystalline but other parts look less so. While this is to be taken with a grain of salt because
factors such as sample orientation affect how visible the lattice fringes are in TEM images, it
was still a very curious result.
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Figure 5.3. Powder XRD patterns of Nb1-x□xOγN1-γ /C, made under flowing NH3 at

different synthesis temperatures.

Figure 5.4. TEM image of Nb1-x□xOγN1-γ, synthesized at 500 °C.
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Figure 5.5 shows the charge-discharge curves of Nb1-x□xOγN1-γ synthesized at 500-800 °C, at
20 mA/h. In all cases, only the first discharge shows plateau-like regions. Lack of a clear
plateau indicates that there is no equilibrium between two phases, which is consistent with
conversion electrodes. The first re-charge clearly does not return all the capacity of the first
discharge, which is typical of conversion electrodes. Such phenomenon is generally attributed
to an irreversible phase formation, including but not limited to the development of a surfaceelectrolyte interface (SEI) layer. However, we believe that nitridation contributes to cyclability.
Figure 5.6 shows the charge-discharge curves of niobium oxide (amorphous) samples (2
different coin cells). They both behaved like primary batteries, that is to say, their capacities
dropped dramatically after the first discharge. This is likely the result of low conductivity of
the oxide.
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Figure 5.5 Charge-discharge curves (red: 1st cycle; blue: 2nd cycle) of Nb1-x□xOγN1-γ
synthesized at (a) 500 °C (b) 600 °C (c) 700 °C (d) 800 °C. Cycled at 20 mA/h (approx.
C/50)

Figure 5.6. Charge-discharge curves (red: 1st cycle; blue: 2nd cycle) of niobium oxide
(made at 450 °C). Two different curves are from two different coin cells. Cycled at C/20.
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Figure 5.7 shows cycling performance results of Nb1-x□xOγN1-γ synthesized at 500800 °C, over 100 cycles. The sample annealed at 500 °C performs significantly better than the
other samples. As noted above, the sample annealed at 500 °C is the least crystalline sample,
so we first decided to investigate the effect of crystallinity (or lack thereof) further. We
decided to try this by slowing down the kinetics of crystallization. From our previous
experience with synthesizing TixTayAlzN1-δOγ samples (previous chapter) we knew that
addition of metals like Ta and Al slowed down the kinetics of crystallization of rock-salt
nitride structure. So, we attempted to do the same here, as well. Ta and Al were selected as the
secondary element for that very reason, and Si was selected because Si is a high-capacity
anode material that suffers from cycling issues3,4,5, so we wanted to see if incorporating in a
nitride/oxide matrix would help alleviate the problem.

Figure 5.7. Discharge capacity of Nb1-x□xOγN1-γ over 100 cycles. Cycled at 20 mAh/g
(C/50). Blue trace is still cycling as of this writing.

108

Figure 5.8 shows the XRD patterns of Nb1-x-y□xMyOγN1-γ/C, where M = Si, Ta, and Al,
in the proportions provided in the figure, all synthesized at 500 °C. While they are all
amorphous, the same treatment done without carbon yielded black samples, very likely
indicating formation of metal-nitrogen bonds. The broad peak at around 20° is graphitic
carbon black. Figure 5.9 shows the cycling result of those samples, at C/20. With the
exception of M = Al, the amorphous samples did not have higher capacity than the Nb1x□xOγN1-γ,

made at 500 °C. Nb1-x-0.33□xAl0.33OγN1-γ/C, while showing a higher current, is being

cycled at 20 mA/g (or approximately C/50), making the capacity a bit less impressive. We
therefore largely rejected the hypothesis, and instead decided to focus on the ammonolysis
temperature itself. It is a well-known phenomenon that the oxygen content in the nitride
samples decreases as the ammonolysis temperature increases.25

Figure 5.8. Powder patterns of Nb1-x-y□xMyOγN1-γ, where M = Al (blue), Ta (red), Si
(mustard and green) made under flowing NH3 at 500 °C. Black trace is a replication from
Figure 5.2, as a comparison/reference.
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Figure 5.9. Discharge capacity of Nb1-x-y□xMyOγN1-γ over 100 cycles. M = Al cycled at
approximately C/50 (20 mAh/g), all others at C/20.
Table 5.2 shows the O and N content, calculated from thermal analysis measurements.
The content of oxygen decreases monotonically while the nitrogen content increases
monotonically with the ammonolysis temperature, as expected. This means that the cationic
vacancy concentration is considerably higher for the low-temperature samples, and in fact, for
the sample heated under NH3 at 500 °C, half of the cationic sites are vacant. The sample made
at 800 °C crystallized in Nb4N5 (or Nb0.8N) structure, or in other words, NbN with ordered
defect concentration of 0.2. Within the error of the O/N content measurement, the O/N data
agree with the diffraction data. Therefore, at 800 °C, there are likely no defects other than the
defects that are ordered.
Vacancies and defects in rock-salt structures is not a commonly reported phenomenon,
but it is not without precedent. It was reported in 1954 that tungsten nitrides can have oxygen
atoms in nitrogen sites, and very likely cationic vacancies as a way to balance charge.25 Substoichiometric TiNx (x < 1) made by reacting urea with metallic titanium showed different
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response to high-temperature annealing depending on the amount of vacancies.26 HfN thin
films with vacancies in either cationic or anionic sites were shown to have lower hardness and
electrical conductivity than a HfN film without defects.27 So, while vacancies in rock-salt
structure are not a commonly discussed topic, they appear to play a critical role in materials
properties. These results and literature precedence, if nothing else, highlight the problem with
overreliance on XRD and the necessity to characterize the elemental composition of like
(rock-salt) nitrides.
Anneal T

Nb (1-x)

Cation vacancy (x)

O (γ)

N (1- γ)

(°C)

Nb ox.
St.

500

0.491

0.509

0.476

0.524

5.14**

600

0.625

0.375

0.368

0.632

4.21

700

0.669

0.331

0.311

0.689

4.01

800

0.837*

0.167

0.088

0.912

3.48

Table 5.2. Number of Nb, cationic vacancies, O, and N, if the product is written as Nb1□xOγN1-γ, and average oxidation state of Nb as a result. “**” indicates an unphysical value, but
we attribute that to sampling error (less than 3%)
Looking again at Figure 5.7, we believe that the high capacity of the sample made at
500 °C may be attributed to a high defect density. It is not unreasonable to think that the
mechanism of discharge is Li ions “inserting” into the defect sites. In fact, the math works out
almost exactly as such. Reversible capacity of 239 mAh/g (for the sample heated at 500 °C)
means that, assuming that the formula unit is Nb0.49□0.51O0.48N0.53, 0.54 moles of electrons are
transferred per mole of Nb0.49□0.51O0.48N0.53. The same calculation for the sample heated at
600 °C (can be written as Nb0.62□0.38O0.37N0.63) yields 0.40 moles of electrons per mole of
Nb0.62□0.38O0.37N0.63, which, again, is very close to the number of defect sites, and for the
sample heated at 700 °C, 0.36 mol electrons are transferred of per mol of Nb0.67□0.33O0.31N0.69.
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However, it is important to note that the defect density and number of electrons transferred do
not match for the sample made at 800 °C. In theory there are approximately 0.2 moles of
cation vacancies, but 0.5 moles of electron is transferred per mole of sample (Nb0.8O0.1N0.9).
This set of data provides an interesting counterbalance with the fact that the samples with no
N (the oxide samples) did not cycle well at all. Nitridation appears to be helpful in enhancing
the performance but oxygen ions are still needed in the lattice to introduce vacancies.
It must be noted, however, that the capacity of the Nb1-x□xOγN1-γ batteries are sensitive
to the cycling rate. Figure 5.10 shows the sample made at 700 °C, cycled at two different rates.
The one cycled at C/20 shows approximately 28% lower capacity than the one cycled at 20
mAh/g, likely indicating a very slow rate of the charge/discharge reactions.

Figure 5.10. Discharge capacity of Nb1-x□xOγN1-γ made at 700 °C, cycled at 20 mAh/g
(approx. C/50, blue) and C/20 (purple). Blue trace is a replication from Figure 5.7.

112

5.3.3 Operando X-ray Techniques (performed by Pastore)
Operando X-ray diffraction and X-ray absorption spectroscopy of coin cells made
with sample heated under NH3 at 500 °C largely agree with this hypothesis. As shown in
Figure 5.10, X-ray diffraction patterns showed no discernable differences in either the peak
positions or the intensities of the peaks, from the start of discharge to the end of re-charge.
This would be consistent with the idea that lithium simply occupies the vacant cationic sites
upon discharging. Lithium ions are nearly the same size as niobium (Li1+= 90 pm, Nb3+ = 86
pm, though Nb5+ = 78 pm28,29), and lithium, with Z = 3, does not significantly change the
intensities of the peaks in X-ray diffraction (peak intensities are roughly proportional to Z2,
and 432 >> 32).

Figure 5.11. Operando XRD diffraction of Nb1-x□xOγN1-γ (made at 500 °C). Curve on the
left is the charge-discharge behavior, and the colored graph on the right side is the XRD
peaks at corresponding state. The black streaks correspond to beam fill at CHESS. (Figure
by James Pastore)

113

The operando X-ray absorption spectroscopy (specifically, XANES) of a sample
heated under NH3 at 500 °C is shown in Figure 5.11. The battery capacity data are consistent
with the ex-situ data (for the first cycle), indicating that the X-ray beam or the modified cell
configuration did not significantly affect the chemistry of the battery. Initially, a clear “prepeak” around 1.898 keV, indicative of +5 state of Nb, can be seen.30 This is consistent with the
data from the N/O analyzer. Reduction (curve shifting towards left, or lower energy) of approx.
1.7 eV was seen, indicating reduction. Charging shifts the edge back towards higher energy,
but it does not go back to the original energy (shift of 1.2 eV; see Figure 5.11(c)), indicating
irreversibility. Notably, the “pre-peak” does not reappear. As of this writing, quantification of
the edge energies vs. oxidation state has not been done.
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Figure 5.12. Operando XAS of Nb1-x□xOγN1-γ (made at 500 °C), (a) discharge process and
(b) charge process. (c) Summarizes the beginning and end of scans shown in (a) and (b).
(Figure by James Pastore)

5.4 Conclusions
Nb1-x□xOγN1-γ, and mixtures of Nb1-x□xOγN1-γ with secondary elements such as Al, Ta,
Si, and Sn, have been synthesized, and tested as anodes in lithium-ion batteries. It was found
that the rock-salt NbN structure can actually incorporate a varying amount of oxygen, and
cationic vacancies for the charge balance, and that the amount of oxygen/vacancies is clearly
correlated to the ammonolysis temperature. It appeared to be largely due to the defect content,
introduced as a result of oxygen atoms occupying the N sites of the rock-salt nitrides, that
affect the battery chemistry, which is supported by N/O data analysis, as well as operando
XRD and XANES.
115

5.5 Future Directions
It would be interesting to synthesize the other transition metal nitrides that were tested
in Figure 1, but at lower temperatures. We now know that the ammonolysis temperature is
highly relevant in terms of elemental composition and battery performance. Given that, we
may be able to get TiN and other nitrides to cycle far better.
Also, a smaller potential window for the cycling may improve the reversibility of the
nitride electrodes. It has been shown in some cases that most of the irreversible changes occur
at the very low voltage.
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CHAPTER 6
AN ATTEMPT TO SYNTHESIZE AND CHARACTERIZE IONICALLY CONDUCTIVE
MATERIALS
6.1 Introduction
This chapter discusses an attempt to synthesize and characterize ionically conductive
materials. While no positive result was obtained, there are some results that may be of value
to future students. They are reported below.
Lithium-ion batteries have become one of the most common energy storage systems
in use, largely due to the high energy density, voltage and cyclability. Typical anode and the
cathode reactions include:
Anode: LiC6 ↔ Li+ + e− + C6 (theoretical capacity 372 mAh/g1, practical ~250 mAh/g)
Cathode: Li1−x CoO2 + 𝑥 Li+ + 𝑥 e− ↔ LiCoO2 (theoretical capacity 274 mAh/g, practical ~
150 mAh/g2)
Engineering both electrodes to perform at their theoretical capacities is highly unlikely, since
for x > 0.5 in the second reaction written above may result in O2 gas formation,1 which can
lead to major safety hazards). It is clear, then, that the energy density of lithium-ion batteries
is unlikely to see significant gains in the future. As it stands, it is difficult to utilize this type of
energy storage at large scale. For example, electric cars today are either very expensive and/or
have shorter driving ranges than gasoline-based cars. Perhaps new battery chemistries will
yield better performance.
One promising venue is to move away from the liquid electrolyte. In most lithium-ion
batteries today, a lithium salt (such as LiPF6 or LiTFSI) is dissolved in an organic solvent
mixture (carbonate-based) is used as the electrolyte system. The solvents, however, are only
kinetically stable over the operation voltages of most batteries.3,4 In addition, organic solvents
are flammable (combusts at around 230 °C5), meaning a thermal runaway can have
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catastrophic consequences. Lastly, should carbon anodes be replaced with metallic lithium in
batteries like lithium-sulfur batteries, dendrite formation giving rise to an electrical short
represents a significant fire hazard.6 Even polymer-based electrolytes7,8,9 have problems with
dendrites, as dendrites can eventually penetrate through the polymers10.
A solid state electrolyte could solve all of the issues listed above. Many oxides are
stable over wide potential windows.11 Most oxides are stable at 200-300 °C, as many of the
synthetic processes to make them involve heating at much higher temperatures. Lastly, many
oxides are hard, mechanically strong materials (though generally brittle), so dendrites are not
able to penetrate through these materials. However, there has not been much research devoted
to this area.
There are several battery systems that take advantage of these benefits. Sodium β’’alumina is used as the electrolyte in high-temperature molten sodium-sulfur batteries,12,13 and
the technology has even been commercialized as part of a renewable energy grid system in
Aomori, Japan, 14 among other places. However, this technology cannot be used for nonstationary applications such as automobiles because the operating temperature is
approximately 300 °C or higher.13 Given that ions move at ca. D = 10-10-14 cm2/s in most solids
at RT, it should not be surprising that there is currently no known oxide material that can
conduct alkali metal ions at a sufficient rate (~10-2 S/cm at RT).
In addition, many of the best solid ionic conductors, especially for lithium, are only
kinetically stable in contact with alkali metals. Lithium has the lowest reduction potential of
any metal (-3.0 V vs. SHE15), making it attractive for high-voltage batteries. It also means,
however, that from a thermodynamic point of view, it will reduce most things that come in
contact with it. Using the simplest approximation, the following must be true in order for an
oxide (or any compound, by substituting O for N, P, etc.) to be thermodynamically stable
upon contact with an alkali metal:
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2x A + My 𝑂𝑥 → 𝑥 𝐴2 𝑂 + 𝑦 𝑀 ∆𝑮° > 𝟎 (A = alkali metal)
This holds for only a few binary metal oxides. Many of the known solid electrolytes for both
Na and Li, such as NASICON type AxM2(XO4)3 1 (A = Na16, Li; M = V, Fe, Ti; X = P, W, S),
LISICON-type Li14ZnGe4O4 17 (and variants), thio-LISICON (Li10GeP2S1218 and its variants19)
LiPON20, Li3PS4,21 conductive glasses (both Na22,23 and Li24,25,26 ), silicates27 and others all fail
to meet the criterion above. In fact, no sulfides or phosphides satisfy the requirement. Only the
following oxides are stable against lithium and sodium (Fig. 6.1 (a) and (b), respectively):

Figure 6.1. Binary metal oxides that are thermodynamically stable upon contact with
metallic lithium (a) and metallic sodium (b) are highlighted in yellow.
Since it is unlikely that any of the known binary or ternary oxides of the metals highlighted in
Figure 1 are good ionic conductors at room to moderate temperature, one would have to
explore new quaternary compounds. Some exceptions exist, like sodium β’’-alumina12,13,28,29.
Garnet-like Li7La3Zr2O12 11,30 is a known ionic conductor with ΔG° just below 0 (ΔG° = -57
kJ/mol for reaction of ZrO2 and Li). Both of them only conduct Na or Li at around 10-3 S/cm,
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and since doping is unlikely to dramatically improve their ionic conductivity, a completely
new phase is likely needed to find a better ionic conductor at room temperature.
With all of these factors in mind, this chapter describes an effort to discover new
phases of quaternary oxides that contain only the elements highlighted in Figure 6.1. A factor
to consider here is the crystal structure. Typically, fast ionic conductors have either a channellike structure through which the metal cations can rapidly diffuse (can either be 2-dimensional
as in sodium β’’-alumina12,13,28,29 or 3-dimensional as in the NASICON structure31,32).
Alternatively, a network-like arrangement of alkali metal, as seen in the garnet-like
Li7La3Zr2O12,11,30 is another possibility. Following these considerations, I first hypothesized
that an ideal compound would have metals that typically have high coordination number (like
6 or 8 coordinate La) and a low coordination number (like 4 coordinate Al, for example). So,
many of the systems that were investigated include these metals.
A method to measure ionic conductivity is also discussed in this chapter. Electronic
and ionic conductivity in electrochemical systems are often characterized using
electrochemical impedance spectroscopy (EIS). Unlike most electrochemical experiments, EIS
is an alternating current (AC) experiment. From the perspective of electrochemistry, the
greatest benefit of the method lies in the fact that resistance contributions from each
components and phenomenon can be modeled. Every component in an electrochemical cell
can be represented by an equivalent circuit, usually consisting of a combination of resistors,
capacitors (or constant phase element, CPE, in non-ideal cases), and diffusion-controlled
components (Warburg diffusion element). These components all respond differently to AC
frequencies:
Zresistor = 𝑅, 𝑖𝑛𝑑𝑒𝑝𝑒𝑛𝑑𝑒𝑛𝑡 𝑜𝑓 𝜔
Zcapacitor (𝜔) =
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1
𝑗𝜔𝐶

ZCPE (𝜔) =

1
𝜋
1
𝑟𝑎𝑑
exp (− 𝑛𝑖) , 0 < 𝑛 < 1, Q 0 =
𝑎𝑡 𝜔 = 1
𝑛
|𝑍|
𝑄𝑜 𝜔
2
𝑠
ZWarburg (𝜔) =

𝐴𝑊
√𝜔

−

𝑗𝐴𝑊
√𝜔

As written above, there are both real and imaginary components of the impedance in a typical
circuit. Therefore, the impedance as a function of ω are typically plotted with Zreal (sometimes
written as Z’) on the x axis and Zimag (sometimes written as Z’’) on the y axis, called a Nyquist
plot. By performing regression on the plot with a model, one can calculate the contribution of
each component, such as bulk electrode resistance, grain boundary resistance, and doublelayer capacitance. For the purpose of this work, the most important region of a Nyquist plot is
the first x-intercept, where there is zero contribution of any capacitive response, meaning that
the impedance corresponds directly to the bulk resistance of the electrode (or electrolyte).
There is no need to use elemental metal electrodes (lithium or sodium) to determine the ionic
conductivity of the oxides. In most all-solid systems containing alkali metals, alkali metals are
the most mobile components, so the responses from them dominate. This is called a blocking
electrode experiment. 33 Finally, in order for the data to be considered valid, Kramers-Kronig
transformation is applied to the data. It determines if the data are causal (response is solely due
to the applied perturbation), has a linear response to frequency (which typically implies < 10
mV AC, and usually smaller than RT/q), returns to its original state after measurement
(stability), and are finite for all frequencies.34
6.2 Experimental
6.2.1 Synthesis
The Pechini method35of oxide synthesis was used in most cases. Briefly,
stoichiometric amounts of metal salts (generally adding up to approx. 0.001 mol), such as
Al(NO3)3∙9H2O, Ca(OH)2, LiOH, Na2CO3, La(NO3)3∙6H2O, and Mg(OH)2, citric acid (at least
1x the total metal mol), and ethylene glycol (1x total metal mol) were dissolved in approx. 30
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mL of water. Some of the metal salts listed above are not soluble in neutral pH water, but the
addition of citric acid makes the solution sufficiently acidic for all of the metal salts to
dissolve. Citric acid is a chelating agent that randomly chelates the metal cations to mix
multiple species of cations at the atomic level, and ethylene glycol is a linking agent to link
the citrates. The solution was stirred vigorously for at least 10 minutes. Then, 1.5 M NH4OH
was slowly added until the solution was neutralized. This was done so that the carboxylic acid
groups on the citric acid were deprotonated, which is essential for chelation of the metal salt
cations. The solution was then heated to 100 °C in a furnace to yield a solid product (usually
brown), which was then calcined and annealed at various temperatures to obtain a white,
powdered product.
Some metals, like Si, B, and Zr, are extremely difficult to dissolve in water under any
conditions. In such cases, starting reagents, such as SiO2, B(OH)3, ZrO2, La(OH)3, Y2O3, and
Al2O3 were mixed thoroughly in a Pulverisette 7 (Fritsch) planetary mill, then pressed into
pellets (5/16 in diameter) with 5 wt. % Butvar ® B-98 (Sigma) as an organic binder , and then
heated at various temperatures (typically 900-1100 °C) in air. The binder is fluorine-free and
combusts away during sintering.
6.2.2 Physical Characterization
X-ray diffraction was performed using a Rigaku Ultima IV using Cu Kα (λ=1.5406 Å
for Kα1, 1.5444 Å for Kα2). Refinement was done using PDXL (Rigaku) software. Scanning
electron microscope images and energy-dispersive X-ray spectroscopy (EDX) were taken
using a LEO Keck FESEM.
6.2.3 Ionic Conductivity Measurement
A home-made apparatus (described below) was used to make electrical contact.
Electrochemcial impedance spectroscopy (EIS) was performed using a Solartron 1280B
potentiostat or a GAMRY Reference 3000. No DC voltage was applied and 5 mV of AC
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voltage was applied, over a frequency range between 20,000 Hz to 1 Hz (Solartron) or
1,000,000 Hz to 1 Hz (GAMRY). In a typical experiment, no DC bias was applied, and 10-40
mV of AC bias was applied.
6.3 Results and Discussions
6.3.1 Development of Impedance Spectroscopy Methods
Since no one in the Abruña group had previously worked on electrochemistry of allsolid systems, establishing an experimental protocol was necessary, though not trivial. First,
having a good standard was important. We used a cast proprietary thin oxide film sample
generously provided to us by Dr. Michael Badding (Corning), of thickness ca. 120 μm.
However, since we knew that we were unable to make pellets at this thickness (or density), we
needed a pellet of known material as a standard, and Li7La3Zr2O12 was chosen as the standard
material. The synthesis was not trivial; often times, repeating procedures from the literature
resulted in small but detectable amount of lanthanum oxide or lanthanum zirconium oxide
impurities. After numerous modifications, it was found that making a pellet (ca. 0.02 in thick)
with 5 wt. % binder (Butvar) and heating it at 600° C then 850 °C was the optimal procedure
(see Figure 6.2). Even then, at least some portions of the sample crystallized in a tetragonal
polymorph, which is less conductive than the cubic phase 30 (doublet peaks ca. 2θ = 26°, etc.
see Figure 6.2).
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Figure 6.2. pXRD patterns of Li7La3Zr2O12. (b) is a zoom into 10-40°. Vertical lines are
database peak locations for cubi and tetragonal polymorphs of Li7La3Zr2O12.
We also obtained the design for an electrochemical cell suitable for all-solid-state
impedance spectroscopy from Dr. Badding (Corning Inc.). Figure 6.3 shows photographs of
the cell. Copper was chosen as the material for the outer shell of the cell because it is
inexpensive, easy to machine, and heavy. In order to prevent short circuit, copper pieces were
wrapped with clear tape. Silver sheet was used as the electrical contact (“lead”) because silver
is the most conductive metal. Nickel form was used for both electrodes because deformable
foams form a good contact with hard materials such as oxide pellets.
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Figure 6.3. Images of the Electrochemical cell used for all-solid-state EIS.
Making a good electrical contact between the pellets and the cell was not trivial, either.
The samples from Dr. Badding were all coated with evaporated Au, so we also sputtered Au
on the center of the pellets by using a mask (aluminum with holes). In some cases, an
additional Ag paste coating was applied.
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Figure 6.4. Nyquist Plot of Li7La3Zr2O12, taken at 40 mV AC (red) and 10 mV AC (green).
(b) is a zoomed-in plot of (a) at low Z (or high frequency). AC frequency 1 MHz to 1 Hz
(Z’ and Z’’ increase as the frequency decreases) (c) is the model used for fitting
Figure 6.4 shows the Nyquist plot of Li7La3Zr2O12 (0.021 in thick), taken at 10 mV
and 40 mV AC (0 V DC). The use of a higher AC amplitude yields much more stable results
at higher ω (see Figure 6.4) This is not an unusual result with solid electrolytes.36 The data fits
Kramers-Kronig transformation well, indicating that the data obtained were valid.
Extrapolating from the first data point (highest ω , or first x-axis of the semicircle if
extrapolated), the conductivity of Li7La3Zr2O12 was determined to be 3.6*10-4 S/cm at room
temperature, in reasonable agreement with known values for the cubic Li7La3Zr2O1230,37. Using
a model to fit the data (Figure 6.4 (c)), which is the more rigorous way of calculating
resistance, yielded a significant uncertainty (1.98*10-3 ± 367 Ω).
6.3.2 In search of New Ionic Conductors
Based on the criteria introduced above, I selected a few systems to study. One of the
first unexplored quaternary spaces I decided to study was a Li2O-CaO-Al2O3 space. Although
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Al2O3 is not an oxide highlighted in Figure 6.1, ΔG° is very small (ΔG° = -101.3kJ/mol for
reaction of Al2O3 and Li). In addition, a phase diagram of these compounds does not exist,
and all three components are extremely inexpensive. I searched for new phases by mixing the
three metal oxide precursors in various ratios and examining the pXRD patterns of the
products. Figure 4.5 shows a 1:2:7 mixture of Li2O-CaO-Al2O3, prepared via the Pechini
method and heated at 900 °C. Three known ternary phases (LiAlO2, CaAlO4, and LiAl5O8)
can be indexed to all of the visible peaks. The Gibbs Phase Rule at constant pressure is C + 1
= F + P (where C = number of components, F = degrees of freedom, and P = number of
phases). So, C = 3 (exclude oxygen) and P = 3 (as seen in Figure 6.5) yields 1 degree of
freedom (T), indicating that there cannot be any more phases at equilibrium. Therefore, within
the triangle that has LiAlO2, CaAlO4 and LiAl5O8 as corners (Figure 6.6), there is likely no
new quaternary phase, at least under the synthetic conditions employed, Going through a
similar process for all the points indicated with blue dots in Figure 4.6, I was able to conclude
that no new quaternary phase of Li2O-CaO-Al2O3 exists. Peritectoid decomposition cannot be
ruled out (i.e. a high-temperature only phase), but the furnaces in the lab are not well-equipped
for a fast quench (>300 °C/min), so the option was not explored further.
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Figure 6.5. pXRD of mixture of Li2O:CaO:Al2O3 mixed in 1:2:7 ratio (using Pechini
method), and heated at 900 °C. The vertical lines are database peak locations for the phases
indicated. (b) is a zoomed version of (a).
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Figure 6.6. Phase diagram of Li2O-CaO-Al2O3, at 900 °C. Blue dots: experimental reactant
compositions; red dots = known phases, brown lines = sides of compatibility triangles
implied from the obtained diffraction patterns.
A similar set of experiments was carried out for the Na2O-La2O3-Al2O3 system
(Figure 6.8), using the Pechini method, but heating to a higher annealing temperature
(1000 °C). No new phase was found. However, unlike the previous case, there were several
Na2O-La2O3-Al2O3 ratios that only yielded peaks of one phase. The compositions circled in
green only yielded LaAlO3 peaks (Figure 6.7), with weak secondary peaks seen. The sample
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stoichiometry lies on the line between Na2O and LaAlO. Na2O likely would hydrolyze
immediately on exposure to moisture in air to form NaOH, which is a deliquescent compound,
so perhaps there was excess amorphous NaOH in the sample. Or, it could be that the structure
factor of Na is far too small to be apparent. (572>>112).

Figure 6.7. pXRD of mixture of Na2O:La2O3:Al2O3 mixed in 1:2:7 ratio (using Pechini
method), and heated at 1000 °C. The vertical lines are database peak locations.
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Figure 6.8. Phase diagram of Na2O-La2O3-Al2O3, at 1000 °C. Blue dots: experimental
reactant compositions, red dots = known phases, brown lines = sides of compatibility
triangles, implied from the obtained diffraction peaks. Points circled in green only showed
majority LaAlO3 peaks.

While data will not be presented here, Na2O-Ta2O5-Al2O3 and Na2O-Y2O3-Al2O3,
systems were also explored using similar methodologies. No new quaternary phases were
discovered.
6.4 Conclusions and Future Directions
In the end, this project proved to be too big a challenge, so it was terminated to pursue
other topics. I am not entirely certain that my hypothesis was right (high coordination number
means close packing, which is nice if the alkali metals form a network as a result, but that is
far from certain). Also, this project proved to be incredibly time consuming. Aside from the
thermodynamic stability criterion, the method chosen was fairly close to a blind guess with
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multiple variables, including compositions and annealing temperatures. No new phase was
found. However, under different conditions or with a larger effort, perhaps interesting phases
could be found.
Even the development of the EIS characterization method proved to be much more
difficult and time-consuming than initially anticipated, even with tremendous help from Dr.
Badding. Electrical contact to the pellet surfaces proved to be extremely difficult and variable,
but a combination of sputtering and increase in the pellet density, via addition of a
combustible binder (Butvar), proved to be useful. Given more time and/or knowledge, perhaps
I could have developed a casting method similar to that done by Dr. Badding. Combined with
the fact that a new phase was incredibly difficult to find, though, it was probably in my best
interest to not spend extra time on this part.
Also, with metals that can be dissolved in water, a slightly more high-throughput
approach may be of interest. Making stock solutions of each metal salts (with appropriate
amount of citric acid) and taking aliquots, somewhat like the work done by the Abruña group
in my time, 38 is a strategy I briefly considered, but never materialized.
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CHAPTER 7
CONCLUDING REMARKS
This dissertation has presented very collaborative efforts to synthesize and
characterize various oxide and nitrides to be used in fuel cells and batteries. Some of
the materials studied may be attractive alternatives for existing materials and
components.
In Chapter 2, the synthesis TixTayAlzN1-δOγ of various compositions was
presented, and characterized to be used as catalyst supports in PEMFC. It was
discovered that the nitride products are much more complicated than generally
assumed, in that they have high cationic defect densities and various levels of oxygen
as well as nitrogen content depending on the amount of Ta and Al ions. It was also
discovered that the addition of Ta greatly improves the materials’ electrochemical
stability, despite the fact that the electrical conductivity decreases by 30-50 %.
In Chapter 3, a simple, facile, yet effective method to turn thin film samples
into RDE electrodes was presented. The design and constructions of a novel apparatus
was discussed. The apparatus was used in a collaborative effort for the exploration of
novel thin film oxide catalysts. I firmly believe that it will be a useful tool for the
Abruña group as the group further continues its efforts in electrocatalysis.
In Chapter 4, using the results from Chapter 3 as a guide, I presented the
synthesis of MnxRu1-xO2, a previously unknown solid solution. Not only is it the first
solid solution of manganese and ruthenium oxides, it showed a remarkable activity
towards the ORR and the OER This was especially notable because the oxide is
significantly less expensive than platinum. It was also shown that, strictly for catalysis,
137

it needs not be a single-phase product to achieve the high activity. This chapter was
also a perfect demonstration of the benefits of being co-advised by a solid state
chemist and an electrochemist, as well as the power of collaborative efforts
encouraged by Profs. DiSalvo and Abruña.
In Chapter 5, an exploratory effort to use metal nitrides as high-capacity
lithium-ion battery anodes was presented. While the performance of the materials was
not as good as hoped, physical characterization results combined with operando coin
cell testing/X-ray techniques showed that the mechanism of charge and discharge may
heavily involve vacancies what are crated upon ammonolysis of oxide precursors. This
was an unexpected result that went against the conventional wisdom on reaction of
lithium with nitrides.
In Chapter 6, an attempt to invent new alkali oxide-containing phases that may
be useful as a solid state electrolyte was presented. Unfortunately, there were too
many challenges to overcome. Perhaps a second look is worth the effort, as the
promise is tantalizing, but it would likely be far easier to focus on small changes to
existing structures (or compounds) rather than a discovery of a new phase that also
happens to be ionically conductive.
It must be stressed that none of the work presented in this dissertation would
have been possible without collaborative efforts with other students and postdoctoral
associates, both within and outside of the DiSalvo and the Abruña groups (please refer
to each chapter for specific collaborators). It is my sincere hope that the results
presented in this dissertation will be of great help to future researchers. Specifically, I
believe that the MnxRu1-xO2 work presented in Chapter 4 is worth further investigation.
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Addition of another 3d metal like Fe, which my collaborator has already begun
investigating as of this writing, or replacing ruthenium with a more inexpensive (likely
3d) metal, would make the material even more attractive. Furthermore, the procedure
to load the metal oxide catalyst on carbon black, the catalyst weight loading on carbon
black, and the catalyst ink recipe can all be improved and engineered so as to improve
the electrochemical stability (see Figure 5.4). The optimized oxide/carbon matrix
should be an attractive candidate to be tested in an MEA stack as well.
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