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The currently used carbon-based catalyst supports in polymer electrolyte membrane fuel 

cells (PEMFC) are not sufficiently stable.  New, non-carbon catalyst supports are required for 

large-scale commercialization of PEMFCS, and must be stable in low pH (1-2) and up to +1.5 V 

(vs. SHE).  The material also needs to be porous and conducting (at least 0.1 S cm-1).  

Furthermore, the catalyst support should also be capable of strongly binding Pt or Pt-based 

catalysts.  

Previous research in the DiSalvo group has focused on doped, conducting metal oxides, 

yet materials with suitable conductivities have been difficult to prepare.  In this work, binary and 

ternary transition metal nitrides are explored as potential replacements for carbon-based catalyst 

supports.  Many nitrides have the required conductivity and chemical stability need for 

applications in PEMFCs, while their preparation as mesoporous solids is not well reported.  In 

this work, Ti-based mixed metal catalyst supports were prepared as nanoparticles and thin films, 

and their utility for PEMFC applications investigated using a variety of  material characterization 

techniques.  Nitride compounds with Ti, Nb, Cr are conducting as both nanoparticles and thin 

films, and shown improved oxidation resistance when prepared as co-precipitated nanoparticles.  

In addition to catalyst supports, LaMO3 (M=Mn, Ni, Fe, Co) perovskites were prepared 

and studied as oxygen reduction catalysts for alkaline fuel cells.  This work shows that these 

compounds favor the 2-electron reduction of O2 to H2O2 rather than full reduction to H2O.  

Additionally, the chemical stability of the material is discussed, and found to be unsatisfactory 

for applications in alkaline fuel cells. 
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CHAPTER 1 

 
FUEL CELLS: EFFICIENCY AND CHALLENGES 

 
 
1.1 Fuel Cells and Efficiency 

It is difficult in 2013 to deny that the production, consumption, and storage of energy are 

among the top technological challenges facing our world.  As the demand for fossil fuels 

increases, the call for alternative, more efficient and clean sources of energy becomes loud and 

clear.  While many new technologies are under development to address this need, deficiencies in 

materials properties and other problems have hindered the successful replacement of fossil fuel 

burning energy sources.  Currently deployed technologies often rely on heat-driven engines.  

These engines are inherently limited in efficiency by the 2nd law of thermodynamics via the 

Carnot limit, which states that the maximum efficiency achievable by a heat-driven engine is a 

function of the operating temperature of the engine, as well as the temperature of the 

environment in which it operates, Figure 1.1. 

 

 

 

 

 

 

 

 

 Figure'1.1'A"schema)c"of"the"Carnot"Cycle.""Thot"and"Tcold"represent"the"temperatures"of"the"hot"and"cold"reservoirs"
respec)vely"(or"engine"and"enivronment,"respec)vely).""Qin"represents"the"heat"input"to"the"engine,"while"Qout"
represents"the"heat"rejected"to"the"cold"reservoir."Wout"is"the"maximum"effec)ve"work"produced"by"the"engine"and"is"
governed"by"the"efficiency"(η)"calculated"using"the"equa)on"on"the"right."
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A classic example of these limitations is the internal combustion engine (ICE) which powers 

most automobiles on the roads today.  The ICE operates via the carnot cycle and is only capable 

of achieving approximately 30% efficiency in the highest performing engines.  Many are much 

less at only 20-25% efficient, rejecting the remaining energy and power as heat (Qout, via exhaust 

gases and the radiator) to the atmosphere (Tcold).1  An additional example are the steam turbines 

that operate the US power grid.  These generators are slightly higher in efficiency but only 

approximately 35-40%.  One reason behind this diminished effiency is the lack of long-term 

durability of materials in the high temperature operating environment within the device (Thot).  

Even with new and advanced materials, many scientists predict that heat cycle engienes will 

never achieve more than 50-60% maximum effiency.2  It is clear that a new path forward is 

needed to make significant gains in how we consume, produce, and store energy. 

Fuel Cells (FC), first invented in 1839 by Sir William Grove3, may be poised to revolutionize 

the way we use energy, but many challenges must first be overcome for this technology to be 

fully realized.  Fuel cells operate by directly coverting a chemical fuel to electricy via Oxidation-

Reduction (redox) chemistry.  Because this is not a thermally driven cycle, FCs are not subject to 

the Carnot limit.  In theory, all of the free energy (ΔG) of fuel oxidation could be converted to 

electrical energy.  However, one must be careful in defining efficency when comparing fuel cell 

efficencies to thermally driven systems. For example, in ICEs the efficency is determined by the 

fraction of the enthalpy (ΔH) which converted to energy.  It is known from thermodynamics that: 

 

∆! = ∆! − !∆!!!             (1.1) 
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Where TΔS is due to the entropy change of the system undergoing reaction.  This expression 

demonstrates that while fuel cells do not use a thermal cycle to generate electricity from 

chemical fuels, the maximum energy available for work (ΔG) is a function of temperature.  This 

temperature dependence arises from the TΔS term, which directly contains T.  ΔS for gaseous 

reactants and products is only weakly T dependant above room temperature, and depends on 

both the identity and stoichiometric ratios of reactants and products.  Generally, ΔS can be either 

negative or positive.  Based on this logic, practical efficiencies in room temperature (RT) fuel 

cells could potentially reach approximately 90% (depending on the fuel) assuming no other 

sources of inefficiency within the device.  This also demonstrates that the realizable efficiency 

for a fuel cell only drops as the operating temperature increases.   

In addition to these thermodynamic considerations, several additional issues continue to 

hinder the full deployment of fuel cell technologies.  As the power extracted from a fuel cell 

increases, for example, irreversible losses occur since the system is driven out of equilibrium.  

Also, deficiencies in materials, overcoming the slow reaction kinetics of the oxygen reduction 

reaction (ORR) at the FC cathode, and poor impurity tolerance in the fuel stream at the FC anode 

continue to challenge researchers.  Further, system durability and cost are currently limiting 

factors.  Each of these issues ultimately can be traced to the limits imposed by the current 

materials available for fuel cell construction.  Despite these challenges, the promise of high 

efficiency and, with a proper fuel supply chain, potentially low greenhouse gas emissions have 

made fuel cells an attractive research and development objective. 4,5   

A simple fuel cell consists of two electrodes (anode and cathode) separated by an ionic 

conductor (which may be liquid, solid, or polymeric).  There are many different types of fuel cell 

technologies that are generally described by their operating temperature, type of fuel that is used, 
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and the ionic species that is transported within the device.  Table 1.1, below, describes several of 

these types of fuel cells. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 Among these different fuel cell technologies, the Polymer Electrolyte Membrane, or 

Proton Exchange Membrane, Fuel Cell (PEMFC) is of the most interest due to its low 

temperature of operation (0-80 ºC) and its reasonable start-stop capability.6  Additionally the 

higher power density and lower relative cost when compared with other fuel cell technologies 

make PEMFCs particularly suited for a variety of portable power applications, possibly 

including replacing the ICE in automobiles. 

 

 

 

Table&1.1!!Types!of!fuel!cell!technologies!by!fuel!type,!operating!temperature,!and!transported!species.

Fuel&Cell&Type Fuel&Type Electrolyte Transported&
Species

Operating&Temperature&
(°C)

Polymer!Electrolyte!
Membrane!(PEM) High!Purity!H2

Perfluorinated!Sulfonic!Acid!
Ionomer!(Nafion™) H3O+(aq) 0I80

Alakline High!Purity!H2 KOH!in!PVC!felt OHI(aq) 90

Phosporic!Acid H2

H3PO4!in!pourous!SiC!bonded!w/!
Teflon™!or!other!polymeric!

materials
H+ 200

Molten!Carbonate H2 Li2CO3/K2CO3!liquid CO3
2I(l) 650

Solid!Oxide H2,!CH4 Zr0.92Y0.08O1.96ceramic O2I 700I1000

Direct!Methanol!PEM CH3OH
Perfluorinated!Sulfonic!Acid!

Ionomer!(Nafion™) H3O+(aq) 60I120
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1.2 Proton Exchange Membrane Fuel Cells 

 Proton Exchange Membrane Fuel Cells (PEMFCs) operate by conducting hydrated 

hydrogen ions across a polymeric membrane between the positive and negative terminals of a 

fuel cell.  Specifically, a fuel, such as H2, is introduced at the anode (negative terminal) where it 

undergoes catalytic oxidation to 2 hydrogen ions and 2 electrons.  The electrons are sent through 

an external circuit to do electrical work while the hydrated hydrogen ions are selectively 

transported across the polymeric membrane to the cathode (positive terminal).  At the cathode 

oxygen (usually as air) is introduced and recombines with the hydrogen ions and electrons via 

catalytic reduction to water (i.e. the Oxygen Reduction Reaction or ORR).  Figure 1.2, below, 

shows the general process for a standard PEMFC. 

 

  

 

 

 

 

 

 

 

 

 

The heart of the PEMFC is the Membrane Electrode Assembly, or MEA (colored portion 

in Figure 1.2), which consists of the anode layer, the polymer electrolyte membrane, and the 

 

Figure'1.2'Schema'c(of(a(PEMFC(
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cathode layer.6  Typically the anode and cathode layers, both of which consist of catalyst 

nanoparticles deposited on the support material dispersed with ionomer nanoparticles of the 

membrane material (blown-up region in Figure 1.2), are prepared as an “ink” in a suitable 

solvent and painted onto the polymeric membrane.  The ionomer in the catalyst layer provides 

the necessary ionic conductivity to facilitate mass transport from the nanoscopic interfaces to the 

larger pores of the MEA and eventually to the polymer membrane itself.  Additionally, the MEA 

must be in electrical contact with an external circuit.  This is facilitated by first incorporating a 

Gas-Diffusion Layer (GDL), which not only facilitates electron transport, but also disperses 

gaseous reactants and products for maximum utilization of the catalyst surface area.  Then a 

“bipolar plate” is used as both a current collector, and to connect several MEAs together in series 

in order to obtain higher operating voltages.   The connected MEAs form what is called a 

“stack”.  The interface that allows for the transport of gaseous species, electrons, and ions is 

referred to as the “Triple-Phase Boundary.”   

 

1.3 Materials Property Requirements and Challenges 

 The benefits of using fuel cells for portable power applications are apparent, but fuel cell 

vehicles and generators are hardly rolling off assembly lines.  The disconnect comes in realizing 

that cartoons such as Figure 1.2 paint a highly idealized picture of the elegant chemistry which 

must take place at both the anode and cathode, and fails to address the current limitations of the 

materials which comprise the device.  While researchers have made admirable improvements 

over the last decade, material durability, cost, and life cycle performance continue to thwart full 

integration of fuel cell technology into modern infrastructure.  Current PEMFCs require complex 

control schemes and associated hardware to achieve adequate durability, but at the cost of 
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performance and efficiency.7!Even still, the catalyst support, electrode layers, and membrane all 

undergo chemical degradation after only hundreds or perhaps thousands of start/stop cycles.  

Also, the currently used catalyst materials are based on Pt or other precious metals and their 

alloys, which make fuel cells rather expensive for commercial applications.  Finally there are 

also a number of issues surrounding the “clean” production of pure hydrogen gas as a fuel and 

the lack of any infrastructure to dispense it as easily and as wide spread as gasoline. 5,8!!It is clear 

that there are many roadblocks ahead for the full deployment of PEMFCs for commercial 

markets. 

 

1.3.1 Proton Exchange Membrane   

The first PEMFCs were in development as early as 1955 by researchers at General 

Electric, and went through several early generations of technology, including using phenolic 

membranes and membranes based on poly(styrene sulfonic acid). By the mid-1960’s these GE 

PEMFCs were in use in NASA’s GEMINI series of spacecraft and, when placed in a stack, were 

capable of power generation of up to 1-kW.  Despite great technological advances, these early 

membranes suffered from deficiencies in their mechanical properties and required extremely 

pure fuel and oxidant to operate at suitable efficiencies.  Of course on space missions, pure H2 

and O2 are available from storage on board as liquid propellant for the rockets.  Additionally, the 

hydrogen ion conductivity through these membranes was insufficient to even reach a power 

density of 100 mW/cm2 .9  

In the late-1960’s a major breakthrough in polymer membranes was made by Walther 

Grot of DuPont when he synthesized a sulfonated tetrafluoroethylene copolymer known today as 

Nafion®.  Nafion became the first in a class of membrane materials known as ionomers due to 
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their ionic properties. 10,11 Additionally, the Nafion family of membranes possessed superior 

thermal, chemical, and mechanical stability compared to any other membrane on the market at 

the time.  Demonstrated membrane lifetimes in the best materials were only around 3,000 hours 

at 50°C while Nafion showed and extended lifetime of nearly 50,000 hours in equivalent 

conditions.9  Nafion became the clear industry leader of the time, and has, until recently, been the 

gold standard for fuel cell membranes.  

Nafion is a perfluorosulfonic acid (PFSA) membrane, which makes it extremely stable 

under both oxidizing and reducing conditions.  The backbone is made from tetrafluoroethylene 

(PTFE: DuPont’s TEFLON™), which is then copolymerized with sulfonated perfluorovinyl 

ether.  This unique structure is highly acidic, a favorable property of fuel cell membranes, and is 

capable of achieving proton conductivities on the order of approximately 10-2 S cm-1.12  In a fuel 

cell, Nafion membranes must be hydrated in order to achieve their proton conducting abilities, 

which makes water balance an extremely important operational parameter for PEMFCs.  

Operation at higher temperatures, especially above 100ºC, requires pressurization to keep 

sufficient water in the membrane; however, mechanical performance is reduced, and membrane 

degradation rates are increased at such temperatures.  Therefore, Nafion membranes are typically 

operated near 80ºC. 

In a Direct Methanol Fuel Cell (DMFC), Nafion suffers from methanol crossover; the 

fuel leaks from the anode side of the fuel cell to the cathode side of the fuel cell, resulting in an 

overall loss of power and efficiency.  Nafion also has a high electro-osmotic drag coefficient 

(flux of water molecules/flux of hydrogen ions), which makes water management difficult at 

high current densities.  These properties, coupled with the potentially environmentally toxic 
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nature of the fluorinated polymer have created an enormous drive to find cheaper, more stable, 

and more environmentally benign PEMFC membranes. 

While Nafion has proven not to be a viable candidate for a mass-marketable DMFC, it 

has helped researchers clarify the necessary properties for a good electrolyte membrane 

candidate.  Among the necessary properties are; high thermal, chemical, and mechanical stability 

in fuel cell operating conditions; high proton conductivity with zero electronic conductivity and 

low resistance; good water uptake at high temperature operation (>100 °C); low permeability to 

fuels and oxidants; flexibility to work with a wide range of fuels; and low production cost ($5-15 

ft -2).  With these necessary properties in mind, researchers have pursued, generally, three 

avenues in the search for new PEMFC membranes: 1. modified perfluorinated ionomer 

membranes; 2. functionalization of aromatic hydrocarbon polymers/membranes; and 3. acid-base 

doping of a thermo-stable polymers.9 

Modifying Nafion membranes involves incorporating inorganic materials such as 

zirconium or boron phosphates, or other heteropolyacids (such as phosphotungstic acid and 

phosphomolybdic acid) into a Nafion matrix at high temperature.  Membranes prepared in this 

manner have been shown to out perform Nafion up to temperatures of 150°C in DMFCs.  

Composite membranes of Nafion with silicon oxide for use in fuel cells operating between 80-

150°C have also been reported to have superior performance than to Nafion. 13-15  In each of the 

studies reviewed, incorporation of inorganic or other polymeric materials into a Nafion matrix 

has reduced methanol crossover and improved proton conductivities by almost 3-fold.   

In the approach of functionalizing aromatic hydrocarbon polymers/membranes, the most 

studied material has been sulfonated polyether ether ketone (SPEEK).  SPEEK has unique 

advantages over other aromatic hydrocarbon polymers in that it has relatively low methanol 
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permeation, reasonable conductivity, and very good mechanical properties including good 

flexibility and strength in thin films.  The ability to make the polymer thin also leads to an 

overall reduction of resistance to protonic flow.9  Despite these advantages, improvements in 

proton conductivity are needed in order to make SPEEK a viable replacement candidate for 

Nafion.  To achieve this, researchers have begun studying SPEEK membranes incorporated with 

inorganic materials.  These approaches have had mixed success, while the best results involved 

incorporating SPEEK with various heteropolyacids (HPAs) which were capable of achieving 

proton conductivities of 10-1 S cm-1 at 100°C and were shown to be thermally stable up to 

250°C.16  Despite the improved conductivities, the HPAs slowly leach out of these membranes.  

To correct this problem, researchers used zeolite and mesoporous molecular sieves to bind the 

HPAs and then incorporated the dry molecular sieve powders into a SPEEK matrix.  These 

membranes showed comparable proton conductivities at approximately 150°C and were found to 

be thermally and mechanically stable. 17,18 

Aside from SPEEK based membranes, researchers have also investigated polymers such 

as sulfonated poly(arylene ether sulfone) incorporated with HPAs, poly(vinyl alcohol) (PVA) 

with HPAs19, and PVA blended with poly(styrene sulfonic acid).20  Each of these studies showed 

mixed results with the overriding theme of reducing methanol crossover and maintaining or 

improving proton conductivities when compared to Nafion at fuel cell operating temperatures 

(80-150°C). Polymer composites, prepared via sol-gel processing, consisting of poly(ethylene 

oxide), poly(propylene oxide), or polyvinylidene fluoride with silicon dioxide also showed 

significant improvement in reducing methanol permeation and increasing proton conductivity.21 

Lastly the approach of acid-base doping of thermo-stable polymers has also yielded 

promising findings.  Poly(benzimidazole) (PBI) is highly thermo-stable (Tm > 600°C), and when 
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doped with phosphoric acid has been used to prepare composite membranes with inorganic 

materials such as zirconium phosphate and HPAs.  The conductivity of these membranes was 

found to be dependant on the doping level, relative humidity, and temperature but in general was 

found to be excellent when compared to Nafion and also showed decreased methanol permeation 

and low electro-osmotic drag. 22,23  Preparations with other acids (such as HCl, HNO3, and 

HClO4) also showed similar results.24   

Among all these studies, work by Rikukawa and Sanui25 identified 60 potential 

alternatives to PFSA membranes.  A further study by Mehta and Cooper26 narrowed the list of 60 

potential membrane materials to 16 that satisfied what they considered to be the necessary 

criteria for an environmentally friendly, viable alternative to PFSA membranes.  While many of 

these potential alternatives have been studied and have shown promise, much more needs to be 

done to improve stability under fuel cell operating conditions, increase lifetime, and to reduce 

materials costs. 

 

1.3.2 Electrocatalyst Layers 

 An electrocatalyst layer forms both the anode and cathode of the fuel cell.  In PEMFCs, 

the cathode performs the Oxygen Reduction Reaction (ORR) over a Pt or Pt-based alloy or 

intermetallic catalyst, while at the anode a fuel is oxidized, again using a Pt-based catalyst, 

generating the electrons that are used to perform work.  Typically hydrogen is used as the fuel 

(since it is carbon free), but fuels such as methanol, formic acid, and perhaps ethanol are also of 

potential interest.  Equations 1.2-1.6 below show these overall chemical reactions that ultimately 

determine the maximum theoretical potential for single fuel cell.  Interestingly, all these have 
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single cell equilibrium potentials near 1.2 V– the standard potential of an alkaline Zn primary 

battery. 

 
2!!! ! + !! ! !"#. 2!!!!!(!) 

 
Eº=1.23 V (1.2) 

!"! ! + 2!!! ! !"#. 2!!!!!(!)+ !!!! !  
 

Eº=1.04 V (1.3) 

2!!"!!" ! + 3!!! ! !"#. 4!!!!!(!)+ 2!!!! !  
 

Eº=1.21 V (1.4) 

2!!"##! ! + !!! ! !"#. 2!!!!!(!)+ 2!!!! !  
 

Eº=1.20 V (1.5) 

!"!!!!!" ! + 3!!! ! !"#. 3!!!!!(!)+ 2!!!! ! ! 
 

Eº=1.15 V (1.6) 

  
 Liquid fuels such as methanol and ethanol are much easier to distribute and handle from 

an engineering perspective; however, these fuels suffer from high oxidation overpotentials on 

present catalysts, as well as contribute to the poisoning of high surface area, nanoparticle 

catalysts with products from incomplete oxidation, such as carbon monoxide.  Ethanol, for 

example, when fully oxidized yields 12 electrons per molecule as compared to methanol with 

only a 6-electron yield or hydrogen with only a 2-electron yield.  Yet larger, more complex 

molecules often require more complicated (often multi-step) reaction mechanisms despite having 

a larger overall electron yield.  Thus, both ethanol and methanol suffer from slow kinetics due to 

the need to break C-H bonds, and for the former C-C bonds.  Because of the slow kinetics, cell 

potential must be sacrificed in order to drive the electrochemical process at a reasonable current 

density.   

 Hydrogen oxidation (HOR), on the other hand, is a relatively fast electrochemical process 

over a Pt catalyst and is capable of achieving reasonable current densities at low overpotentials.27  

The hydrogen, however, must be highly pure to avoid or at least reduce the occurrence of 

irreversible adsorption of contaminant species that poison the catalyst and drastically reduce or 
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destroy the electrochemically active surface area (ECSA).  The presence of more than 0.1-10 

ppm CO or even 10-100 ppb S (as H2S or other organosulfur species) in a hydrogen stream is 

more than sufficient to effectively passivate a catalytically active surface. 5,28  Additionally, 

contaminants such as NH3, HCN, and Cl- may also be found in the fuel stream, especially when 

the hydrogen is formed by the reforming of methane, which can also affect cell performance.29 

 From a design point of view, the materials property requirements for an anode catalyst 

depend on the fuel being used.  Generally, though, the catalyst must be synthesized as high 

surface area nanoparticles (3-5 nm) in order to achieve sufficiently high reaction rates.30  Also, 

since only the surface of a catalyst is active and due to the fact that nanoparticles have a high 

surface to volume ratio, less of the expensive precious metal catalyst is required overall.  Of 

course, the best catalyst would be that which oxidizes the fuel at the lowest overpotential (or has 

the best balance of cost versus performance as the industry dictates).  The catalyst must be stable 

under fuel cell operating conditions (pH≤1 and at high potentials) and resist poisoning by 

impurities in the fuel stream as discussed earlier.   

 The stability of present catalysts has been widely studied and it has been shown that 

catalyst corrosion and loss of surface area occurs during both on-off and steady state operation. 

31,32 Since, reaction kinetics are usually enhanced as temperatures increase, most common 

PEMFC stacks operate at 80 ºC.  Heat management in a fuel cell stack would be easier if the 

reactions could proceed near 120 ºC, but water management and membrane dehydration then 

become significant problems.33  Also, the theoretical cell efficiency drops as temperatures 

increases as was discussed previously. 

 Materials that have been investigated as anode electrocatalysts for hydrogen and small 

organic molecule oxidation are most commonly based on Pt and platinum group metals.  
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Typically, new materials are designed using two different modes of thinking, altering 

composition or morphology, with the aim being to retain the high activity for fuel oxidation and 

enhance the resistance to poisoning.  Pt0.5Ru0.5 alloy, for example, is the standard electrocatalyst 

for methanol oxidation because it resists poisoning by CO. 34-36  The proposed mechanism for 

this poisoning tolerance uses enhanced water adsorption to the more oxophillic Ru centers near 

adsorbed CO molecules.  The additional adsorbed water promotes the oxidation of CO to CO2 

and reduces poisoning markedly.37  In addition to Ru, metals such as Ni, Co, Sn, Ti, W, Pb, and 

Bi have also been synthesized as alloy or intermetallic (ordered) phases with Pt, and tested as 

anode catalyst materials. 38-43  

 From the morphology point of view, the objective has been to generate materials with 

preferential faceting.  Here, only the most active crystalline faces of nanoparticles are exposed at 

the surface, leading to greater efficacy of catalytically active materials like Pt.  Pt nanocubes, for 

example, may use the same amount of active material but can achieve higher overall current 

densities as compared to regular Pt nanoparticles. 44-47  Morphology control has also been applied 

to other Pt-M (M=transition metal) alloys. 44,48  Additionally, the dispersion of electrocatalyst 

particles in nanostructured architectures has been explored as a possible avenue to enhanced 

performance without the need for directly structuring the catalyst nanoparticles themselves. 49-52 

 In contrast to the anode, which performs the oxidation reaction, the cathode is responsible 

for the reduction reaction.  In PEMFCs the Oxygen Reduction Reaction (ORR, equation 1.7), has 

notoriously slow kinetics, leading to significant overpotential losses. 

 
!! ! + !4!!!(!")+ 4!!! 2!!!!!(!)     (1.7) 

Platinum or perhaps Pt3Co is currently the best ORR catalyst available53-57, but the slow 

reduction kinetics leads to large overpotentials in order to achieve reasonable current densities.  
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Figure 1.3, below, shows data obtained by General Motors while operating a fuel cell under 

realistic conditions.58  (Reprinted from Applied Catalysis B: Environmental, 56(1), Hubert A. 

Gasteiger, Shyam S. Kocha, Bhaskar Sompalli, Frederick T. Wagner, Activity benchmarks and 

requirements for Pt, Pt-alloy, and non-Pt oxygen reduction catalysts for PEMFCs, 9-35, 2005, 

with permission from Elsevier). 

 

 

 

 

 

 

 

 

 

 

 

 

 The theoretical potential of a working PEMFC when considering actual operating 

temperatures (80ºC) and partial pressures of H2 and O2 is +1.169 V.  However, as shown in 

Figure 1.3, as soon as the device is switched on, approximately 400 mV of that working potential 

is sacrificed to drive the ORR at a sufficient current density.  An additional 70 mV is lost to 

ohmic resistance and an additional 120 mV is lost to mass transport limitations (due to diffusion 

gradients in fuel and especially oxidant concentrations).  Note that the overpotential for hydrogen 

Figure'1.3'(a)$Circular$symbols:$50$cm2$single7cell$H2/air$performance$at$Tcell$=$80$°C$(80$°C$dew$points,$i.e.,$100%$RH)$at$a$
total$pressure$of$150$kPaabs$and$stoichiometric$flows$of$s$=$2.0/2.0$(controlled$stoichiometric$flows$for$i$≥$0.2$A/cm2;$0.2$A/
cm2$flows$at$i$<$0.2$A/cm2).$Catalyst7coated$membrane$(CCM)$based$on$a$ca.$257μm$low7EW$membrane$(ca.$900$EW)$coated$
with$electrodes$consisUng$of$ca.$50$wt.%$Pt/carbon$(0.4/0.4$mgPt/cm2$(anode/cathode))$and$a$low7EW$ionomer$(ca.$900$
EW;$ionomer/carbon$raUo$=$0.8/1).$(b)$Square$symbols:$Ecell$vs.$i$for$the$mass7transport7free$and$ohmically$corrected$(i.e.,$
iR7free)$Ecell/i7curve$shown$in$(a).$In$situ$measurements$of$the$high7frequency$resistance$vs.$current$density$were$obtained$
at$1$kHz$(ranging$from$45$to$55$mΩ$cm2)$and$used$for$the$ohmic$correcUon.$(c)$Triangular$symbols:$AddiUon$of$the$ohmic$
losses,$ΔEohmic,$to$the$polarizaUon$curve$shown$in$(b).$(d)$Diamond$symbols:$Ecell/i7curve$shown$in$(a)$corrected$for$50%$of$
the$mass7transport$losses.$Reproduced)with)permission)under)license."
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oxidation (the hydrogen oxidation reaction, HOR) is not shown - it is too small (a few 10’s of 

mV) to show up on this scale.  However, other fuels such as methanol, ethanol, and formic acid 

(all of which contain carbon) have significant overpotentials at these current densities (typically 

300 mV or more).  For automotive applications the overpotential needed for carbon containing 

fuels is too high to lead to a practical system.  It is quite clear that better catalysts are needed for 

ORR and for carbon containing fuels.  If these better catalysts cannot be discovered or invented, 

the potential impact of fuel cells in energy and transportation markets will not be realized. 

 Many of the design specifications discussed for the anode also apply to the cathode, 

although cathode materials must be able to sustain constant and cycling potentials between +0.8 

V and +1.5 V vs. SHE (the Standard Hydrogen Electrode).  Such a high potential in addition to a 

low pH causes most metals to oxidize and dissolve.  Even Pt can dissolve and migrate to 

electrochemically inaccessible areas of the fuel cell or redeposit on other catalyst nanoparticles 

resulting in larger particle sizes and smaller overall catalyst surface area. 31,59  The extent to 

which Pt dissolves, however, is managed by the complex relationship between the dissolution of 

platinum, platinum oxide formation, and the dissolution of platinum oxide.5  

 The search for new ORR materials for PEMFCs has been a high priority for researchers, 

with a special emphasis on Pt-free catalysts.60  Among the many different materials studied, Pd 

and Pd-M alloys61-67, transition metal carbides5, oxides/oxynitrides5, and iron or corbalt-

containing porphyrin complexes58 have been the primary focus.  Even though these catalysts 

have shown some activity for ORR, research has shown that significantly cheaper catalyst 

materials (like Fe or Co) would only be a viable option to replace Pt-based catalysts if their 

activities can reach, at minimum,10% that of Pt, a challenge which has yet to be met.58  

Additionally, pure Fe or Co themselves are known to oxidize and dissolve at relatively low 
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potentials, and their oxides are soluble at low pH68.  Perhaps there are complex ternary or 

quaternary oxides or intermetallic compounds that would be suitable, but none have been 

reported so far.  

 Additional research has been conducted on new cathode catalysts for alkaline fuel cells 

since faster ORR kinetics have been reported under alkaline conditions. 69,70  Also, non-noble 

metal catalysts may potentially be used, making Alkaline Anion Exchange Membrane Fuel Cells 

(AAEMFC) of supreme interest to researchers.71  Among the catalyst materials of interest, 

palladium-based catalysts72, ruthenium-based catalysts73, iron-porphyrin catalysts74, nickel-

cobalt-spinel catalysts75-81, and manganese oxide-based catalyst70 78-83 have emerged as potential 

alternatives to Pt-based cathode materials as well as elemental metals like Au, Ag, Co, and Ni71.  

Each of these materials presents its own unique challenges, the most important of which is the 

production of peroxide via a two-electron reduction step as opposed to the full four-electron 

reduction of oxygen to water.  Despite this and other challenges, the caveat for full development 

of AAEMFCs continues to be the successful development of suitable membrane materials and 

ionomers that can handle hydroxide ion transport while standing up to fuel cell conditions. 

 It is clear that many challenges must be overcome for the development of new electrode 

materials for fuel cells.  While many new materials have been explored, Pt and Pt-based catalysts 

endure as the most active catalytic materials for fuel cell reactions.  Significant gains in 

performance or reduction in PEMFC cost may require a paradigm shift in how researchers think 

of and understand electrocatalysis.  Despite these challenges, PEMFCs remain at the forefront of 

research while evolutionary (but not revolutionary) gains continue to be made in performance, 

durability, and cost of materials. 
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1.3.3 Catalyst Support Materials 

 The catalyst support is paramount for a working fuel cell because it provides electrical 

contact to the nanometer sized catalyst particles as well as provides the necessary open porosity 

that enables fast mass transport within the electrodes.  Electrons generated at the catalyst move 

through the support material to an external circuit where they can be used to do work.  Currently, 

amorphous carbon is used as the support material.  However, carbon, in any form, is only 

thermodynamically stable up to approximately +0.2 V vs. SHE, and only kinetically stable above 

that.  A fuel cell would optimally run at +1.2 V vs. SHE, with transient and on/off operation up 

to +1.5 V at the cathode (or under fuel starvation at the anode). 28,59 These high voltages lead to 

corrosion of the carbon support and loss of electrical contact to the catalyst, ultimately leading to 

device failure when as little as 10 wt.% of the support material is lost.,7  Recent developments 

have shown that support corrosion can be reduced to acceptable levels if appropriate control 

schemes and hardware are installed with the device7; however, these solutions ultimately limit 

the full potential achievable by a fuel cell and add levels of complexity in the design and 

operation of future generations of technology.  

 The use of nanoparticle platinum supported on carbon (Pt/C) catalysts for PEMFCs was 

largely developed in the late 1980s.84  Since then, studies have shown that supported Pt and Pt-

based catalysts have increased performance due to the higher achievable surface areas.  

85,86  This higher overall surface area has also lead to a general lowering of the MEA catalyst 

loading, making PEMFCs cheaper without a loss in performance or durability. 87,88  As a result, 

Pt/C and other supported catalysts for PEMFCs have spurred great interest among researchers 

and engineers.89 



 CHAPTER 1 - FUEL CELLS: EFFICENCY AND CHALLENGES 

 19 

The method in which a carbon support is prepared has a profound affect on its properties 

and thus its performance as a catalyst support material.  Factors such as electronic 

conductivity90,91, surface moieties92-94, surface area95, structure96, graphitic/non-graphitic 

character97, particle size98 and morphology95,99-101 may all be synthetically controlled.  Much 

research has been done developing a variety of “carbon blacks” with different features for a 

variety of applications87,102, with Vulcan® XC-72 (developed by Cabot Corporation) being the 

clear leader for supporting Pt catalysts in PEMFCs.7,103,104 

In addition to Vulcan® XC-72, scientists have developed a variety of catalyst support 

materials based on both carbon and non-carbon building blocks.  Besides carbon “blacks”, 

several other nano-carbon materials have been studied for catalyst support applications including 

nanofibers105, single and multi-walled carbon nanotubes106,107, and graphene.108  Non-carbon 

materials of interest include ceramics109, polymers110, and composite materials111 as well as un-

supported Pt catalysts (specifically the 3M® nano-structured thin film). 112-114 Several different 

catalyst supports based on TiO2
115,116, SnO2

117,118, SiO2
119, and Ta2O5 

120have also been studied.  

Additional studies of oxide and oxynitride support materials have been carried out in the DiSalvo 

group. 121-123  A more complete discussion of the reasoning and strategies for these oxide 

materials will be given in subsequent chapters. 

From a design point-of-view, the property requirements for a catalyst support material 

depend on the exact operating parameters of the fuel cell system in which they are used.  At a 

minimum, though, the potential suitability of a good catalyst support material can be determined 

by its stability (ideally thermodynamic) at high potentials in acidic solutions.  Such supports 

need only a modest electrical conductivity (> 0.1 S/cm).124 Additionally, a potential catalyst 

support material must be able to disperse a Pt or Pt-based catalyst and must be able to be 
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synthesized in an open-network, highly porous morphology to provide fast mass transport within 

a PEMFC.  New support materials also need to be inexpensive and easy to manufacture, ideally. 

 

1.4 Conclusions  

 The promise of high efficiency and significantly lower environmental impact have made 

fuel cells an attractive research goal for scientists and engineers, but it is clear that many 

challenges remain, slowing the development and deployment of fuel cell technology.  PEMFCs 

show the most promise to replace internal combustion engines and revolutionize the 

transportation industry, yet materials durability and properties remain insufficient.  In this thesis, 

the focus will be on addressing some of the materials challenges pertaining to catalyst supports 

and ORR catalyst for AAEMFCs.  This work has been performed as part of the Energy Materials 

Center at Cornell (EMC2), which has dedicated significant resources to advancing the state-of-

the-art in fuel cell materials synthesis, characterization, and performance testing.   

 

1.5 Outline of the Dissertation 

 This dissertation will now proceed into a total of 5 chapters, each of which is meant to 

stand-alone as a discussion of the project presented.  In Chapter 2, catalyst support materials 

synthesized as bulk powders from the Nb-Ti-W-O system will be discussed.  Here the goal was 

to synthesize new catalyst support materials by taking advantage of corrosion stable oxides like 

Nb2O5 while using doping techniques to induce conductivity.  Additionally, this chapter focuses 

on a more traditional Solid State Chemistry approach to materials synthesis, which is also briefly 

discussed.   

 Chapter 3 will focus on the synthesis and characterization of mesoporous nanopowders of 
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Ti-M (M= Nb, W, and Cr) nitride materials as catalyst supports.  Nitride materials have only 

recently been investigated for use as new PEMFC catalyst support materials, and this chapter 

represents some of the initial work that was done at Cornell for this specific application.  A brief 

discussion of electrochemistry and experimental techniques will also be presented in this chapter.  

The work presented in Chapter 3 was performed in collaboration with two undergraduate 

researchers, whom I had the privilege of supervising, Joseph Singh (Spring 2010) and Mayra 

Hernández-Rivera (Summer 2010 REU).   

 Chapter 4 will discuss magnetron sputtering of thin-film nitride materials using Prof. 

Bruce van Dover’s “Tubby” apparatus.  The goal in transitioning from nanopowders to thin-films 

was to study the surface properties of nitrides on a more “well-defined” surface.  Using thin-

films, techniques such as conducting-probe atomic force microscopy (c-AFM) enable more 

meaningful measurements to be made in regards to surface processes and in elucidating the exact 

chemical nature of surface passivation and oxide layers.  The ultimate goal in studying thin films 

of nitrides is to more fully understand corrosion properties and mechanisms of conducting 

materials.  The work in Chapter 4 was done in collaboration with Dr. James O’Dea of the 

Marohn research Group, as well as Anna Legard and Abby van Wassen of the van Dover and 

Abruña groups with and HRTEM/EELS (High Resolution Transmission Electron 

Microscopy/Electron Energy Loss Spectroscopy) experiments performed by Meghan Holtz of 

the Muller Group.   

 Finally, in Chapter 5 the focus will shift from catalyst support materials, as I discuss the 

synthesis and characterization of rare-earth/transition metal perovskites for use as ORR catalysts 

for alkaline fuel cells.  This work was originally inspired through a publication by Suntivich, et 

al in Nature in 2012125 in which the authors aimed to describe the ORR activity for LaMO3 
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catalysts (M is a 3rd row transition metal) using the electron count and orbital filling of the 

transition metal.  Our efforts aimed at replicating these published results and building on them.  

However, conflicting results were obtained and will be discussed fully.  The work in Chapter 5 

was performed with another undergraduate researcher, Michael De Siena.  
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CHAPTER 2 
 

CONDUCTING OXIDES OF Nb, W, AND Ti AS PEMFC CATALYST SUPPORTS 
 
 
2.1 Introduction to Oxide Supports 

Fuel cells may be poised to revolutionize the way we produce and consume energy, but 

many challenges must first be overcome for this technology to be fully realized.  While some of 

these challenges are external to the device itself, such as developing and implementing a 

hydrogen fuel-dispensing infrastructure, many of the challenges involve the materials from 

which fuel cells are made.  These challenges include limiting, or eliminating the need for 

expensive, precious metal catalysts such as platinum and its alloys, developing a more robust and 

stable membrane material that can handle additional fuels such as methanol and ethanol, and 

developing new, non-carbon based, catalyst support materials that are durable in long-term fuel 

cell operation. 1-7  In this chapter, I discuss my work on developing new catalyst support 

materials based on conducting oxides in the Nb-W-Ti-O system. 

 The catalyst support is paramount for a working fuel cell because it provides electrical 

contact to the nanometer sized catalyst particles, keeps the catalyst from agglomerating, and 

provides the necessary porosity that enables fast mass transport within the electrodes.  Electrons 

generated at the catalyst surface move through the support material to an external circuit where 

they can be used to do work.  Currently, amorphous carbon is used as the support material.  

However, carbon, in any form, is only thermodynamically stable up to approximately +0.2 V vs. 

the Standard Hydrogen Electrode (SHE), and only kinetically stable above that.  A fuel cell 

optimally runs at +1.2 V vs. SHE, with transient and on/off operation at up to +1.5 V at the 

cathode (or under fuel starvation at the anode). 1-7  These high voltages lead to corrosion of the 
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carbon support, equation 2.1, and loss of electrical contact to the catalyst, ultimately leading to 

device failure when as little as 10 wt.% of the support material is lost. 2,8 

 

    Eº = +0.207 V                   (2.1) 

 

Primarily, there are three properties that determine the potential suitability of a good 

catalyst support material:  stability at high potentials in acidic (or possibly alkaline – for 

AAEMFCs) solutions, modest electrical conductivity when incorporated with the electrode (> 

0.1 S/cm), and high porosity to facilitate fast mass transport.9  Aside from carbon, other materials 

of interest such as sulfides, carbides, and nitrides are also thermodynamically driven to oxidize 

(corrode) or hydrolyze to oxides (or hydroxides), at least at the surface, under PEMFC 

conditions.10 The extent and nature of surface oxidation or hydrolysis of any given material 

varies with its composition and the reaction conditions (pH, temperature, other species in 

solution, etc.).  Some materials may form surface reaction layers just a few nanometers thick, 

while others may be completely converted or consumed.  Therefore, when synthesized as nano- 

or meso-porous solids, new support materials (at least in the cathode) are likely to be some form 

of oxide or oxy/hydroxide, at least at the surface.  This reasoning may lead one to believe that in 

order to achieve the desired stability (or sufficient metastability) in PEMFC conditions, oxides in 

which metallic elements are at or near their highest oxidation state (leaving no room for further 

oxidation/corrosion) are potentially suitable replacements for carbon catalyst supports, assuming 

that a composition with sufficient conductivity can be prepared.  Conductivity usually occurs 

when some or all of the metal cations are partially reduced.  The idea, then, is to look for 

materials in which the thermodynamic drive to complete oxidation is small and the kinetic 

C(s)+ 2H2O!→! CO2 (g)+ 4e
− + 4H +
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barriers to such oxidation, at least in the bulk material, are high.  Of course, we do not known a 

priori if such a delicate balance is possible.  This balance is what we begin to explore in this 

chapter.   

 

2.1.1 Oxides and Stability 

Oxides have been extensively used as catalysts and catalysts supports for a variety of 

applications,11 with the surface structure and composition being of primary importance, 

especially when used as electrocatalysts. 12-14 Furthermore, when oxide materials are synthesized 

as nanoparticles or mesoporous solids (in order to achieve high surface areas) the large ratio of 

surface to bulk atoms often make chemical reactions (such as passivation, oxidation, adsorption, 

or dissolution) at the surface a concern.15 It is important then to understand fully the behavior of 

metallic elements in an electrochemical environment like that of a PEMFC.   

In looking at plots that describe the thermodynamic behavior of a metallic element as a 

function of changing pH and applied potential (so-called Pourbaix Diagrams16) it is found that no 

single metal is thermodynamically stable at PEMFC potentials in acidic, aqueous solutions.  

Although gold has the highest reduction potential at +1.5V vs. SHE, it dissolves at lower 

potentials when the concentration of gold cations in solution is low.  Additionally, the cost of 

gold generally excludes it from being considered as a catalyst support for fuel cells.  All other 

metals either dissolve as cations or form chemically passivating layers of electrically insulating 

oxide coatings at high potentials under acidic conditions. Similarly, under alkaline conditions, 

soluble metal-containing oxo-anions or passivating oxide/hydroxide layers are formed.  Even 

metal alloys and intermetallics, despite generally having a small free energy of formation 
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compared to their respective oxides, are subject to leaching and oxidation of the more 

electropositive element under the highly oxidizing conditions found in a PEMFC.17-19  

Very few single-metal oxides are insoluble at low pH and high potential.  The list can be 

counted with one hand: TiO2, Nb2O5, Ta2O5, and WO3.16
   Furthermore, the stability of these 

oxides may vary based on the synthesis conditions as well as the presence of any other anionic or 

cationic species (such as NH4
+, Cl-, or SO4

2-) in the electrochemical environment.  Figure 2.1 

below shows a calculated Pourbaix Diagram for the Nb-H2O system at 25 ºC, with the red region 

indicating the conditions often found in a fuel cell.  No other species are included in the 

calculated diagram.  The dashed lines show the stability window for water as a function of pH 

and potential with a slope of -59 mV per pH unit change. 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure'2.1!Pourbaix!diagram!for!the!Nb2H2O!system!at!25!ºC.!!The!red!region!applies!
to!fuel!cell!condiAons. 
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2.1.2 Oxides and Conductivity 

Catalyst supports require a minimum conductivity of 0.1S/cm9 and none of the previously 

mentioned oxides are electrically conducting.  However, conductivity may be enhanced either by 

partially reducing the oxide20,21, or by doping with aliovalent metal cations. 22-24 Titania, for 

example, has a band-gap between 3.0-3.5 eV, making pure samples practically insulating. 25,26 It 

is well documented, however, that rutile (TiO2) can be doped with other cations to prepare 

materials with composition Ti1−xMxO2, where M=Zr, Hf, V, Nb, Ta, Cr, Mo, W, Ru, Os, Ir and 

Sn induce electronic conductivity.  Depending on the oxidation state and the valence shell 

electron configuration, this doping can modify the band-gap or lead to magnetism and/or 

conductivity.  Many of these doped oxides have also been tested for stability under PEMFC 

conditions. 22,24,27-34  

Work by Chinmayee Subban and other former members of the DiSalvo group has shown 

that W-doped TiO2 (rutile type: Ti1-xWxO2) is conducting35,36and, as 50 nm nanoparticles, is 

stable in an environment resembling fuel cell conditions for more than 12 months.35  

Additionally, Subban has shown that at a doping level of 30 mole %, W-doped titania has co-

catalytic properties that enhance the performance of Pt for the oxidation of impure (CO 

containing) hydrogen at the fuel cell anode. 35,37  Furthermore, when a group V metal, Mo or W 

are doped into TiO2, a third dopant can be introduced, e.g. (Ti1-x-yWxM’yO2) where M’ is Cr, Mn, 

Fe, Co, or Ni.  Metal vacancies may also be generated in these materials, since they can be 

compensated by oxidizing W(IV) to W(V).24,30,31,38,39  For some of these materials, enhanced 

corrosion resistance, conductivity, or catalytic behavior has been reported, while the addition of 

3d transition metals such as Fe, Ni, Cu, and Co may yield a material with interesting catalytic or 

magnetic properties.  Despite having significantly smaller catalytic activity for hydrogen 
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oxidation when compared to pure Pt, these materials may suggest a route to find more active 

catalysts, and can give insight for the design of future catalysts.40 

 

2.2 Measuring Conductivity 

 As previously discussed, carbon black (Vulcan XC-72) is the current support material of 

choice, and in it’s optimized form, has a reported conductivity of up to 8 S/cm.41  However, it is 

also important to note that the effective conductivity of any material used in a PEMFC is highly 

dependent on the formulation and design of the MEA, balance of plant, and the internal 

(mechanical) pressure produced in assembling the device.8  These factors play a major role in 

determining to what extent meso-porous or polycrystalline supports contact one another, which 

affects electronic percolation within the catalyst layers as well as the ability to overcome any 

surface insulating layers (either by physically breaking through them, or by electron tunneling).  

Therefore, the way in which one measures the conductivity of these materials is very important, 

and needs to mimic fuel cell conditions. 

Measured conductivities depend on a variety of factors including particle size, degree of 

sintering, applied pressure, and temperature.  For example, even the conductivity of copper 

powder grains changes with both applied pressure and sintering temperatures.42  Such variation is 

not unexpected because the number and area of inter-particle contacts increases with applied 

pressure and with sintering.  In some cases, especially for structurally anisotropic materials like 

the layered compound MoS2, the electrical conductivity of powdered samples develops 

increasing anisotropy by aligning the layers through increasing applied pressure.43  Studies on 

cubic ceria have demonstrated the effects of particle size on conductivity.44  Impedance 



CHAPTER 2: CONDUCTING OXIDES Nb, W, AND Ti AS PEMFC CATALYST SUPPORTS 

 39 

spectroscopy has been used to characterize ceramic materials, and the effects of porosity and 

inter-grain contact resistance in the materials.45 

The bulk conductivity of a material is generally measured using single crystals46,47 but 

growing sufficiently large single crystals is not always possible or can be impractical. The 

highest value of conductivity measured is typically found in single crystals, since there are no 

grain boundaries and, in perfect crystals, few defects (both of which can add additional resistance 

at room temperature).  In many polycrystalline metals, especially when the sample is sintered to 

increase grain size and contact area (and to eliminate voids) the measured conductivity at room 

temperature tends to be very close (typically within a few percent) to that of a single crystal of 

the same material.48  Alternatively, statistical modeling can be used to estimate the effective 

conductivity of a sample of generic powder particles of some size, bulk conductivity, and density 

in a continuous matrix.49  This method has also been used to estimate the DC electrical 

conductivities of metal nanoparticles prepared as films.50,51  

In choosing a measurement technique, one must consider the physical nature of the 

sample of material being measured.  Measurement methods applicable to single crystals may not 

be easily tailored to get meaningful results for a thin film or for an ensemble of nanoparticles. 

For example, if the sample is a thin film, commercially available four point probes can be 

used.52,53  However, if the material is a polycrystalline powder, pressed pellet conductivity is a 

better choice.43,48,54,55  The preferred techniques differ for different types of materials to allow for 

appropriate sample preparation and limitations imposed by certain assumptions about sample 

homogeneity, which are built into the calculation of conductivity from measured data (e.g. 

uniform film thickness for thin film measurements).56,57   
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In case of powders, the measured conductivity depends on how well the material is 

packed together and hence generally increases with increased pressure.42  Among the methods 

for measuring the conductivity of powder samples, the two and four-point probe techniques are 

discussed here.  A two-point probe uses a simple ohmmeter to measure the resistance across a 

portion of the sample (Figure 2.2 a and c).  In this case we assure that resistance between the 

sample and the contact (so-called contact resistance) is negligible or acceptably small (say less 

than 10% of the total resistance).  Of course, the contribution of particle-particle contact 

resistance cannot be determined and adds to the normal resistance. By controlling the cross-

sectional area and overall length of the sample, the conductivity can be calculated with relative 

ease (Figure 2.2b).  The two-point method is best suited for samples with high resistance (low 

conductivity), and is the only technique for measuring conductivity considered in this chapter.  

A step up from the two-point probe is the four-point probe.  In this technique, the 

potential across a portion of the sample (of known cross-sectional area) is measured using two 

“inside” probes (a known distance apart) while applying a constant current through two 

additional “outside” probes (Figure 2.2d).52 Properly applied, these techniques can circumvent 

errors that might arise from contact resistance between the probes and the sample.  When 

conducting the experiments presented in this chapter, only the two-point probe was available for 

measuring conductivity.  As materials with higher conductivities were being developed, so too 

did the capability and equipment to perform four-point conductivity measurements.  The four-

point probe technique will be discussed further in Chapter 3. 
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Figure'2.2'(a)$Cross)sec,onal$schema,c$of$the$two)point$conduc,vity$cell.$(b)$Equa,on$to$calculate$conduc,vity.$$(c)$Photo$of$
the$the$experimental$set$up.$(d)$Schema,c$of$the$four)point$conduc,vity$cell.$
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2.2.1 The DiSalvo Two-Point Probe 

The DiSalvo Group two-point powder conductivity probe consists of a cylindrical sample 

holder made from a Teflon® bar and two stainless steel pistons.  To measure the conductivity of 

a sample, approximately 0.5g of the powder sample is loaded into the holder and the pistons are 

inserted into either end. The assembled sample holder is then placed into a modified bench vice 

which is tightened just enough to prevent the holder from falling through the vice jaws, but not 

enough to compress the sample in the holder. The modified vise has an insulating (Delrin®) jaw 

(to prevent short circuiting) with a slot milled to accept the piston head.  The resistance of the 

sample is measured by measuring the resistance across the pistons using an ohmmeter (Fluke 

75III Multimeter, Figure 2.2c). The vise is then tightened (to 25 in-lbs) using a torque wrench to 

increase the pressure on the sample, followed by measuring the resistance.  The total length of 

the holder (from the outside edge of the piston heads) is also noted.  The vise is tightened and the 

sample measured in this way in increments of 10 in-lbs to a maximum of 105 in-lbs. 

While the conductivity can be measured as a function of applied pressure using this 

method (qualitatively at least), the “applied pressure” is actually the torque applied to the vise.  

While not explicitly a pressure, conducting subsequent measurements at benchmark torque 

settings does enable a qualitative comparison between samples of various compositions and 

morphologies.  In virtually every case, the measured resistance value decreases with an increase 

in “applied pressure” and asymptotically approaches a minimum value, which does not 

significantly change with further increases in applied pressure.  Using this minimum value with 

the area and length of the pellet the pressed powder conductivity of the sample can be calculated 

as shown in Figure 2.2b. 
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The two-point method is only suitable for materials that have relatively low 

conductivities.  The multimeter used to measure the resistance has a detection limit of 0.1 Ω, 

which combined with the typical dimensions of the pellet with in the press makes the maximum 

detectible conductivity approximately 1 S/cm.  Materials with conductivity greater than 1 S/cm 

will read 0.0 Ω on the meter and cannot be distinguished from samples with higher 

conductivities (up to 107 S/cm for silver or copper).  Other methods, such as the modified four-

point probe developed by Chinmayee Subban and I are better suited for more conducting 

materials. 

 

2.3 Catalyst Supports Based on Nb2O5 

 Much of the previous work in the DiSalvo group focused on new catalyst support 

materials based on doped TiO2.  Often these material compositions consisted of solid solutions of 

rutile titania with dopant metal oxides that are isostructural (or possibly a distorted version of 

rutile).  As an example, Subban35,37,40 showed that tungsten dioxide (WO2, a conductor) which 

has a distorted rutile structure type caused by W-W bond formation (the a-axis is extend and the 

c-axis is compressed)58 reacted to form a solid solution with TiO2 (an insulator) in a ratio of 7:3 

Ti:W (Ti0.7W0.3O2).  This composition was shown to possess both acceptable conductivity and 

reasonable corrosion stability in fuel cell like conditions. 

 In addition to solid solutions, another approach may be to study “known” or reported 

phases with a stoichiometry and crystal structure independent of the parent oxides.  In this 

strategy, ternary oxides comprised of the insoluble, stable oxides listed earlier are prepared 

followed by synthetically modifying their structures (via oxygen vacancy doping) to induce 

conductivity while retaining the stability predicted via Pourbaix Diagrams.  For example in the 
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Nb2O5-WO3 system, both the Nb and W are in their highest oxidation states (+5 for Nb and +6 

for W) making any compound between the two fully insulating regardless of stoichiometry.  It is 

known, however, that WO2 possesses a relatively narrow stability window near the pH and 

potential conditions present in a fuel cell.16  If the tungsten in reported Nb2O5-WO3 compounds 

could be reduced from W(VI) to W(IV) (producing oxygen vacancies for charge balance), extra 

electrons, the two on W4+(d2), could lead to conductivity, if the bands at the Fermi level are 

sufficiently broad or if percolation “hopping” is possible.59  If the parent crystal structure is also 

retained, then the only remaining challenge would be to find the compound(s) with the 

appropriate stoichiometry to allow for sufficient conductivity.  Furthermore, in the Nb2O5-TiO2 

system if Ti could be reduced from Ti (IV) to Ti (III) an electron would be left in a Ti 3d-band, 

possibly allowing for conducting Ti centers.  It is not clear, however, nor has it been reported in 

the literature to what extent oxygen vacancies may be introduced into these fully oxidized 

compounds or if such vacancy doping would make these materials unstable and cause them to 

phase segregate (disproportionate).  The phase diagrams for the Nb2O5-WO3 (above)60 and 

Nb2O5-TiO2 (below)61 systems are shown in Figure 2.3.  
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2.3.1 Ellingham Diagrams 

 The spontaneity of any reaction is determined by the sign of the change in free energy 

(ΔG) arising from that reaction.  Typically the free energy of formation for oxides is negative, 

meaning that most metals will oxidize (in the presence of oxygen).  There may be kinetic barriers 

that make this process occur slowly (or perhaps not at all on a reasonable time-scale).  For most 

metals, these barriers are easily overcome by increasing the temperature, above several hundred 

ºC.  In addition to free energy, one must also consider the signs of the enthalpy (ΔH) and the 

entropy (ΔS) changes associated with metal oxidation (equation 2.2).  Typically, ΔH is negative 

for metal oxidation, while ΔS is positive (overall reaction of gas phase oxygen into a solid oxide, 

thus lower entropy).  Both ΔH and ΔS are essentially independent of temperature (the changes 

are negligible except when a phase change occurs); therefore, a plot of ΔG versus temperature (a 

so-called Ellingham Diagram62) is simply a series of straight lines with ΔH as the y-intercept and 

ΔS as the slope.   At lower temperatures, ΔH has a larger affect on the available free energy of 

oxidation; however, as temperature increases entropy begins to play a larger role, consuming the 

available free energy.  Because of the positive ΔS, the sign of ΔG can become positive causing 

the oxide to spontaneously reduce back to the metal at sufficiently high temperatures (e.g. Hg).  

Additionally, the partial pressure of oxygen in equilibrium with the metal and oxide at a given 

temperature can be calculated using equation 2.3. 

 

Δ! = Δ! − !Δ!                                                       (2.2) 

Δ! = Δ!! + !" ln !!!!!!
!                                                   (2.3) 

  



CHAPTER 2: CONDUCTING OXIDES Nb, W, AND Ti AS PEMFC CATALYST SUPPORTS 

 47 

Ellingham diagrams are used extensively in metallurgy to predict equilibria between a 

metal, its oxide, and oxygen as a function of temperature.  Such diagrams are also useful for 

determing the relative reducing power of the elements.  For example, carbon can reduce a 

number of metal oxides, including Fe2O3, resulting in either CO or CO2 as a coproduct.  Any 

metal oxides with a free energy less negative than that of CO or CO2 can be so reduced (Figure 

2.4).  Additional materials such as sulfides, nitrides, chlorides, and other non-metals may also be 

considered.63   

Generally, the Gibbs free energy change for the oxidation reaction of a metal (per mole of 

oxygen) versus the temperature is plotted.  Typically, the lower the position of a metal’s line on 

the diagram, the more stable it’s oxide (more negative ΔG).  Hence, metals with a line lower on 

the diagram can act as a reducing agent for metal oxides that lay above them, and the further 

apart the lines, the greater the free energy change upon reduction (larger changes in free energy 

are more exothermic).  This principle is often used in extractive metallurgy to isolate 

components from raw ore.63  The thermite reaction is also an example.  Aluminum lies below 

Fe2O3 on an Ellingham diagram (Figure 2.4).  When Al and Fe2O3 are combined, and the 

reaction initiated, the Al is oxidized to Al2O3 and the Fe2O3 is reduced to Fe.  The reaction is so 

exothermic, that the reduced Fe typically becomes molten.   

 The free energy of formation is negative for most metal oxides, and so a typical 

Ellingham Diagram is drawn with ∆G=0 at the top of the diagram, with negative values of ΔG 

going down the y-axis. Temperatures where either the metal or oxide melt or vaporize may also 

be marked on a diagram or are indicated by a change in the slope of a line.  Around the outside 

of the diagram is a scale that shows the equilibrium partial pressure of oxygen in contact with the 

metal and oxide (calculated by equation 2.3).  To determine the partial pressure of oxygen at a 
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given temperature from the diagram, one simply constructs a line from the origin (typically the 

top-left corner of the plot) to the desired partial pressure of oxygen.  This construction will 

intersect the line for a given metal, showing the required temperature to achieve that partial 

pressure of oxygen. Figure 2.4 shows a typical Ellingham Diagram for several metals of interest 

in this chapter as well as a sample construction for determining the oxygen partial pressure at a 

given temperature.   

Note that in this case the constructed line intersects the oxygen scale at approximately  

10-44 atm of oxygen partial pressure.  To put this into perspective, 1 mole of an ideal gas 

occupies 22.4 L at standard temperature and pressure (1 atm, 298K).  Therefore, a pressure of  

10-24 atm is roughly equivalent to 1 molecule in a 22.4L volume (using Avagadro’s Number).  

Typically achievable laboratory pressures (as in ultra-high vacuum systems) are only about 10-14 

atm.  At this pressure (10-14 atm), the time for a monolayer formation (derived from the Kinetic 

Theory of Gases) is about 300,000 sec (83 hours) assuming that all molecules in the gas phase 

stick or react when they strike a surface.64  The time to monolayer formation increases by an 

order of magnitude per order of magnitude drop in pressure.  Hence, if only oxygen is present in 

the vapor phase, and the equilibrium partial pressure is 10-44 atm, the time for just one monolayer 

to form on the surface is 300,000 x 1030 seconds, or 9.5x1027 years (that’s longer than the 

Universe itself has existed!).  This is a prime example of the limitations of kinetics.  How then do 

these reactions take place at all?  Any oxide exposed to air has physisorbed or chemisorbed 

species on the surface (especially water or hydroxide).  Therefore, it is often these species that 

are responsible for oxidation by aiding in the transport of oxygen to and from the metal surface.  

These species also yield an overall larger partial pressure lending to faster kinetics.   
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 It is interesting to see that not all of the lines in Figure 2.4 have a positive slope.  Carbon 

is often a special case displayed on Ellingham diagrams.  In the case of the full oxidation of 

carbon to carbon dioxide, one mole of O2 reacts to form one mole of CO2, since there is a zero 

net change in the number of moles of gas molecules, the entropy of oxidation is relatively small 

and the CO2 line appears flat as a function of temperature.  Conversely, the incomplete oxidation 

of C to CO yields an overall increase in the number of gas molecules (1 mole of O2 yields two 

moles of CO).  Here a large increase in entropy (ΔS is negative) is observed and the line slopes 

negative, the opposite of most metals (a positive slope for a positive ΔS).  Additional versions of 

the Ellingham Diagram can be constructed for other gaseous species (NH3, H2, N2, S, or H2O) 

and are used most often by metallurgists to determine the appropriate ratios for reducing gas 

mixtures in processing raw ores.63 

 Ellingham diagrams are extremely useful tools, and allow for quick analysis of 

thermodynamic data with out the need for extensive calculations.  They serve well as a first 

approximation of how multi-metal systems will behave from a thermodynamic perspective. 

 

2.3.2 Oxygen Gettering 

 Gettering is a technique based on the ability of certain solids to collect free gases by 

adsorption, absorption, or occlusion.  This effect is widely used in the electronics field to 

improve and maintain a high vacuum or to purify an atmosphere of noble gases.  Generally, 

getters are found in three forms.  Bulk getters are foils or wires of gas-absorbing metals, which 

usually are heated by resistive heating (in the case of vacuum tubes) or by a separate heating 

source.  Coating getters are generally applied to the electrodes of vacuum tubes, which are 

maintained continuously at temperatures between 200-1200 ºC.  Coating getters usually consist 
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of nonvolatile metal powders that are sintered together on an electrode surface.  Finally, flash 

gettering involves the use of chemically active, volatile (typically alkaline earth) metals that are 

evaporated and recondensed trapping reactive species from the atmosphere.  Flash gettering is 

typically used in vacuum tubes to trap non-noble gas species by precipitating them onto cold 

parts of the tube.  The precipitates from the so-called “getter mirror” and is easily seen formed on 

the tip of halogen light bulbs.65  Typical getter materials are those that have high enthalpies of 

formation of their oxide or nitride, and include Zr, Ta, Nb, Al, Ti, Mg, Ba, P, and others. 

 Apart from the manufacture and operation of vacuum components, gettering has been 

used extensively in the study of semi-conductors and superconductors. 35,66.  For oxide materials, 

gettering techniques have been used to control the oxygen stoichiometry and vacancy ordering in 

the study of YBCO superconductors67,68 and other oxide materials.69 Gettering of metal 

impurities has also been observed in the manufacture of silicon-based semiconductors (n and p 

type) and other wafer processing operations.70 

In our work, we use the approach developed by Cava66,67 and others69 in which gettering 

is used to control oxygen stoichiometry.  This approach is derived from observable behavior on 

the Ellingham Diagram (Figure 2.4).  In a closed system, when a metal oxide is heated, some 

equilibrium partial pressure of oxygen is produced (although it may be very low) as a function of 

temperature.  We’ve already discussed that unless other species (water vapor and hydroxide 

especially) are present, the kinetics of oxidation can be very slow.  In those cases, adventitious 

water and/or hydroxide species (which form water and an oxide anion upon heating) often acts as 

a shuttle, moving oxygen from the metal oxide to a getter metal (Zr in this case) with a more 

negative free energy of oxide formation.  Of course, this is only a thermodynamic treatment; and 

there may be kinetic barriers to this process.  Additionally, the equilibrium of the system will 
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also contribute to the (reducing/oxygen absorbing) action of the getter metal (Zr in our case) via 

Le Châtelier’s principle.  If an appropriate amount of getter material is placed in the system to 

remove a prescribed amount of oxygen, one simply needs to apply a sufficient temperature and 

allow enough reaction time for complete conversion of the getter metal to its oxide.  For 

example, if 0.5 moles of Zr foil are placed into an evacuated tube with 1 mole of WO3, after 

heating at 750 ºC for 48 hours, the Zr foil will be oxidized fully to ZrO2 and the WO3 will be 

reduced to WO2.  Hence, Zr gettering was used in the preparation of oxide supports to affect 

reduction of W(VI) to W(IV) and Ti(IV) to Ti(III) with the hopes of yielding a stable, 

conducting material (discussed in sections 2.5 through 2.7 of this chapter). 

 

2.4 Synthetic Strategies 

 Synthetic methods to produce oxide materials for a wide range of applications has been 

extensively reported.71-76  Apart from traditional solid-state synthesis (so-called “shake-n-bake” 

or ceramic synthesis)77 78, methods such as sol-gel79-81, spray pyrolysis82, combustion 

synthesis72,83, and chemical vapor transport (CVT) 84-86 have also been developed to produce 

oxide materials of various morphologies (i.e. thin-films, micron and nano sized powders, and 

mesoporous solids).  In an initial approach, compounds in the Nb-W-O system were synthesized 

using traditional ceramic methodologies.  This strategy allows for the study of changes in phase 

behavior from reported phases in the Nb2O5-WO3 system to ones with different oxygen 

stoichiometries. 

 

2.4.1 A Few Notes on Ceramic and Chemical Vapor Transport Methods 

Ceramic syntheses have been used extensively for the preparation of oxide materials.68,78  

Principally, this technique relies on simple solid-state diffusion (governed by Fick’s Law, 
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equation 2.4) making reaction time and reaction temperature the primary synthetic “control-

knobs”.  Generally, reaction temperatures and/or reaction times can be significantly decreased by 

making the starting materials very fine powders and pressing these precursors into a pellet or 

“pill” prior to heating.  Pressing the precursors increases inter-particle contact and smaller size 

allows for overall smaller diffusion distances.  In the standard ceramic method, pressed pellets of 

reactant oxides are typically heated in static or flowing air in an appropriate non-reactive crucible 

(often alumina or platinum) to temperatures between 500˚C to 1500˚C for several days.72  

 

! ! ∝ (! ! !)!/!         (2.4) 

 

Another approach to decreasing reaction times may be to forego diffusion in the solid-

state and to utilize transport of the constituent elements through the vapor phase.  To achieve 

vapor transport, either the reaction must reach sufficiently high temperatures to develop an 

adequate vapor pressure of the precursors (typically 10-6 torr to several atmospheres), or a 

“transport agent” must be added.  Typically, this transport agent operates by producing trace 

amounts of high vapor pressure intermediates.  This method is referred to as Chemical Vapor 

Transport (CVT) and may be used to prepare single crystals or epitaxial films of many different 

substances, including oxides. 84,87 

Typically the transporting agent is chosen such that, when combined with the precursor 

oxide, the reaction is reversible and the free energy of formation is small and temperature 

dependent.  Because the transport is occurring in the vapor phase, these reactions are carried out 

in a sealed container that is heated in a manner to induce a temperature gradient.  This 

temperature gradient causes the transporting agent to reversibly generate, and deposit precursor 
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species in the temperature region which allows for the lowest free energy.86  It is important to 

note also that the transporting agent is not consumed in this reaction, and therefore relatively 

small amounts are needed when compared to the amount of oxide material being synthesized.88 

 

2.5 Preparation of Compounds in the Nb-W-O and Nb-Ti-O Systems 

The Nb2O5-WO3 and Nb2O5-TiO2 systems have several known phases, some of which are 

congruently melting and some of which decompose at high temperatures (Figure 2.3).  In a series 

of experiments, several examples of these known phases were prepared using traditional, high-

temperature solid-state chemistry techniques.   

 

2.5.1 Materials 

Niobium Oxide (Nb2O5 99.999%, 325 mesh white powder) was purchased from Sigma-

Aldrich; Tungsten Oxide (WO2.9 99.99%, dark blue powder) was purchased from Alfa Aesar and 

heated in air at 800 ºC for 4 days to fully oxidize the powder to WO3; Titanium Dioxide (TiO2, 

99.8%, white powder) was purchased from Sigma Aldrich;  Titanium Trioxide (Ti2O3, 99.99%, 

black powder) was purchased from Fluka Scientific;  Zirconium foil (Zr, 99.8%, 0.025 mm thick, 

annealed) was purchased from Alfa Aesar; Hexachlorobenzene (C6Cl6, 97%, white crystals) was 

purchased from Aldrich; 14 mm x 16 mm silica tubing was purchased from Quartz Scientific. 

 

2.5.2 Synthesis 

Typically, stoichiometric mixtures of Nb2O5 and WO3 (or Nb2O5 and TiO2) powders were 

mixed and finely ground in an agate mortar followed by pressing into a 10 mm diameter x 5mm 

thick pellet at 4000 PSI using a Carver laboratory hydraulic press.  The pellets were then heated 
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in air between 1050ºC and 1100ºC for 3 to 8 days.  Often a single phase of the target 

composition was obtained, while some samples required multiple heating cycles to reach 

equilibrium.  Typically the pellets remained intact through their heating cycles and were 

reground and repressed if they required multiple heat treatments.  The as-synthesized compounds 

were typically white to off-white in color, and possessed metal centers that were in their highest 

oxidation state, thus requiring subsequent processing to hopefully prepare a conducting material.   

By the reasoning explained earlier, oxygen vacancy doping is achieved by reducing the 

tungsten (or titanium) in these compounds from W(VI) to W(IV) (or Ti(IV) to Ti(III)).  In order 

to do this without solution based methods, Zr foil was used as an oxygen getter following the 

method developed by Cava et al.68  Zirconium is a highly oxophilic metal that will react with any 

available oxygen to produce ZrO2, especially at high temperatures (oxygen gettering).  

Furthermore, Zr will act as a reducing agent for W and Ti oxides simply because of 

thermodynamic considerations as predicted by Ellingham Diagrams (Figure 2.4).62  For example, 

to reduce all of the W(VI) to W(IV) (or Ti(IV) to Ti(III)) a stoichiometric amount of Zr foil 

(equations 2.5 and 2.6) was placed into a silica ampoule and then placed into a larger silica tube 

with the as-made, fully oxidized compounds (powders in this step were not pressed into a pellet). 

The tube was then evacuated while heating the in-process material to drive off any adsorbed 

water.  Care was taken not to heat the Zr foil in order to avoid premature oxygen gettering.  The 

silica tube was then sealed under vacuum and heated at 750 ºC for 48 hours.  This tube-within-a-

tube approach is used to keep the Zr foil separated from the in-process oxide, as well as to 

prevent the reacted ZrO2 from contaminating the reduced product.  Generally, a dark blue to 

black powder was obtained, with full oxidation of the Zr foil. 
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          (2.5) 

          (2.6) 

 

2.5.3 Discussion of Nb-W-O results 

 There are several phases in the Nb2O5 -WO3 system that are expected to exist at room 

temperature.  Since the goal in producing a new catalyst support material is to synthesize a 

material that is both conducting and stable, and because the conducting component (WO2) is 

only narrowly stable under PEMFC conditions, compositions that are richer in Nb2O5 were 

synthesized first.  To begin, the 1:1 Nb2O5:WO3 (Nb2WO8) and the 7:3 Nb2O5:WO3 (Nb12W3O44) 

phases were synthesized by the ceramic method with heating at 1050ºC for 3 days with 

subsequent reduction by zirconium foil.  Figure 2.5 shows powder X-ray Diffraction (pXRD, 

using a Scintag XDS 2000 diffractometer with Cu Kα radiation) patterns for the as prepared and 

the reduced compounds for the 1:1 phase (PDF # 04-009-3209, orthorhombic (Pbcm) a=3.949, 

b=17.622, c=16.626 Å). 

The most obvious change in the pXRD pattern in the reduced sample is the emergence of 

peaks at approximately 40.4º, 58.2º, and 73.2º (starred in Figure 2.5a).  These peaks index to 

elemental tungsten (PDF# 00-001-1203, cubic (Im-3m), a=3.155 Å), indicating that it phase 

segregates from the parent compound.  The remaining peaks in the reduced sample (a dark 

blue/black powder) belong to the parent compound Nb2WO8 (a white powder) with no evidence 

in the powder pattern of other phases present (i.e. Nb2O5).  It is not necessarily surprising that 

some of the tungsten was fully reduced rather then all of the tungsten being partly reduced to 

WO2.  Considering that WO2 is prepared by reacting WO3 with W metal at high temperatures, it 

€ 
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is reasonable that the process is reversible at high temperatures, especially in the presence of a 

reducing agent like Zr.89  The reaction stoichiometry for this disproportionation process is shown 

by equation 2.7.  

!"! ! !!!!"! + !
!
!!                   (2.7)  
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Figure'2.5'(a)$pXRD$pa)ern$of$oxidized$(red$line)$and$reduced$(black$line)$Nb2WO8.$$No>ce$the$elemental$W$peaks$in$the$
reduced$sample$(starred).$(Inset,a$)$Plot$of$W$peak$intensity$vs$amount$of$Zr$reduc>on,$0.5$mol$equivalent$is$full$
reduc>on$of$WO3$to$WO2.$$The$dashed$(orange)$line$is$a$forced$linear$fit$through$the$origin$(y=ax)$while$the$solid$(green)$
line$is$a$regular$linear$fit$(y=ax+b).$$There$is$not$a$very$significant$difference$between$the$two.$(b)$BlownUup$pXRD$
pa)ern$in$the$20U40º$region.$$The$starred$peaks$are$present$in$the$oxidized$compound$but$disappear$in$the$reduced$
compound.$$This$may$indicated$some$impuri>es$in$the$parent$compound,$which$may$have$contributed$to$W$
dispropor>ona>on.$$(c)$Crystal$structure$of$Nb2WO8.$$Orthorhombic$(Pbcm)$a=3.949,$b=17.622,$c=16.626$Å.$
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It is surprising, however, as there is evidence of pure W in the sample, there is no 

evidence of Nb2O5 in the reduced product, as would be predicted by simple mass balance.  To 

investigate this further, a series of reactions were performed which varied the amount of the Zr 

foil used to reduce the sample.  The inset in Figure 2.5 shows a plot of the normalized (to the 

strongest peak of Nb2WO8, 22.6º) intensity of the strongest W peak (at 40.4º) in the reduced 

sample versus the mole ratio of Zr used (note that a mole ratio of 0.5 means full reduction of 

WO3 to WO2).  This plot is linear, and extrapolates to about 0.03.  This indicates that there is 

likely not a second, meta-stable phase which is generated before W begins to segregate from the 

sample (i.e. there would be a larger x-intercept), but rather that there is a relatively wide 

composition window for the 1:1 phase, which allows for some W non-stoichiometry.  An 

additional possibility is that there is a second phase, but it is amorphous and non-detectable using 

pXRD.  This, however is unlikely due to the temperatures to which the materials are heated.  

Additionally, amorphous phase behavior is not typically observed in this system.90 

Additional synthetic routes to the 1:1 phases were explored in order to circumvent the 

need for reduction by Zr.  In a first attempt Nb2O5 was mixed with a stoichiometric amount of 

WO3 and W metal (in a 1: 0.66 : 0.33 ratio) and sealed in a silica tube under vacuum prior to 

heating at 1050ºC for 3 days.  A small amount (3.5 mg for a 1 g batch) of Hexachlorobenzene 

(C6Cl6) was also added to generate Cl2 (upon decomposition at high temperatures), a CVT 

transporting agent, prior to sealing.  The resulting product showed significant reaction with the 

silica tube (as evidenced by SiO2 peaks visible in the pXRD pattern) and was a gray to off white 

powder.  In another attempt, Nb2O5 was mixed with WO2 in order to directly synthesize the 

targeted product.  As before, a stoichiometric ratio was pressed into a pellet at 4000 PSI, and 

sealed in a silica tube under vacuum prior to heating at 1050ºC for 4 days.  The resultant powder 
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was dark blue to black, as before, and showed identical phase behavior to the 1:1 compounds 

synthesized via Zr reduction (i.e. W metal peaks in the pXRD pattern) 

 The 7:3 Nb2O5:WO3 (Nb12W3O44, PDF# 04-009-3726, tetragonal (I-4), a=21.020, 

c=3.820 Å) phase was initially prepared in exactly the same way as was the 1:1 phase.  Figure 

2.6a shows the pXRD patterns for the as made and reduced product, as well as a scanning 

electron microscope image (obtained with a Leo 1550 FESEM at 5 keV) of the reduced powder 

(Figure 2.6b).  

Figure 2.6b shows obvious phase segregation of highly faceted octahedral (or hexagonal) 

crystals from the bulk compound.  The pXRD pattern of the reduced (dark blue/black) sample 

shows evidence of pure crystalline WO2 (PDF# 00-005-0431, monoclinic (P21), a=5.567, 

b=4.892, c=5.550 Å, β=118.19º) as a secondary phase not present in the fully oxidized (white) 

powder, with the remaining peaks belonging to the parent compound and no evidence of other 

secondary phases.  Again it is surprising that no Nb2O5 is observed in the reduced product pXRD 

pattern as would be predicted by mass balance.   
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  Additionally, it is interesting that the relative intensity of the two strongest peaks in the 

parent compound pattern (23.8º and 24.8º) changes when the product is reduced.  This can be 

due to a few different things.  Fundamentally, this change in relative intensity may indicate a 

difference in the scattering power of the crystallographic planes that give rise to those 

reflections.  Tungsten is a heavy element with a high X-ray scattering cross-section, therefore it 

is likely that these reflections are from plains rich in tungsten.  Furthermore, if the parent 

compound is being depleted of tungsten upon reduction it may indicate that there is an 

unreported, fairly wide window of non-stoichiometry or phase width within the Nb2O5-WO3 

system for this previously reported60 line phase.  Secondly, if the crystalline domains are large (> 

10µm), it is possible that the powder mixture is not truly a randomly oriented mixture of all 

possible crystallographic orientations (a necessary conditions for repeatable intensities in pXRD 

measurements), which would give rise to changes in the relative intensity.  This reason is 

unlikely when looking at SEM images of the powder grains.  The largest powder grains are on 

the order of 15-20 µm, which are made up of many much smaller crystallites.  Lastly, if the 

crystallites have a preferred shape (such as needles), it is possible to have changes in the pXRD 

pattern due to preferred orientation on the X-ray sample holder (e.g. needles all lay down rather 

than randomly distributed at different angles).  Again, in looking at SEM images of the powder 

grains, this reason for the observed changes in peak intensity is unlikely. 

 In order to investigate the formation of WO2 crystallites in the 7:3 compound a series of 

reactions were prepared in which a sub-stoichiometric amount of Zr foil was used to reduce the 

sample, the aim being to discover at what composition WO2 crystallites begin to form.  A 4g 

batch of the oxidized 7:3 compound was prepared and split into 4 1g fractions.  Each fraction 

was sealed in a silica tube, under vacuum with a prescribed amount (1, 0.5, 0.25, and 0.2 times 
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the stoichiometric amount) of Zr foil followed by heating at 750º C for 48 hours.  Figure 2.7, 

below, shows SEM images of the prepared products. 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

As the amount of Zr reducing agent is decreased, the density and faceting of the WO2 

crystallites decreases.  Between half and one quarter the stoichiometric amount, the density of 

WO2 crystallites appears to fall below the percolation limit (the WO2 crystallites are no longer in 

direct contact).  This will have an effect on the conductivity of these compounds, which will be 

discussed later.  Another interesting feature of these images is to notice where the surface 

crystallites appear to nucleate and grow.  In images c and d there are several surfaces that have 

no crystallite formation, with additional images (not shown) showing what appears to be pitting 
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of the surface in regions with higher concentrations of WO2 crystallites.  These phenomena beg 

the question of whether or not there are preferential faces of the 7:3 grains that enable the 

nucleation and growth of WO2. 

Other synthetic approaches to the 7:3 phase were also attempted, as with the 1:1 phase, 

including direct reaction of Nb2O5 with WO2 and combining Nb2O5 with WO3 and W using 

CVT.  Both approaches showed similar results to the 1:1 compound synthesis including the 

significant tube reaction in the CVT case, and the appearance of W metal in using WO2 to bypass 

reduction by Zr. 

Additional compounds in the Nb2O5-WO3 system were investigated using similar 

syntheses described previously. Both the 30:1 and 13:4 phases were unable to be obtained 

despite several attempts with numerous heating cycles at 1050º and 1100ºC for 8 days.  Both the 

6:1 and the 4:9 phases were successfully prepared, while the 6:1 phase had evidence of WO2 

present by pXRD just as the 7:3 phase.   

The 4:9 (Nb2O5:WO3) phase (PDF# 04-009-6278, orthorhombic (Pbam), a=36.57, 

b=36.69, c=3.945 Å) was synthesized by heating stoichiometric amounts of the parent oxides at 

1050 ºC for 4 days, and showed no evidence of any second phase generation after reduction with 

Zr despite a shift in the pXRD pattern to slightly higher angles (22.6º to 22.8º in the strongest 

peak) which propagated throughout the pXRD pattern.  The reduced powder was black to dark 

blue (as compared to white for the oxidized compound).  The shift in peaks to higher angles 

likely indicates slight zero-offset differences or height aberration from the X-ray measurement.  

Notwithstanding the observed phase behavior, this phase is W rich, which may make it less 

stable, and thus less desirable for PEMFC catalyst supports.  
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 The conductivity of each Nb-W-O sample was measured as described previously section 

2.2.  Table 2.1, summarizes the results of the conductivity measurements. 

 

 

 

 

 

 

 

 

 

 

 

The most important result displayed here is that only one reduced material could be 

synthesized as a single phase, specifically the reduced 4:9 Nb2O5:WO3 compound.  Even as a 

single phase however, the best conductivity is only .014 S/cm at 105 in-lbs (Vulcan XC-72 is at 

105 in-lbs), 10-times lower than the minimum of 0.1 S/cm.  Other phases, such as the 7:3, when 

fully reduced have conductivities that approach the minimum, but have a significant presence of 

secondary phases (in this case WO2).  The observed conductivity is most likely due to the surface 

WO2 crystallites and not the parent phase itself.  This is evidenced by no changes to the parent 

phase pXRD pattern (as one might expect if vacancy doping was occurring) and the fact that as 

sub-stoichiometric amounts of Zr are used for reduction, fewer WO2 crystallites are formed and 

the conductivity drops.  This same logic applies to the 1:1 phase as well, in this case W being the 

Table&2.1!Summary!of!conductivities!of!Nb4W4O!samples.

Reported&
Compound

Nb:W&Oxide&
Ratio

WO3&Mol% Amount&of&Zr&
reducing&agent

Secondary&Phases&
Present&(by&pXRD)

Conductivity&at&105&inNlbs&
(S/cm)

Vulcan&XCN72 N N N N >&1
Nb2WO8 1:1 50.0 S* W 0.0757
Nb2WO8 1:1 50.0 1/2!S W 4.38!x!1044

Nb2WO8 1:1 50.0 1/3!S W 1.43!x!1044

Nb2WO8 1:1 50.0 1/4!S W 1.66!x!1044

Nb2WO8 1:1 50.0 1/10!S W 2.14!x!1044

Nb14W3O44 7:3 30.0 S WO2 0.12
Nb14W3O44 7:3 30.0 1/2!S WO2 0.0508
Nb14W3O44 7:3 30.0 1/4!S WO2 6.26!x!1044

Nb14W3O44 7:3 30.0 1/5!S WO2 3.75!x!1044

Nb8W9O47 4:9 69.2 S None 0.0142
Nb60WO153 30:1 3.2 44 Many 44
Nb26W4O77 13:4 23.5 44 Many 44

*!S!means!a!stoichiometric!amount!of!Zr!was!used
Vulcan!XC472!measured!using!the!same!conductivity!cell
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primary cause for conductivity.  It is clear from these results that compounds in the Nb2O5-WO3 

system by themselves do not meet the necessary conductivity requirements for use as catalyst 

supports in PEMFCs.  Even as nanoparticles or mesoporous solids the conductivities would be 

expected to drop due to a larger number of grain boundaries, non-conducting pores, and greater 

overall contact resistance.  Furthermore, the segregated phases that are lending to conductivity 

are unstable in fuel cell environments and would likely oxidize in a fuel cell system, this is 

certainly true for elemental W.16 

 

2.5.4 Discussion of Nb-Ti-O Results 

 The 1:1 (Nb2TiO7, PDF#00-070-2009, monoclinic (I2/m), a=17.684, b=3.804, c=11.890 

Å, β=95.33°) and 5:2 (Nb10Ti2O29, PDF# 00-013-0316, orthorhombic (Bbmm), a=20.510, 

b=28.500, c=3.805) phases were prepared by grinding stoichiometric amounts of Nb2O5 and 

TiO2 in an agate mortar, pressing them into a pellet at 4000 PSI, and heating in air (on Pt foil) at 

1050 ºC for a total of 8 days (with regrinding and repressing on day 4) .  At the end of the 

heating cycle, the pXRD patterns for both phases (white-yellow powders) showed multi-phase 

products; therefore the powders (unpressed) were sealed into silica tubes with 4mg of 

hexachlorobenzene (a precursor for the CVT transporting agent Cl2) and heated at 1050ºC for 3 

days to attempt to obtain a single-phase product.  Upon conclusion of the heating program, the 

previously white-yellow powders appeared dark blue to black.  Typically, black metal oxides are 

conducting.  While no Zr foil was used to cause a reduction of the sample, residual carbon from 

the hexachlorobenzene decomposition may have acted as a reducing agent, partially reducing the 

Ti in both compositions.  The conductivity of these samples was measured using the two-point 
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probe technique described in section 2.2.  The 1:1 (Nb2O5:TiO2) compound had a conductivity of 

2.1x10-5 S/cm while the 5:2 compound had a conductivity of 3.18x10-5 S/cm. 

 Additionally, the 1:1 compound was prepared as before by grinding and pressing a 

stoichiometric amount and heating at 1300 ºC for 4 days.  The prepared product was single- 

phase, and was reduced with Zr foil.  The finished product was black and showed both the 1:1 

and 5:2 phases present by pXRD.  The conductivity of the parent (4.47x10-8 S/cm) and reduced 

samples (4.75x10-4 S/cm) was also measured. 

In an attempt to by-pass the Zr reduction step, Ti2O3 was mixed directly with Nb2O5 

using the CVT method.  A 1:1 mole ratio mixture of Ti2O3 and Nb2O5 (this is off Ti 

stoichiometry for the Nb2TiO7 phase) was ground and placed in a silica tube with 3.5mg 

hexachlorobenzene before being sealed under vacuum and heated at 1000ºC for 4 days.  The 

product was a highly crystalline, black powder that was identified as NbTiO4 by pXRD (Figure 

2.8, below). NbTiO4 (PDF# 01-081-0911, tetragonal (P42/mnm), a=4.743, c=2.994 Å) has a 

rutile structure type and represents a compound with mixed valent Ti and Nb centers (the Nb has 

both 4+ and 5+ character, while the Ti has both 3+ and 4+ character).91  The mixed valency in 

this compound yields an overall larger number of charge carriers when compared to other 

compounds in this system giving this compound a significantly higher conductivity (measured 

>1 S/cm, i.e. too conducting to be measured with the two-point probe).   Despite the higher 

conductivity, sol-gel prepared nanoparticles (by Chinmayee Subban) of a 50:50 rutile Ti:Nb 

oxide showed limited chemical stability in acid solutions.92 
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2.6 Preparation of Compounds in the Nb-Ti-W-O System 

 For the compounds discussed thus far, the approach has been to synthesize known oxide 

compounds and chemically modify their structures via oxygen vacancy doping to achieve a 

conducting material.  Possible stability to corrosion then had to be assessed.  Alternatively, 

another approach pursued by members of the DiSalvo group has been to explore solid solutions 

of Ti and W oxides (since some of their oxides possess similar structure types).  In this section, 

combining these two approaches will be discussed.  Specifically, W-doped rather than pure 
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titania will be used to synthesize Nb2O5-TiO2 compounds in the hopes of synthesizing a 

conducting material in the structure type of a reported phase.  Additionally, synthesis of these 

compounds will enable the exploration of the previously unreported phase space between niobia, 

titania, and tungsten oxides. 

Figure 2.9 shows a pseudo-ternary phase diagram for the Nb2O5-TiO2-WO2 system 

constructed from experimental results.  Each of the compositions were prepared via the CVT 

technique in which the prescribed stoichiometric amounts of the constituent oxides were ground 

in an agate mortar and sealed with 3.5mg of hexachlorobenzene in an evacuated silica tube 

before heating at 1000ºC for 8 days.  The green circles represent samples that showed moderate 

to severe interaction with the silica tube during heating. 
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The most interesting feature of this system is that the structure type of the 5:2 

Nb2O5:TiO2 compound (Nb10Ti2O29) seems to be the preferred structure for a variety of 

compositions (even though they also include W).  There are two distinct polymorphs of the 5:2 

structure, a monoclinic cell (red X’s) and an orthorhombic cell (purple X’s) (Figure 2.10).  The 

dark blue X at the center represents a 40:30:30 (Nb2O5:TiO2:WO2) ratio of the constituent 

oxides, which resulted in a single-phase compound with a rutile structure type.   
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structure$type$of$the$material$iden(fied$by$pXRD.$$Note$however$that$the$material$at$that$posi(on$has$the$correct$

stoichiometry$as$confirmed$by$Energy$Dispersive$X/Ray$Spectroscopy$(EDX).$(b)$A$balanced$chemical$equa(on$for$the$

synthesis$of$these$compounds.$$Note$x,$y,$and$z$represent$the$mole$frac(on$(or$mole$ra(o)$of$Nb
2
O
5
,$TiO

2
,$and$WO

2
$

respec(vely.$

x Nb2O5 + y TiO2 +
2z
3

WO3 +
z
3
W

1000°C
8days! →!!
C6Cl6

Nb2 xTiyWzO5x+2 y+2z

Nb
2
O
5
$

TiO
2
$ WO

2
$

Nb
2
WO

8
$+$W$

1:1$

5:2$

Ini-al'Target,'5:2'Monoclinic'polymorph'(1050'ºC)'

5:2'Orthorhombic'polymorph'(1000'ºC)'

Ru-le,'NbTiO4'

Reacted'with'silica'tube$

a)$

b)$



CHAPTER 2: CONDUCTING OXIDES Nb, W, AND Ti AS PEMFC CATALYST SUPPORTS 

 71 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The conductivity of some Nb-Ti-W-O samples is summarized in Table 2.2.  Other 

samples described in Figure 2.9 were not measured for conductivity.  Several had evidence of 

significant tube reaction (frosting of the tube and the presence of SiO2 (PDF# 00-39-1425, 

tetragonal (P41212), a=4.978, c= 6.948 Å) peaks in the pXRD pattern).  Additionally, similar 

compounds were being synthesized by Chinmayee Subban in the DiSalvo group, and we felt that 

generally these compounds were not well suited, in their present state, for catalyst support 

a"

b"
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Nb10Ti2O29"(monoclinic)"
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a=20.180"Å"
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applications: their conductivities were too low, and their stability was yet to be fully studied.  

Nonetheless, the adoption of the 5:2 structure-type by such a wide range of compositions has 

never been reported.  The exact nature of the W environment and chemical state has yet to be 

fully characterized. 

 

 

 

 

 

 

 

 

2.7 Conclusions 

 Compounds in the Nb-Ti-W-O system have a rich chemistry and interesting phase 

behavior that has previously been unreported.  While sufficiently conducting compounds for 

PEMFC applications were not successfully obtained, several new ideas about using conducting 

oxides for fuel cell catalyst supports were identified.  As is the nature of research, one does not 

always know the appropriate questions to ask when embarking on previously unexplored 

research topics.  Future work in the system should include more fully characterizing the chemical 

nature and phase behavior of these compounds.  While it is known that PEMFC conditions are 

not ideal for material stability, perhaps these compounds would be suited to other applications or 

processes (oxygen anion conductors?).  Compounds in the Nb-Ti-W-O system should be 

Table&2.2!Summary!of!conductivities!of!Nb4Ti4W4O!samples.

Nb:Ti:W&Oxide&
Ratio

Structure&Type&(by&
pXRD)

Conductivity&at&105&inClbs&
(S/cm)

Vulcan&XCC72 C >&1.0
50:35:15 5:2!Nb205:TiO2 0.00205
50:35:15 5:2!Nb205:TiO2 0.00702
50:35:15 5:2!Nb205:TiO2 0.01290
50:25:25 5:2!Nb205:TiO2 0.00443
40:30:30 Rutile >!1.0
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synthesized as single crystals and fully characterized by X-ray diffraction techniques.  Some 

single crystal syntheses were attempted, but were ultimately unsuccessful.  

 While conducting these studies, additional ideas were generated regarding new materials 

that may be of potential interest for PEMFC supports.  Many nitrides, for example, are 

significantly more conducting than oxides and may be of use as catalyst support materials if they 

can be made sufficiently stable.  This idea will be discussed further in Chapter 3.  Ultimately, the 

oxide support materials discussed in this chapter were set aside in order to focus research efforts 

on nitride and other materials for use as catalysts and supports.  
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CHAPTER 3 
 

SYNTHESIS AND CHARACTERIZATION OF MESOPOROUS MIXED METAL NITRIDES 
AS PEM FUEL CELL CATALYST SUPPORTS 

 
Work in this chapter was performed in collaboration with two undergraduate researchers: 

Joseph Singh and Mayra Hernández-Rivera 
 
 

In Chapter 2 we discussed the need for new catalyst supports for PEMFCs, as well as our 

reasoning for attempting to use conducting oxide materials.  Ultimately, we found that the 

conducting oxides of interest to us did not possess sufficient conductivity or chemical stability.  

It was clear at that time that a new approach was needed. 

The DiSalvo group has a rich history of studying nitride materials.  While not specifically 

for PEMFC applications, the synthetic expertise and experience with nitride chemistry in the 

group prompted us to consider nitride materials as new catalyst support materials.  Again the 

principle criteria for a good nitride support material would be one that possesses sufficient 

conductivity and chemical stability under fuel cell conditions, as well as possessing high porosity 

and surface area.  In this chapter, I will discuss my work on the preparation of mesoporous 

mixed-metal nitride materials and the characterization of their properties for potential use as 

PEMFC catalyst supports. 

 

3.1 Introduction to Nitrides 

Nitrides were first investigated in the 1940’s by Juza.1,2  These early studies focused 

mostly on lithium compounds due to their relatively simple structures and ease of preparation.  

Over the next several decades, several groups around the world expanded on these studies by 

preparing other binary and ternary nitride compounds.  By the late 1980’s, with the advent of 

several new preparation techniques, the synthesis of new nitride materials had accelerated, and 
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systematic approaches to compound discovery were being developed.  Today, complex nitrides 

remain a rapidly growing field in Solid-State Chemistry, with specific focuses on understanding 

their crystal chemistry and structure-property relationships.3 

Strictly defined, a nitride is a solid-state compound that contains nitrogen as the lone 

monatomic anionic unit, N3-.  Using this definition, materials such as nitrates are excluded from 

the class of nitrides since the nitrate anion contains N5+.  Moreover, materials such as Y2Si3O3N4 

are not pure nitrides since they contain both O2- and N3- anions (such materials are so-called 

oxynitrides).  Instead, only materials such as Mg3N2, GaN, or CaTiN2 can be considered pure 

nitrides as nitrogen is the sole anion.4 

This strict definition aside, even including “mixed” anionic nitrides (oxynitrides, 

halonitrides, carbonitrides, etc.), the family of solid-state materials that contain anionic nitrogen 

is quite small.  For comparison, the Inorganic Crystal Structure Database (which catalogues 

nearly all of the inorganic chemical compounds currently known) has only 9,777 entries for 

compounds containing N3- and 74,783 entries for compounds containing O2- (compounds with 

both O2- and N3- are excluded).5  Perhaps even more startling is the number of naturally 

occurring nitrides: there is only one, TiN (and it is only found in meteorites from space!).4 

At first, the difference between the number of known nitride phases and the number of 

known oxide phases seems odd.  There is far more nitrogen than oxygen available in the 

atmosphere (78% nitrogen versus 21% oxygen roughly), so one might expect that most minerals 

should be nitrides as opposed to oxides.  However, the prevalence of oxide compounds in nature 

has little to do with stoichiometry and significantly more to do with thermodynamics.  We’ve 

already considered that the free energy change of any process is related to the associated 

enthalpy and entropy changes.  Generally, the entropy change for the formation of an oxide or 
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nitride compound should be similar since the dominating contribution to entropy would be 

reaction of gas phase molecules into a solid (ΔSºO2=161.1 J K-1 mol-1 versus ΔSºN2=191.6 J K-1    

mol-1).6  This results in a negative entropy change per mole of gas, and a relatively small 

contribution to the free energy change (ΔG ~ -TΔS ≈ -45 kJ molgas
-1 @ 300K).  The dominating 

factor, then, for the difference in the formation energy for nitrides and oxides is the difference in 

the enthalpy of formation.7 

The enthalpy of formation is equal to the difference in energy between the bonds formed 

and the energy of the bonds broken in transforming the reactants to the product.  The triple bond 

of N2 (945 kJ mol-1) is significantly stronger than the double bond of O2 (498 kJ mol-1).  Hence, 

the free energy of formation for nitride compounds tends to be lower (more positive) than oxides.  

Furthermore, because ΔGfº is lower (more positive), decomposition of nitride compounds upon 

heating (through loss of N2) is more likely than for compounds containing other anions (oxides, 

sulfides, etc.).  Additionally, despite the large electronegativity of nitrogen (3.04 on the Pauling 

Scale), the contribution of ionic bonding to the stability of nitride compounds is likely to be 

small, due to the high energy of formation of N3- from atomic N (+2,300 kJ mol-1) compared to 

the formation of O2- or S2- from atomic O or S (700 kJ mol-1 and 331 kJ mol-1, respectively).8  

Thus M-N bonds in nitride compounds tend to be more covalent in nature than M-O bonds in 

analogous compounds. 

From this basic thermodynamic understanding, one can derive two very important points.  

First, in order to spontaneously form a nitride compound (under conditions such that ΔGf < 0), 

the synthesis temperature must be as low as possible.  This is due to the fact that, since ΔS is 

already negative, ΔG can become positive at higher temperatures.  Temperature may be less of a 

concern if alternative N sources are used which do not require breaking a triple bond, for 
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example ammonia.  Secondly, when compared to an oxide material, the corresponding nitride 

will always be less thermodynamically stable.  As a result, it is necessary to carefully control the 

synthesis conditions to exclude oxygen and water.  Some nitrides rapidly decompose into oxides 

or hydroxides (at least at the surface) in the presence of air or water.  In fact, “air stable” nitrides 

form a protective surface passivation (oxide) layer, which inhibits further oxidation of the bulk 

nitride at low temperatures.9  Therefore, “air stable” nitrides are only kinetically stable, not 

thermodynamically stable. 

In addition to these thermodynamic considerations, nitrides are an interesting class of 

materials due to the variety of structural features they adopt due to more covalent nature of the 

M-N bond.  Many of these structural features are not seen in other types of compounds (e.g. 

oxides).  For example, in the compound Ba5Si2N6, SiN4 tetrahedra share edges to form Si2N6
10- 

dimers.  Similar edge sharing SiO4 tetrahedral units are rarely found in silicate containing oxides 

(silicates mostly feature corner sharing tetrahedra).10  Additionally, the more covalent nature of 

the M-N bond is also believed to stabilize unusual oxidation states of other metals in the same 

compound.  This is demonstrated in the case of Ba3Ge2N2, where the average oxidation state of 

Ge is zero; half as Ge2+ in GeN2
4- units and the other half as Ge2- which form infinite zigzag 

chains along the [010] direction.11 

While the chemistry of nitrides is incredibly rich and interesting from an academic 

perspective, the properties of nitrides are of specific interest to many researchers developing new 

devices and studying other applications.  To date, the majority of nitride materials that have been 

successfully integrated into devices or other applied technologies has been limited to simple 

binary nitrides.  Perhaps the most famous of these is gallium nitride (GaN), which is a wide band 

gap semiconductor (Eg=3.4 eV).4  Gallium nitride is primarily used in electronics in light 
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emitting diodes (LEDs) as an efficient emitter in the near ultraviolet (UV).12  GaN can also be 

alloyed with InN to lower the band gap to produce strong blue emission around 460nm.13  The 

tunability of the emission for GaN based materials is the foundation for many new technologies 

including solid-state lighting and laser materials for Blu-ray disc players.4  Titanium nitride 

(TiN) is another nitride material that has found an application niche, and is used as a coating 

material for tools and medical equipment due to its high hardness and corrosion inhibition 

properties.  Additionally, both binary and ternary nitrides (Mo2N14,15 and Co3Mo3N16, for 

example) and oxynitrides (γ-Mo2OyN1-y
17, for example) have been investigated for use as both 

catalysts and supports for a variety of industrially significant processes.18 

 It is clear that nitrides hold a unique position at the frontier of materials science and solid-

state chemistry research.  While ternary and quaternary nitrides offer scientists a unique 

perspective on the exotic structural features and elegant chemistry of nitrogen compounds, a 

majority of the research has focused on nitride materials with a demonstrated industrial utility. 

 

3.2 Synthesis of Nitrides 

 Much of the early nitride work involved synthesizing materials using traditional Solid-

State methods.18  These include High-Pressure High-Temperature syntheses19,20, direct reaction 

of metal powders with flowing or static N2 gas,7,15,21, solid state metathesis reactions,22-26 and 

using molten metal fluxes for preparing single and polycrystalline nitride compounds.27-29  

Typically each of these techniques were carried out under a nitrogen atmosphere, and the 

relatively harsh reaction conditions were necessary to effect N2 bond activation.  Alternative 

nitrogen sources (other than N2 gas) such as NH3
30, hydrazine30, NaN3

26,31,32, or urea33,34 were 

also used in the preparation of nitride compounds using ceramic techniques (e.g. sealed tube 
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reactions).  Additionally, microwave radiation was used to generate N2 plasma, which was 

reacted with metal and metal oxide powders to synthesize several binary nitride compounds, 

including TiN, NbN, VN, BN, AlN, and GaN.35,36  Microwave-assisted carbothermal reduction 

of metal precursors has also been reported.37  Quite often these preparation techniques produced 

bulk nitride compounds with low surface areas and negligible porosity.18,21 

 In addition to bulk nitride compounds, nitride thin-films are useful for a variety of 

industrial and electronic applications.38  Nitride thin films have been prepared using a variety of 

techniques including both chemical and physical vapor deposition.  Chemical vapor deposition 

involves the chemical reaction of a gas phase species with a heated substrate surface, and can be 

assisted by a reactive gas (such as NH3), a plasma, or UV and laser radiation.21  Typically films 

applied by CVD are free of impurities and have low porosity with a small number of defects.  

This makes this technique ideal for applications in the electronic, tooling, and aerospace industry 

where high-performance well-defined surfaces are required.39  Physical vapor deposition (PVD) 

is distinguished from CVD by the absence of surface chemical reactions that release ligands or 

other byproducts that are not part of the end-composition of the film.  More simply put, PVD 

involves the simple condensation of oligomeric units of the same composition as the film onto a 

surface.  PVD is used primarily in the tooling industry to apply nitride coatings to cutting and 

grinding tools to improve wear resistance.39 Thin-film nitrides are discussed further in Chapter 4. 

 Recently, many new technologies are emerging which require materials with high surface 

areas and porosity.  This has pushed researchers to study and develop techniques for synthesizing 

nanoparticles and mesoporous materials with a variety of properties and applications.  For nitride 

materials, only within the last decade or so has the synthesis of particles with nanometer domain 

sizes been investigated.  Often these syntheses involve the reaction of molecular metal precursors 
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or mesoporous metal oxides with flowing ammonia via temperature programmed heating to 

moderate temperatures (≤ 1000 ºC).18  Generally in these types of reactions, high flow rates of 

ammonia are used (typically several hundred mL/min), and the driving force of the reaction is 

the production of water (equation 3.1, for the case of a metal oxide reacting with ammonia).40  

These high flow rates sweep the generated water out of the system, which forces the partial 

pressure of water in the system to remain low.  A low partial pressure of water promotes the 

spontaneous formation of the nitride compound from a precursor (e.g. a metal oxide) by lowering 

ΔGf (making it more negative).  Thermodynamic calculations for the formation of several nitride 

compounds have been published by former DiSalvo group member Scott Elder.40 

 

!"! + !
!!!"! !!"! + !!!! + (!! −

!
!)!!                            (3.1) 

 

A number of studies have shown that nitrides prepared via temperature programmed 

ammonolysis contain various surface adsorbed NHx species (partially dehydrogenated surface 

ammonia).41,42  In temperature programmed ammonolysis, samples are generally cooled in 

flowing nitrogen, argon, or ammonia – the choice of which can affect the composition and 

structure of these surface moieties.43  Following cooling, the nitride materials are passivated by 

exposure to oxygen or air.  Some studies use dilute oxygen in an inert carrier gas (typically ≤ 1% 

O2) which flows over the sample at room temperature,44,45 while other studies report filling the 

sample chamber with an inert gas and using diffusion of oxygen from room air through a small 

opening to limit the partial pressure of oxygen exposed to the sample over time.46,47  In addition 

to the O2 content, the partial pressure of water in the passivation gas is an important 

consideration, as this can affect the structure and chemical nature the surface passivation 
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layer.9,45,48  In this passivation stage, an oxynitride (or oxide or oxyhydroxide) surface skin is 

formed which facilitates handling the material in air and protects the bulk nitride from further 

oxidation or reaction with air.  Significant amounts of oxygen may be incorporated into the near 

surface region of bulk materials and nanoparticles by this method (so much so that nanoparticles 

which are smaller than a few nm may be fully oxidized).44,49  The surface passivation layer may 

be removed by reduction with hydrogen (in the case of catalytic applications) or left to impart 

chemical and oxidative kinetic stability to the nitride compound.42,49,50  Using this synthetic 

motif, nanoparticles and sintered mesoporous networks of binary and ternary nitrides and 

oxynitrides are obtainable for several binary and ternary metal nitrides consisting of group IV, V, 

VI metals and main group elements.51-58   

 

3.3 Nitrides as PEMFC Catalyst Supports 

In contrast to the oxide materials discussed in Chapter 2, the exploration of transition 

metal nitrides as corrosion resistant, conducting materials for catalyst supports is just beginning.  

Most literature reports for nitrides as PEMFC catalyst supports focus on simple binary nitrides, 

with the large emphasis on titanium nitride.59  Titanium nitride (TiN), has a number of desirable 

properties which make it uniquely suited as a potential replacement for carbon based catalyst 

supports in fuel cells (in fact, TiN as a PEMFC catalyst support was patented by General Motors 

in 2009).60  In addition to its high hardness and reasonable oxidation and acid corrosion stability, 

bulk TiN has a higher electrical conductivity than carbon (4000 S cm-1 for TiN versus 1190 S 

cm-1 for carbon).21  Other studies have reported even higher conductivities for TiN, up to 55,000 

S cm-1 for single crystals.61  These properties have pushed TiN and other binary nitrides to the 

forefront of research on this class of materials.   
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Many of the properties of TiN arise from its electronic structure.  Studies have shown that 

electron deficiencies in the Ti d-band near the Fermi level inhibit adsorption to the surface of 

TiN, and make the surface more electron accepting.62  Additionally, the mixed p and d 

characteristics of the Ti-N bond have been shown to be responsible for its inert nature, 

mechanical hardness, and high melting point.61  The high conductivity of TiN has also been 

shown to arise from one unpaired electron that populates a metal-localized pd-hybrid orbital on 

Ti, which results in a non-zero density of states at the Fermi level. 61,63 

 TiN is well known for its oxidation resistance, and is used in many industrial cutting and 

grinding tools to improve their strength and durability.  This oxidation resistance has been well 

studied, and has been shown to arise from the native passivation layer that is created when the 

TiN is exposed to oxygen.61,64-66  As discussed previously, the structure and composition of the 

oxide/oxynitride passivation layer is highly dependent on the exact conditions and methods of 

the exposure of the material to oxygen.  Several studies have also reported that quite often the 

surface passivation layer is non-uniform in structure or composition, and that both amorphous 

and crystalline domains can be observed.61,64,65  The degree to which the passivation layer is 

amorphous or crystalline greatly depends on the conditions of exposure to oxygen or air.67-70   

Despite this demonstrated passivation behavior, Avasarala and Haldar71 showed that platinum 

supported on TiN nanoparticles was only stable up to 60 ºC when tested in PEMFC-like 

conditions (900 cycles in sulfuric and perchloric acid electrolytes from 0 to 1.2 V vs. SHE at 50 

mV/s).  Above 60 ºC the surface passivation layer became dominated by Ti-OH species, which 

significantly reduced the conductivity and led to a significant loss in electrochemically active 

surface area.  Since current PEMFCs operate at 80 ºC (preferably higher if suitable materials can 

be found), TiN nanoparticles alone may not possess the necessary stability to replace carbon-
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based supports.   

In addition to TiN, other nitrides of the group IV, V, and VI metals are also of interest for 

use as fuel cell catalyst supports because of their similar properties to TiN.  Most of these metals 

form simple cubic phases (with the NaCl structure type) such as TiN, NbN, TaN , WN and CrN.  

These phases can be prepared at relatively low temperatures, and most have high solid solubility 

with each other enabling the formation pseudo-ternary, mixed-metal nitride compounds.  It has 

been shown that some mixed-metal nitrides posses superior properties to their binary nitride 

parents.  For example, work by Gao and Li58 showed that solid solutions of NbN and CrN had 

higher hardness and corrosion resistance than NbN or CrN alone.  Furthermore, there are several 

recent reports that discuss the properties of Ti-M nitrides (M=Nb, Cr, Mo) for use as a catalyst 

supports in PEMFCs.72-82 

Several of these studies focus on bulk or thin-film nitride materials, while mesoporous 

solids (nanopowders) with a pore size of approximately 50 nm are needed for use in an actual 

fuel cell.  As a nanopowder, each of the nanocrystalline domains needs to be sintered into a 

connected network with open porosity.  This morphology is ideal for a fuel cell because it 

provides not only a highly porous network for fast mass transport, but also provides an 

electronically conducting pathway throughout the entire material.  Therefore, for the remainder 

of this chapter, I will discuss my work on the synthesis and characterization of some mixed-

metal nitride compounds of the form Ti1-xMxN (M=Nb, Cr, W).  In addition to conductivity, the 

corrosion resistance properties of these materials will be discussed. 
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3.4 Preparation of Mesoporous Ti1-xMxN Nanopowders (M=Cr, Nb, W) 

 Nanopowder nitrides can be prepared by a variety of methods, with the simplest being the 

reaction of a nanopowder metal oxide with ammonia at temperatures between 600ºC to 1000ºC.72  

One approach, used in the preparation of our compounds, is to synthesize nanopowder mixed-

metal oxides and treat them with ammonia at 800ºC.  The nanopowder oxides can be prepared by 

a variety of methods described in the literature including spray pyrolysis83-85, combustion 

syntheses86-88, freeze drying89,90, sol-gel91-97, and soft chemical techniques98. Many of these 

methods, such as sol-gel chemistry99 and co-precipitation56-58, involve the use of molecular 

metal-organic precursors that undergo hydrolytic condensation by reaction with water.  By 

controlling parameters such as total metal ion concentration, pH, temperature, and the use of 

polymerizing or chelating agents one can tune the size and morphology of the generated 

oxides.91  Here we use the co-precipitation method to form amorphous mixed-metal oxides as 

precursors for mesoporous, Ti-based, mixed-metal nitrides. 

Often, the as-synthesized materials form as amorphous particles that are tens of 

nanometers in size, and which agglomerate into larger (micron-size) powder grains.  Upon 

reaction with ammonia at high temperatures (800º in this case) the amorphous particles crystalize 

into NaCl-type mixed-metal nitrides that sinter within the larger powder grains.  Because the 

nitridation reaction involves an overall decrease in the number of atoms per unit cell (3 atoms in 

TiO2 to 2 atoms in TiN, for example), the formation of porosity throughout the powder grains is 

promoted and the surface area is increased. 
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3.4.1 Materials 

Titanium(IV) tetra-butoxide (TBOT, 97%, clear viscous liquid) was purchased from 

Sigma-Aldrich; Niobium penta-ethoxide (Nb(OEt)5, 99.999%, yellow viscous liquid)  was 

purchased from GFS chemicals; Tungsten (VI) hexa-ethoxide W(OEt)6, 99.99%, white 

crystalline solid) was purchased from Gelest; Chromium Nitrate, Nonahydrate (Cr(NO3)3 • 9 H20 

(99.8%, green, crystalline solid) was purchased from Sigma Aldrich; Hexachloroplatinic Acid 

(H2PtCl6• 6 H2O, ACS grade, orange hydroscopic powder) was purchased from Sigma Aldrich;  

Potassium Hydroxide and Sodium Hydroxide (ACS, reagent grade, white pellets) were 

purchased from Malinckrodt; Anhydrous ethanol (200 Proof, ACS grade) was purchased from 

Pharmco Aaper; Ethylene Glycol (spectroscopy grade, clear liquid) was purchased from Sigma 

Aldrich; Anhydrous Ammonia (99.99%, < 50 ppm H2O) was purchased from Airgas; Argon 

(Analytical grade, < 50 ppm H2O) was purchased from Airgas; 22mm x 25 mm silica tubing was 

purchased from Quartz Scientific. 

As most of the metal precursors are moisture sensitive (all but the chromium nitrate), the 

syntheses of the nanopowder mixed metal oxides were carried out using air and water free 

techniques.  For the liquid precursors (TBOT and Nb(OEt)5), the as received bottles were fitted 

with a septum under an Ar blanket to allow for measuring precise volumes of the precursor 

liquid with a syringe without exposing the remaining precursor to air.  These bottles were also 

kept in a desiccator while not in use. The W(OEt)6 was pumped into an Ar filled glove box, and 

small amounts were removed as needed.  The Cr(NO3)3 • 9 H2O precursor was stored at ambient 

conditions as it was already hydrated.  A Schlenck line was also used to enable the mixing and 

manipulation of the precursor materials under flowing Ar. 

Anhydrous ammonia and argon were used during the nitridation process.  I designed and 

built a flow-through reactor manifold that allows one to select different process gasses with out 
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breaking any connections to the sample chamber.  Both NH3 and Ar are purified by in-line gas 

purifiers from MicroTorr (Model# SPG-MC190-902F and SPG-MC400-702F), which remove 

trace contaminants to part-per-billion levels.  Specifically the O2 and H2O levels were of 

concern, and the in-line MicroTorr purifiers should remove both of these contaminants to < 1 

ppb. 

 

3.4.2 Synthesis 

In a typical synthesis, stoichiometric amounts of TBOT and an additional metal precursor 

were dissolved in absolute ethanol using standard techniques to exclude water and air.  Liquids 

were transferred via a syringe to a degassed, Ar filled 3-neck round bottom flask (a typical 

degassing procedure involves three cycles of evacuation and back-filling with Ar).  Solid 

precursors were added to the round bottom flask before degassing and filling with Ar (for 

W(OEt)6, the 3-neck round bottom flask was pumped into the Ar glove box, charged with the 

appropriate amount of W(OEt)6, and sealed with septa). 

Once the metal precursors were added to the 3-neck round-bottom (in the appropriate 

stoichiometric ratio), an appropriate amount of anhydrous ethanol (200 proof) was added to form 

a precursor solution with a total metal concentration of 0.5 M (following the method described 

by Ran57).  For example, to form the nanopowder, metal oxide precursor for Ti0.5Nb0.5N, 

equimolar amounts of TBOT (2.07 mL) and Nb(OEt)5 (1.5 mL) were mixed in absolute ethanol 

(20 mL).  Each of the precursors readily dissolved in ethanol (in the case of W(OEt)6, the 

required solvent volume contained 20% dry THF to aid in solubility), and the solutions were 

allowed to stir for 10 minutes in order to fully dissolve the precursors and to insure a 

homogeneous solution.   
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The homogeneous precursor solution (yellow colored for Ti-Nb samples, clear for Ti-W, 

and green for Ti-Cr) was then added to a rapidly stirring (1100 RPM), aqueous precipitating 

solution (25 mL) using the cannulation technique (Figure 3.1).  Several different precipitating 

solutions were studied in order to investigate their effect on the materials properties.  These 

solutions included 0.2 M KOH, 0.2 M NaOH, DI water, and conc. NH4OH (18 M).   

 

   

 

 

 

 

 

 

 

 

 

Immediately upon mixing, a white (Ti-W), off-white (Ti-Nb) or light green (Ti-Cr), fine 

suspension formed.  When the liquid precursors were directly injected into the precipitating 

solution (without first dissolving in ethanol) several seconds passed before any precipitate was 

formed, indicating that there is some kinetic barrier associated with ligand dissociation from the 

metal.  Furthermore, both the TBOT and Nb(OEt)5 precipitated at different rates (TBOT took 

almost 30 seconds, while Nb(OEt)5 took approximately 5 seconds).  The solid precursors 

displayed similar behavior taking several seconds to dissolve, and then precipitate as metal 

Figure'3.1'Schema'c(of(co+precipita'on(experimental(set+up.((The(green(precursor(solu'on(on(the(right((for(a(Ti+Cr(
sample)(is(transferred(to(the(precipita'ng(solu'on(on(the(le<(using(cannula'on((green(tube).((A(needle(is(inserted(
though(a(septum(in(the(receiving(flask((precipita'ng(solu'on,(above)(which(reduces(the(pressure(in(the(flask,(
allowing(a(higher(pressure(in(the(transfer(flask((precursor(solu'on,(above)(to(push(the(solu'on(through(the(tube.((
Cannula'on(enables(the(transfer(of(liquids(without(exposing(them(to(air.(
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oxides.  Therefore, in order to form a truly co-precipitated, homogeneous mixed-metal powder, 

the precursors must be dissolved and the concentration controlled such that the hydrolysis rate 

for both precursors is fast, and they hydrolyze essentially simultaneously. 

The precipitated precursor was allowed to stir for 2 minutes during which time the fine 

suspension became somewhat more viscous (evidenced by the magnetic stirrer slowing down).  

The suspended powder and supernatant solution were exposed to air (by removing the septa from 

the 3-neck round bottom flask), poured into a petri dish (125 mL capacity), and dried for 12 

hours at 120 ºC.  The dried powder was then washed with deionized water, isolated by 

centrifugation at 2000 RPM for 5 minutes (the rinsate was decanted off), and re-dried at 120ºC 

for 12 hours.  The washed and dried product was then calcined in a box furnace at 450 ºC for 6 

hours in air in order to fully oxidize the powder and remove any residues (carbon species, nitrate 

species, etc.) left from the co-precipitation. The calcined product was a free-flowing, white (Ti-

W), light tan (Ti-Nb), or light green (Ti-Cr) powder.  Powder fractions that dried to the sides and 

bottom of the petri dish were scrapped off and retained as well. 

A portion of the fully oxidized nanopowder was then nitrided using temperature 

programmed ammonolysis.  In a typical process, the oxidized nanopowder was placed into an 

alumina boat, which was then placed into a 25 mm (outer diameter) silica tube.  The silica tube 

was placed in a clamshell furnace, and fitted with compression caps that allow gas to flow 

through the tube, as well as to prevent the ingress of air.  The tube was purged with flowing Ar 

for 5 minutes, and then anhydrous ammonia gas was introduced into the tube at a flow rate of 

300 mL min-1.  The furnace temperature was then ramped from room temperature to 800 ºC at a 

rate of 100 ºC hr-1, and held at 800ºC for 14 hours.  The furnace was allowed to cool with 

ammonia continuing to flow over the sample until the furnace reached room temperature (this 

typically took 3-4 hours).  Once cool, the tube was purged with Ar for 10 min, and a slight 
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positive pressure of Ar was isolated in the tube to keep out any air that might otherwise leak in.  

The tube was removed from the furnace, and pumped into an Ar filled glove box where the 

product (which had changed color to black in all cases) was removed from the silica tube and 

alumina boat, and was packaged in a septum-capped vial. 

 As discussed previously, the method by which a nitride material is exposed to oxygen 

significantly affects the chemical nature and morphology of the surface passivation layer.  While 

other researchers have performed post-nitridation annealing in dilute oxygen, I chose to use slow 

diffusion of oxygen into the septum-capped sample vial to limit the partial pressure of oxygen 

the nitride product was exposed to.  Typically the Ar-filled, septum-capped sample vial was 

brought out of the glove box and a small-bore needle (22 ga.) was pierced into the septum.  

Because Ar is heavier than air it tended to sit at the bottom of the vial over the sample, and 

several hours were required for air from the atmosphere to diffuse through the needle and 

equilibrate with the vial atmosphere.  The needle-pierced vial was allowed to sit at ambient for 

24 hours.  The relative humidity of the air fluctuates from day to day.  This aspect of the air –

exposure was not controlled, but it is important to note that the water partial pressure in the 

passivating atmosphere is important to the final morphology and structure of the passivating 

layer.  After passivation, the material was found to be “air-stable” by Powder X-ray Diffraction  

(pXRD) and sample color, and was fully characterized (SEM, conductivity measurements, 

electrochemistry, and thermogravimetric analysis). 
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3.5 Material Characterization 

3.5.1 Composition and Morphology 

Figure 3.2a shows powder X-ray diffraction (pXRD) patterns for the calcined, co-

precipitated oxide nanopowders before (black curve) and after (red, blue, and green curves) 

ammonolysis.  For each of the Ti1-xMxN (M=Nb, W, or Cr) compounds, the pXRD pattern 

changes from the amorphous pattern of the nanopowder oxide to the pattern for the crystalline, 

NaCl structure.  Only one phase can be identified in the pXRD pattern, indicating that solid 

solutions of TiN and MN were obtained.  The peaks in each of the crystalline nitride patterns 

appear slightly shifted to higher angles, indicating a shrinking of the lattice parameter.  Figure 

3.2b-d shows Reitveld refinements100 of the pXRD pattern, which were obtained using the GSAS 

software package.  Table 3.1 summarizes the results of the GSAS refinements as well as Energy 

Dispersive X-ray Sepctroscopy (EDS) and Wavelength Dispersive X-Ray Spectroscopy (WDS) 

results for the elemental composition of each of the nitride compounds.  
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Figure'3.2'(a)$pXRD$pa)erns$for$the$amorphous$oxide$precursor$(black$curve)$and$the$crystalline$nitride$compounds$(red,$blue$and$
green$curves)$for$Ti1AxMxN$(M=Nb,$W,$and$Cr).$$Each$compound$adopts$the$NaCl–type$nitride$structure.$$(bAc)$Reitveld$structural$
refinements$with$difference$curves$po)ed$for$for$Ti0.5Nb0.5N$(b),$Ti0.7W0.3N$(c),$and$Ti0.5Cr0.5N$(d).$$Refinements$typically$led$to$wRp$
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a=4.341$Å),$a=4.192Å$(c,$Ti0.7W0.3N,$lit.$a=$4.307$Å),$and$a$=4.175Å$(d,$Ti0.5Cr0.5N,$lit$a=4.184$Å).$$Generally,$the$wider$peaks$
correspond$to$smaller$crystalline$domain$sizes,$with$refined$domain$sizes$of$43.77nm$(b,$Ti0.5Nb0.5N),$6.67$nm$(c,$Ti0.7W0.3N),$and$
21.12$nm$(d,$Ti0.5Cr0.5N).$NB:$The$peak$posiRon$lines$in$(a)$may$be$slightly$misaligned$due$to$formaSng,$and$serve$more$as$a$guide$
for$the$eye.$

Ti0.5Nb0.5N,$04A001A6455$
Ti0.7W0.3N,$Calculated$
Ti0.5Cr0.5N,$04A008A5126$

Ti0.5Nb0.5N$
Ti0.7W0.3N$
Ti0.5Cr0.5N$
PreAnitridaRon$

a)$

c)$ d)$b)$
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The refined lattice parameters for each of the mixed-metal nitride compounds are smaller 

than values reported in the literature5 by 1% (Ti-W), 2% (Ti-Nb), and 0.3% (Ti-Cr).  These 

values were approximately the same for nitride compounds prepared from the various 

precipitating solutions described earlier.  Table 3.1 also shows WDS results, which indicate that 

a relatively large amount of oxygen is present in these compounds.  The oxide ion is 

approximately 19% smaller than the nitride ion101 (140 pm versus 171 pm, respectively) 

therefore a shrinking of the lattice parameter from the values reported for the pure nitride 

compounds is not surprising. 

 The fact that approximately 20 mol% oxygen was detected in these compounds is 

somewhat surprising.  As discussed previously, the driving force for nitride formation by 

ammonolysis is the production of water.  As water is removed from the system (by using high 

flow rates, and by starting with very dry ammonia) one would expect to drive the nitridation 

reaction and incorporate less oxygen.   It is possible that because small domain size (6-20 nm) 

nitrides are being synthesized, a significant amount of the nitride at the surface is oxidized (upon 

exposure to air) to generate the protecting passivation layer.  It is difficult, however, to conclude 

that the oxygen is limited to the surface layer since X-ray spectroscopies (such as WDS) 

typically probe approximately 1 µm3 of the sample (thus several, whole nanoparticles are 

Table&3.1!Summary!of!Reitveld!Refinement!of!and!EDS!Measurements!for!Ti18xMxN

Target&
compound

Structure&
type

Literature&lattice&
paramter&(Å)

Refined&lattice&
parameter&(Å)

Refined&crytalline&
domain&size&(nm)

wRp&%

Ti/M&
compostion&

by&EDS&
(at.%)

Oxygen&
detected&by&
WDS&(mol&%)

Oxygen&by&
Combustion&
Analysis&
(mol&%)

Ti0.5Nb0.5N NaCl 4.341 4.283 43.77 5.55 49/51 22 23
Ti0.7W0.3N NaCl 4.307 4.192 6.67 5.17 71/29 26
Ti0.5Cr0.5N NaCl 4.184 4.175 21.12 5.08 52/48 23

TiN NaCl 4.242
NbN NaCl 4.393
WN NaCl 4.460
CrN NaCl 4.148
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analyzed simultaneously).  Analysis techniques that are more surface-sensitive, such as X-ray 

Photoelectron Spectroscopy (XPS), would be required to draw firm conclusions as to the nature 

and location of the detected oxygen. 

Additionally, the time and temperature of nitridation may affect the amount of oxygen 

remaining in the sample, although the parameters described above gave the best results in terms 

of surface area and single phase products (higher temperatures reduced surface areas and longer 

times didn’t seem to have a significant effect on the amount of oxygen).  While the exact cause 

of the residual oxygen is likely a combination of these issues, it is clear that each of these 

compounds is actually an oxynitride rather than pure nitride.  Hence, a more exact chemical 

description is, for example, Ti0.5Nb0.5N1-xOx �z (where �=anion vacancy, and z is expected to 

be small).  However, for convenience we shall continue to write Ti0.5Nb0.5N for the products 

studied here. 
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Figure 3.3 shows Scanning electron microscopy images (a) and Energy Dispersive X-Ray 

Spectra (b) for the Ti0.5Nb0.5N compound prepared from oxides precipitated in DI water (above) 

and 0.2 M KOH (below).  While the crystallinity and morphology are similar for both samples, 

the crystallite size for the sample prepared using DI water (25-30 nm) is slightly smaller than the 

sample prepared from 0.2 M KOH (50-70 nm).  EDS shows that the Ti:Nb ratio is approximately 

Figure'3.3'(a)$SEM$images$of$Ti0.5Nb0.5N$prepared$from$oxides$co:precipitated$in$DI$water$(above)$and$0.2M$KOH$
(below).$$Note$that$the$crystallinity$and$morphology$are$similar.$$Ti0.5Nb0.5N$produced$form$the$water$precipitated$
oxide$has$crystallites$of$approximately$25:30$nm$in$size$,$while$crystallites$of$Ti0.5Nb0.5N$produced$form$the$0.2M$
KOH$precipitated$oxide$are$slightly$bigger$at$approximately$50:70$nm.$(b)$Energy$Dispersive$X:ray$Spectroscopy$
(EDS)$of$Ti0.5Nb0.5N$(above:from$DI$water,$below:from$0.2M$KOH).$$Note$that$despite$washing$the$precipitated$
oxide,$approximately$4%$K$is$can$sPll$be$detected$$by$EDS.$$Samples$of$of$Ti0.5Nb0.5N$prepared$from$oxides$
precipitated$in$0.2$M$NaOH$are$similar$to$those$precipitated$in$0.2M$KOH,$while$3:4$at.%$Na$was$detected$by$EDS.$

200$nm$

100$nm$

EDS$at.%$
Ti$$$$$$44$
Nb$$$$52$
K$$$$$$$4$

EDS$at.%$
Ti$$$$$$48$
Nb$$$$52$

a)$ b)$

Nb' Ti'

Nb' K' Ti'
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1:1 for both precipitating solutions; while for the 0.2 M KOH, approximately 4% K remains 

post-nitridation.  This finding was surprising.  The nanopowder oxide was washed prior to 

calcination, and it was believed that any residual species from the precipitating solution would be 

removed.  While it is true that EDS results contain a certain amount of error (typically ± 5%), the 

K signal is out of the noise, clearly indicating that some K is present in the sample. Similar 

results were obtained for Ti0.5Nb0.5N prepared from 0.2 M NaOH precipitated oxides, with 

typically 3-4% Na detected.  Both K+ (152 pm) and Na+ (116 pm) are significantly larger than 

Ti3+ (81 pm) and Nb3+ (86 pm) meaning that K and Na are likely not included in the lattice of the 

nitride compound.  Therefore the any residual Na or K would likely exist as some oxide either 

included in the surface passivation layer, or covering the outside of the sintered particles.  Na2O 

and K2O (if they existed in the surface layer) would be converted to the hydroxide (and thus 

would be fully soluble upon washing) upon exposure to moisture in the air, therefore the residual 

K (or Na) in the sample likely exists as some K-M-O compound (M= Ti and/or Nb) that may be 

either crystalline or amorpohous; however, if the compound is crystalline, the fact that no peaks 

for a 2nd phase are visible in the pXRD indicates that the phase fraction is very low (< 1 %).  It is 

more likely that the residual K exists as an amorphous K-M-O compound as part of the surface 

passivation layer.  Additionally, the formation of K-Al-Ca oxides (although crystalline) in the 

surface passivation layer of iron nitride (FeNx x=0 – 0.5) catalysts for the production of ammonia 

has been reported.102 

In addition to the elemental composition (Figure 3.3b), Figure 3.3a shows that using the 

co-precipitation/ammonolysis synthesis produces highly sintered, random network morphology 

(I call it a funnel cake) with a pore size of approximately 30-50 nm.  Nitrogen physisorption 

measurements showed that these materials have a BET103 surface area of 30-60 m2 g-1.  The 
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measured surface area did not seem to vary with any specific experimental parameter, and was 

similar for each of the Ti1-xMxN samples.  The mesoporous network was sintered into larger 

powder grains of several microns in size, which may occlude some porosity, especially near the 

core of the powder grains. Higher surface areas may be achievable if smaller overall powder 

grains can be obtained either synthetically, or by mechanical means (grinding or ball-milling).  

 

3.5.2 Conductivity 

 Measuring the conductivity of polycrystalline powders was discussed in Chapter 2.  In 

that discussion, a variety of methods for measuring conductivity were introduced, as well as 

several measurement parameters that contribute to the apparent value of the measured 

conductivity.  Specifically, the degree to which porous, polycrystalline powders are sintered and 

compacted can greatly affect the measured conductivity value, and additional resistance from 

interparticle contact can reduce the effective conductivity one can measure.  Furthermore, the 

idea that insulating surface layers can also contribute to lower observed conductivities was also 

introduced.  It is clear from the discussion presented in Chapter 2, that the method used to 

measure the conductivity can have a considerable affect on the measured value, and one must 

strive to measure the conductivity in a context that most closely resembles the operating 

conditions under which the material will be used.  In this section the 4-point probe technique will 

be described and measured conductivities for the Ti1-xMxN (M=Cr, Nb, W) will be presented. 

A schematic of the modified four-point powder conductivity apparatus is shown in Figure 

3.4.  Much like the two-point probe discussed in Chapter 2, the device consists of a cylindrical, 

Teflon® sample holder with brass pistons fitted on each end.  Additionally, two W-leads (a 

known distance apart) span a middle section of the sample holder and make contact with the 
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sample.  Furthermore, in-order to more quantitatively apply pressure to the sample as it is 

measured, a guide rod and spring were added to one end of the device.  The guide rod only 

functions as a guide for the spring, and is does not contribute to the electronic circuit.  From the 

spring constant, the total compressed length of the spring, and the dimensions of the sample 

holder, the approximate pressure (minus any friction forces) applied to the sample during 

measurement can be calculated. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

σ (Scm−1) = L
Aρ

=
L
A

VR1
R1Vsample

L=Probe'spacing'='0.15'cm'
A='Cross5sec6onal'area'=0.0491'cm2'

VR1='Voltage'across'R1'(V)'
Vsample='Voltage'across'sample'(V)'

R1=Resistance'of'R1'(Ω)'
σ=Conduc6vity'(S'cm51)'

a)' b)'

c)'

d)'

Figure'3.4'(a)'Schema6c'for'the'45point'probe'device'designed'by'Chin'Subban'and'myself.''The'resistance'of'R1'and'R2'(the'
sample)'should'be'similar,'and'R1'should'be'rated'for'high'power'to'avoid'changes'in'resistance'due'to'hea6ng.'(b)'picture'

of'the'assembled'conduc6vity'cell.''The'W5leads'just'touch'the'surface'of'the'sample,'and'are'not'pressed'into'the'“pellet”'

which'forms'under'compression.'(c)'Dimensions'of'the'conduc6vity'cell.'(d)''Equa6on'to'calculate'conduc6vity.''Note'that'

for'this'cell'design'L/A'is'~'3.''Other'designs'for'which'L/A'is'significantly'higher'(≥100)'may'not'uniformly'compress'the'

powder'and'can'lead'to'spurious'results.'Schema6cs'courtesy'of'Chin'Subban'
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In a general measurement, a small quantity of sample (~100-200 mg) is introduced into 

the sample holder and the two bass pistons are inserted.  The device is then inserted into the 

same modified vise used for the two-point measurements.  As the vise is closed, the spring 

begins to compress.  Once the spring is compressed to the appropriate length for the required 

applied pressure, current is passed through the sample from the two pistons.  A variable power 

supply was used to supply the current, and the exact current was determined by measuring the 

voltage across a resistor (R1, Figure 3.4) in series with the conductivity cell.  Typically the 

resistance of R1 should be close to the expected resistance of the sample.  Also, resistors that are 

rated for high power should be used so to avoid temperature affects on the conductivity from 

resistive heating at high currents.  

As current is passed, the voltage drop across the sample is measured.  Since no current is 

being passed at the W-leads, the contact resistance from the pistons is not included in the 

measured sample resistance (as in the two-point measurement).  The voltage drop across the 

sample is measured for several currents, and the average conductivity calculated as shown in 

Figure 3.4. 

Through discussions with DiSalvo group member Chin Subban and collaborators at 

General Motors, it was determined that the internal pressure in a typical fuel cell is 

approximately 200 PSI.  Therefore a spring with spring constant k=1.125 N/mm was selected and 

compressed from 0.625” to 0.260” to apply 200 PSI to the sample.  A more complete discussion 

of spring selection and the four-point method can be found in Chapter 9 of Chin Subban’s PhD 

thesis.104 

Table 3.2 summarizes the results of the conductivity measurements for Ti1-xMxN (M=Cr, 

Nb, W) powders prepared by co-precipitation from several precipitating solutions. 
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In analyzing the conductivity data, one immediately notices that the measured 

conductivities for many of the nitrides are higher than that of carbon black (Vulcan XC-72).  

While the value measured for carbon black (1.5 S cm-1) is in good agreement with the literature 

value105 (2.1 S cm-1), several of the mixed-metal nitride conductivities are lower than one might 

expect.  This is most likely due to the degree of sintering and level of porosity of these 

compounds.  As was previously mentioned, interparticle contact can have a significant affect on 

the apparent conductivity that one can measure.  200 PSI is not a very high pressure and may not 

be sufficient to fully compact the nitride to negate effects from the porosity.  This is not 

necessarily a bad thing, however, since these materials must be porous to function in an actual 

Table&3.2!!Summary!of!conductivity!measurements!for!Ti14xMxN!compounds

Compound Precipitating&
solution

Washed
Conductivity&at&200&PSI&

(S&cm@1)
Vulcan!XC472 1.5
TiN DI!Water N 27.4
NbN DI!Water N 14.7
CrN* DI!Water N 1.4
Ti0.5Nb0.5N1 DI!Water N 74.5
Ti0.5Nb0.5N2 DI!Water N 11.2
Ti0.5Nb0.5N conc.!NH4OH Y 16.4
Ti0.5Nb0.5N1 0.2M!KOH Y 3.9
Ti0.5Nb0.5N2 0.2!M!KOH Y 1.8!x!1042

Ti0.5Nb0.5N 0.02!M!KOH N 0.15
Ti0.5Nb0.5N 0.2!NaOH N 1.3!x!1042

Ti0.5Cr0.5N 0.2!M!KOH Y 2.8
Ti0.7W0.3N DI!Water N 0.55

*

1 Initial!Measurement
2 !2!years!at!ambient!conditions

Approximately!15%!phase!fraction!of!Cr2O3!was!also!present!by!pXRD!
which!reduced!the!measured!conductivity
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fuel cell.  It is important to note however that higher conductivities may be measured if these 

materials were pressed to higher pressures.  This behavior was observed and documented for 

several oxide and nitride compounds by Chin Subban in Chapter 9 of her dissertation.104  

However, as 200 PSI was generally agreed upon as being the closest to PEMFC conditions, 

higher pressures were not investigated in this work. 

An additional feature illustrated in Table 3.2 is that the way in which the nitride 

compounds were prepared had a significant effect on the conductivity.  Ti0.5Nb0.5N for example 

had conductivities that ranged from 74.5 S cm-1 when precipitated in DI water, to 1.3x10-2 S cm-1 

when precipitated in 0.2 M NaOH and left unwashed.  Two reasons for this large swing in 

conductivity are possible.  One explanation may be that there is greater porosity in the sample 

precipitated in NaOH and the larger pore volume and greater inter-particle resistance reduced the 

effective conductivity.  This is not likely, however, because there was not a significant difference 

in the BET surface area of these samples (45.6 m2 g-1 versus 32.7 m2 g-1 for the DI water 

precipitated sample and 0.2 M NaOH sample respectively), nor was there a significant difference 

in porosity or morphology as observed in SEM images (Figure 3.5). 

The second explanation has to do with the oxide passivation layer.  As was previously 

discussed, both Na and K can still be detected in the samples post-nitridation.  Both of these ions 

are much larger than Ti or Nb ions in the nitride compound, therefore it’s most likely that the K 

and Na species exist in the surface passivation layer as some amorphous oxide (since no 2nd 

phases were detected by pXRD it is most likely amorphous).  The presence of Na or K likely 

makes that passivation layer more rich in O and can make it thicker, reducing the ability of 

electrons to tunnel through the oxide, thus lowering the effective conductivity of the compound.  
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This reasoning is also bolstered by looking at the oxygen content by combustion analysis, where 

48 mol% oxygen was detected in samples that were precipitated in 0.2 M NaOH and not washed. 

It is clear that the preparation technique can have a significant affect on the conductivity 

of the nitride compound.  Despite the adverse affects that K and Na species have on conductivity, 

including these species in the synthesis may have beneficial affects in terms of oxidation 

stability.  These affects will be discussed later.  It is also clear from these results that mixed-

metal nitride compounds can be prepared with conductivities significantly higher than current 

carbon-based supports, let alone the 0.1 S cm-1 that is required.  The true test for these materials, 

however, must be when they are placed in an operating fuel cell, only then will their full 

potential and limitations be fully understood. 

One disconcerting feature of Table 3.2 is that Ti0.5Nb0.5N prepared from 0.2 M KOH 

shows a significant drop in conductivity after sitting at ambient conditions for two years.  While 

the initial conductivity of 3.9 S cm-1 is quite good, the conductivity of this material dropped to 

1.8x10-2 S cm-1. This drop in conductivity is also observed for Ti0.5Nb0.5N prepared from DI 

water which has an initial conductivity of 74.5 S cm-1 that drops to 11.2 S cm-1 after two years at 

ambient conditions The pXRD patterns for both of these compounds are not different from those 

shown in Figure 3.2, nor are their morphology or particle size significantly different from the 

images in Figure 3.3.  This drop in conductivity is likely due to partial oxidation of the sample, 

or thickening of the oxide passivation layer to a level that significantly inhibits electron 

tunneling.  While the exact cause of the loss of conductivity may be due to many factors, it is 

clear that the long term stability of these types of materials is be dependent on several factors 

including how they are prepared, how they are passivated, and the presence of any species in the 

passivation layer which may promote oxidation over long time scales (years). 
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3.5.3 Oxidative Stability 

The chemical stability (or durability, corrosion resistance, or thermal oxidation rate) of a 

material can be defined and measured in a variety of ways.  Often the stability is quoted in 

reference to some condition or set of parameters of the determination (e.g. stable in 0.1 M 

perchloric acid for 3 weeks at 80 ºC).  As with conductivity, the context of determining chemical 

stability should, as closely as possible, mimic the operating environment the material must 

endure to ensure that a useful measure of a material’s stability is obtained.  Determining the 

appropriate parameters or method is not always intuitive, and full scale fuel cell testing is not 

always available.  Thus alternative tests have been developed and implemented to serve as semi-

quantitative, relative measures for material stability.  In the DiSalvo lab, a standard chemical 

stability test involves soaking a perspective material in an acidic or basic solution 80ºC for some 

time (typically 3 weeks or more).  The selection and concentration of the stability test liquid is 

key.  For example it is well known that Ti in the presence of a high concentration of sulfate ions 

will form soluble titanyl sulfate.106,107  Therefore the stability of Ti containing compounds in 

concentrated sulfuric acid is not as high as in perchloric acid or in solution of Nafion (sulfonated 

polymer).   A thorough discussion of stability tests of several Ti-M oxides and nitrides can be 

found in Chapter 6 of Chin Subban’s dissertation.104  Because others in the lab were conducting 

chemical stability tests of this type on similar compounds, Ti-M nitrides prepared by the co-

precipitation technique were generally not tested using this method, and complimentary 

techniques (such as TGA studies, discussed next) were explored instead.  Those few samples that 

were tested by this method will be discussed with the results of electrochemical measurements in 

the section 3.6 of this chapter. 
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In addition to soaking a material in an acid or basic solution, one can measure the 

oxidative stability by monitoring changes in weight, for example by using a thermogravimetic 

analyzer (TGA).  Such techniques have been used to investigate oxidation mechanisms for 

nitride thin-films.  For example, one study suggests that NbN thin-films are stable upon heating 

up to ~200ºC, and that the mechanism of oxidation is grain boundary diffusion of O into the 

nitride lattice.108  Furthermore, TGA studies have been used to find that the oxidation of NbN 

thin-films follows a linear rate law ( −ln!(1− !) !/! = !", where k is the rate constant (s-1), t is 

the time (s), and α is the mol fraction of the nitride unreacted) at low temperatures (200-500 

ºC).109   

One can see that the formula weight of a nitride and its corresponding oxide are different 

(for example 125.45 g mol-1 for 7:3 TiO2:WO3 versus 102.66 g mol-1 for Ti0.7W0.3N).  Therefore 

if one can measure small changes in weight as a function of environment, one can more 

quantitatively analyze a material’s stability.  Furthermore, if a TGA measurement using air or 

oxygen is performed, one can measure the “onset temperature” of oxidation, with a higher onset 

temperature indicating a more stable nitride.  The onset temperature is roughly defined as the 

point at which the sample mass increases by ~0.5%.  That point is dependent upon the heating 

rate, and generally increases as the rate increases. 

Figure 3.5 shows the results of TGA measurements performed in air for Ti0.5Nb0.5N 

prepared from several precipitating solutions.  Figure 3.5a shows that for an ideal sample one 

would expect a 26% increase in sample weight upon oxidizing a fully nitrided Ti0.5Nb0.5N to a 

50:50 mixture of fully oxidized TiO2:Nb2O5.  Typically weight increases of approximately 21% 

are observed.  This is not surprising, as it has been already noted that some oxygen exists in the 

sample.  For Ti0.5Nb0.5N approximately 22 mol% oxygen was detected by WDS, which 
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corresponds to 4 wt% oxygen.  Therefore a weight increase of 21 wt% agrees well with the WDS 

result of 4 wt% oxygen already in the sample.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

b)#a)#

c)# d)#

Figure'3.5#(a)TGA#of#typical#oxida3on#experiment.##The#sample#is#heated#in#flowing#air#(90#mL/min)#from#room#

temperature#to#550ºC#at#a#rate#of#5ºC#minF1.##As#the#sample#is#heated,#it#begins#to#react#with#oxygen#in#the#flowing#

air#and#gain#weight.##Nitrogen#from#the#nitride#is#lost#as#N2#and#swept#away.##The#onset#of#oxida3on#is#taken#as#

approximately#275F300ºC#for#the#sample#shown#in#a.##(b)#TGA#data#for#several#Ti1FxMxN#(M=Cr,#Nb,#W)#compounds.##

Here#both#the#TiFNb#and#and#TiFCr#samples#were#precipitated#in#0.2M#KOH#while#the#TiFW#sample#was#precipitated#

in#DI#water.##For#the#TiFW#sample#it#is#interes3ng#to#note#that#the#slope#of#the#weight#increase#is#more#shallow#than#

for#TiFNb#samples,#this#may#indicate#that#the#kine3cs#of#oxida3on#are#different#for#compounds#which#contain#

different#metals.#(c)TGA#plots#for#Ti0.5Nb0.5N#as#a#func3on#of#precipita3ng#solu3on.##Precipita3ng#in#0.2#M#KOH#or#

NaOH#has#a#significant#affect#on#the#oxida3on#stability#of#the#nitride,#extending#the#oxida3on#onset#by#

approximately#200ºC.#(d)##TGA#plots#for#Ti0.5Nb0.5N#as#a#func3on#of#precipita3ng#solu3on#concentra3on.##The#green#

curve#is#for#a#sample#precipitated#in#0.02M#KOH,#which#shows#intermediate#performance#for##a#sample#

precipitated#with#no#K#and#one#precipitated#with#0.2M#KOH.#'
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Figure 3.5b showed TGA results for several Ti-M nitride compounds.  Both Ti-Cr and Ti-

Nb samples were precipitated in 0.2 M KOH while the Ti-W sample was precipitated in DI 

water.  Despite the obvious differences in oxidation onset, an interesting feature is the slope of 

the Ti-W oxidation curve.  This curve appears much more shallow than the curve in Figure 3.5a.  

This indicates that the kinetics of oxidation for Ti-M compounds are different.  Additionally, 

upon oxidation one would expect a 22% increase in weight (125.45 g mol-1 for 7:3 TiO2:WO3 

versus 102.66 g mol-1 for Ti0.7W0.3N).  Since only an increase of ~13% is observed for Ti0.7W0.3N 

there is likely already ~8-9 wt% (49 mol%) oxygen in the sample.  This increased oxygen 

content likely implicates a thicker passivation layer, which contributes to the potentially slower 

oxidation kinetics of the Ti-W samples. 

Figure 3.5c showed TGA data for Ti-Nb nitride for various precipitating solutions.  The 

most striking feature of this data is that preparing samples in 0.2 M KOH or NaOH has a 

significant effect on the onset of oxidation, shifting it to higher temperatures by almost 200ºC.  

This finding is quite interesting and has not been reported for these compounds before.  As stated 

previously, K and Na ions are significantly larger in size than Ti or Nb, and hence would not fit 

into the NaCl type lattice that the nitride compound assumes.  It is more likely that K and Na 

participate as part of amorphous oxide species in the surface passivation layer.   

Figure 3.5d showed the effects of different K concentrations on the oxidation behavior.  

Ti-Nb nitride precipitated in 0.02 M KOH shows intermediate performance between samples 

precipitated with no K and with 0.2 M KOH.  It is clear from these results that K indeed is 

primarily responsible for the enhanced oxidation resistance observed for these samples.  

Furthermore, it is clear that careful control of the amount of residual K can give one an 

additional synthetic knob to tune the properties of nitride supports. 
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3.5.4 Passivation Layer Characterization 

It is important to note, however, that despite the increased oxidation resistance, samples 

precipitated in KOH or NaOH showed much lower conductivities (up to 4 orders of magnitude) 

than samples precipitated in DI water or ammonium hydroxide.  This is likely due to thicker, 

more oxidized surface layers, which inhibit electron transport from the conducting nitride at the 

core of the sintered, mesoporous network.  In order to characterize the surface layers, High 

Resolution Transmission Electron Microscopy (HRTEM) images and Electron Energy Loss 

Spectroscopy (EELS) measurements were made on samples precipitated with and without 

residual K.  Figure 3.6 shows data obtained by Julia Mundy and Houlin Xin of the Muller Group 

at Cornell University, a collaboration fostered through the Energy Materials Center at Cornell 

(EMC2). 
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Figure'3.6#(a)#HRTEM#images#of#Ti3Nb#nitride.##Note#that#both#amorphous#and#crystalline#
features#can#be#seen.#(b)#EELS#line#scan#for#Ti3Nb#nitride#precipitated#from#DI#water.##Note#that#
there#is#a#small#region#(~1#nm)#near#the#surface#of#the#parFcle#with#a#higher#O#content#than#N#
(point#12#on#the#line#scan).##Also#note#that#O#is#detected#throughout,#further#indicaFng#that#
these#are#oxynitrides#and#that#O#is#not#purely#detected#on#the#surface.#(c)#EELS#line#scan#for#Ti3
Nb#nitride#precipitate#from#0.2M#KOH.##Note#that#there#is#a#significantly#larger#region#at#the#
surface#where#predominantly#O#is#present.##Note#also#that#each#of#these#EELS#scans#suffered#
from#carbon#contaminaFon#for#the#instrument#during#analysis,#this#arFfact#(contaminaFon#
followed#be#renormalizaFon#of#the#signal)##caused#the#N#to#have#a#negaFve#concentraFon#at#
some#points.##It#is#clear#from#this#data#that#qualitaFvely,#the#potassium#in#the#samples#leads#to#
a#thicker#oxide#layer.##N.B.#K#was#not#quanFfied#due#to#the#carbon#contaminaFon#as#their#EELS#
edges#correspond.'
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Figure 3.6a showed HRTEM images of Ti0.5Nb0.5N.  Both amorphous and crystalline 

regions are visible, and there does appear to be some contrast changes near the edges of the 

sintered particles, which suggest a surface layer.  While contrast in bright-field TEM can be due 

to a number of factors (including atomic number and thickness), the fact that the contrast follows 

the contours of the particle are interesting.  Furthermore, edges tend to be darker in TEM due to 

thickness effects, so the fact that these edges are lighter may be indicative that the layers are less 

dense and amorphous as opposed to crystalline. 

Figure 3.6b and c showed EELS line-scans for Ti0.5Nb0.5N precipitated in DI water (b) 

and 0.2 M KOH (c).  In image b, there is a thin (~1 nm) region near the surface (at point 12 in 

the line scan) that has a higher O content than throughout the rest of the sample.  The fact that 

the O signal follows the N signal closely, except at this point, is evidence of the surface 

passivation layer, which is richer in O.  In c, the O signal is much higher, and there is a 

significantly higher surface region richer in O.  Potassium was also detected in this sample, 

however quantification was not possible due to carbon contamination from the TEM grid (K and 

C EELS edges overlap and make quantification very difficult).  It is important to note, also that 

the EELS scans represent relative concentrations, and are not quantitatively accurate.  Despite 

the lack of quantitative accuracy, it is clear from a qualitative perspective that incorporating K or 

Na into the synthesis of the nitride compounds leads to a thicker passivation layer.  Furthermore, 

samples with K and Na seem to incorporate more O throughout, leading to lower overall 

conductivities but higher oxidation resistance. 

It is clear from these results that there are several synthetic parameters that enable the 

properties of mesoporous nitrides to be tuned.  Some of these parameters seem to affect particle 

size and morphology (precipitating solution pH, precursor choice, mixing speed), while others 
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more greatly affect the end-product properties (precipitating solution, nitridation conditions).  

Despite the synthetic variability, it is clear that mesoporous mixed-metal nitrides can be prepared 

by the co-precipitation method, and their properties meet the minimum criteria for potential 

replacements for carbon-based catalyst supports: they are mesoporous, oxidation resistant, and 

have sufficient conductivities. 

 

3.6 Electrochemical Characterization 

 The electrochemical stability of Ti1-xMxN (M=Nb, W) nanopowders was examined under 

pH and applied potential conditions similar to those found in a PEMFC using standard 

electrochemical techniques (i.e. cyclic voltammetry (CV) and Rotating Disk Electrode (RDE) 

experiments).  Generally, these experimental techniques involve a Teflon wrapped, 5 mm glassy 

carbon disk (GC) electrode which is mounted onto a stainless steel arbor and held stationary 

(CV) or rotated by an electric motor (RDE).  In order to apply the nitride nanopowder to the 

electrode, a suspension (or ink) of the nanopowder was prepared by mixing the nanopowder and 

a suitable binder in an appropriate solvent.  The concentration of the suspension is also important 

for accurate loading of the active material onto the glassy carbon electrode.  An typical ink 

recipe is as follows: 10 mg nitride nanopowder, 3.98 mL DI water, 1 mL isopropyl alcohol, and 

20 µL of Nafion ® solution (5 wt% in aliphatic alcohol/water).  Typically, the ink ingredients are 

added to a glass vial and mixed using a sonicating water bath (or an ultrasonicating wand) for 30 

minutes.  Once mixed, 20µL of ink suspension is drop cast onto a cleaned and polished GC 

electrode (for a loading of 200 µg nitride/ cm2
geo). 
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This standard ink recipe is derived from typical ink preparations for Pt/C catalysts.110-112  It is 

important to note, however, that these “standard” ink recipes are not necessarily appropriate for 

all materials, and oxide/nitride materials often require modifications to form stable suspensions, 

and to adequately apply them to the GC electrode.  One such modification, is to add 20 wt% 

Vulcan XC-72 to the suspension.  Often the added carbon aides in binding the larger, sintered 

oxide/nitride particles to the glassy carbon disk as well as facilitating greater electrical contact to 

the GC disk.  An additional approach developed in the DiSalvo lab has been to use Au disk 

electrodes and Au foil rather than GC.  Au is a soft metal, and oxide or nitride nanopowders can 

be mechanically pressed into the surface, which eliminates the need for adding carbon or other 

binders to aid with conductivity.  The results of these experiments are discussed more fully in 

Chapter 9 of Chin Subban’s PhD dissertation.   

Ultimately, the take home message is that “standard” techniques do not always apply 

when new materials are introduced for a specific application.  Oxides and nitrides are harder and 

denser than carbon blacks, therefore typical techniques which rely on these physical features 

(such as forming homogenous ink suspensions, and accurately loading catalysts) do not always 

directly apply, and modifications for sample preparation and analysis often must be developed 

along with the new materials. 

  

3.6.1 Electrochemical Stability 

To investigate the electrochemical stability of the Ti-M nitride supports chemical stability 

and cyclic voltammetry experiments were preformed. Typical chemical stability tests use 

concentrated test liquids (often 3M acid or base).  While such solutions do enable the accelerated 

aging of materials, it is not clear that such aging adequately mimics long-term operation in a fuel 
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cell.  It’s possible that 3M acid solutions are much too strong, and overestimate the conditions 

that a material must endure while operating in a fuel cell.  The role of the anion in corrosion is 

also important.  There are no free anions in a fuel cell – only anions that are bound to the 

polymer membrane.  In the electrochemical tests, anions such as SO4
2- and ClO4

- are present.  

The former is well known to accelerate the dissolution of TiO2 to form TiO(SO4).107  For this 

reason, tests in acid solutions are very likely to be more aggressive than the fuel cell 

environment.  Chemical stability tests using 3M test solutions have been conducted for a variety 

of oxide and nitride compounds and are discussed elsewhere.104 

Figure 3.7 shows pXRD patterns of Ti0.5Nb0.5N before, and after soaking in 0.1 M KOH 

at 80ºC for 1 month.  There is virtually no observable change in the pXRD pattern before and 

after the stability test.  Furthermore, materials co-precipitated in DI water and 0.2 M KOH 

showed identical behavior.  It is possible that small amounts of K-Nb-O ternary oxides are 

present in the original and stability tested sample (as discussed previously) given that there is a 

small peak at 28.5º, however such identification is difficult to make from only one peak.  

However, if some K-M-O phase is present and crystalline, it represents a relatively minor phase 

fraction ( < 1 % based on the intensity of the peaks), or is amorphous (and thus invisible by 

pXRD). 
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 Figure 3.8 shows cyclic voltammetry of Ti0.5Nb0.5N (without any platinum) precipitated 

from DI water (a) and 0.2 M KOH (b).  In a standard measurement, the material is prepared as a 

suspended “ink”, as previously described, and drop cast onto a 5mm GC electrode.  The prepared 

electrode is then placed in a 3-chamber electrochemical cell filled with 0.1 M H2SO4.  A NaCl 

saturated Ag/AgCl reference electrode and carbon counter electrode are added to the working 

electrode to complete the standard 3-electrode cell.  The acid electrolyte is then degassed, and 

saturated with Ar, H2, or O2 prior to potential cycling from -1 V to +1.2 V versus SHE with 

electrode rotation at 2000 RPM. 
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Figure 3.8a and b showed CVs for Ti-Nb nitride precipitated in DI water(a) and 0.2 M 

KOH(b) obtained in 0.1 M H2SO4 at room temperature by Dr. Qin Zhou.  Both the temperature 

and acid concentration are lower than traditional chemical stability tests, and since a typical 

electrochemical experiment takes only a few hours, no evidence of corrosion or oxidation of the 

nitride material was observed.  In the potential region from 0-1.5 V versus RHE, no redox waves 
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appear which suggests a stable surface.  Admittedly, however, the reduction process between -

300 mV and -1000 mV dwarfs any small processes that may be occurring in this potential region.  

Figure 3.8c, shows a CV over a smaller potential window to look at any double layer features.  

Both the Ar and H2 saturated scans overlap indicating no significant changes, and no activity for 

the nitride support for Hydrogen Oxidation (such activity was not expected, but would have been 

a nice surprise).  The lack of any waves is indicative that the material is stable (or possible not 

electrically connected to the electrode, however observing behavior below -300 mV suggests 

otherwise).  

Figure 3.8d shows a CV for the bare GC electrode in both N2 and O2 saturated 

electrolyte.  The most prominent feature is the redox wave at ~600 mV due to quinone moieties 

on the surface of the GC.  Additionally, the GC itself shows activity for ORR below 400 mV.  It 

is important to note that any observed ORR would be a combination of the activity from the 

material under study, and the GC electrode.  An additional observation is the double layer 

current for the bare GC electrode (GCE).  The double layer current for the bare GCE is about 5 

µA, while figure 3.8c shows the double layer current for the nitride is ~0.5µA.  One would 

expect that as higher surface area material is added to the GC (such as the drop-cast nitride), the 

observed double layer current would increase proportionally with the surface area.  However, the 

opposite is observed in this case.  In this case different GCEs for both the nitride ink and bare 

CVs were used, therefore it is difficult to draw firm conclusions from a direct comparison; 

however, the drop in double layer current is indicative that there are issues in applying the drop 

cast ink to the GCE.  The Nafion binder (as well as nitride particle size) in the ink may be 

inhibiting full electrical contact of the support material to the GCE.  Furthermore, an identical set 

of experiments performed by Dr. Zhiming Cui showed CVs (not shown) that had identical 
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double layer currents for the nitride and the bare GCE.  It is clear that sample preparation of 

nitride supports for electrochemical testing represents and on-going challenge in the 

characterization of these materials. 

 Figure 3.8 a and b showed low-level oxygen reduction onset at approximately -300 mV.  

This is far too high an overpotential for these nitride materials to be of interest for applications as 

electrocatalysts rather than as supports.  What’s more interesting is that the ORR wave is 

different for Ti0.5Nb0.5N precipitated in DI water and 0.2 M KOH.  The positive-going sweep 

produces a higher current for the reduction process (crossing over the negative-going sweep).  As 

the only difference between the two samples is the precipitating solution, this change in the CV 

must be due to the K residue left behind from the co-precipitation.  It has already been noted that 

the K exists on the surface as part of the amorphous passivation layer.  As the current does not 

change upon cycling, it does not appear that the redox wave is due to the oxidation and 

dissolution of ions, but rather is a reversible redox couple of a surface bound species. K has a 

standard reduction potential of -2.925 V which means that the wave is not due to potassium it 

self.  Ti(III) reduction to Ti (II) has a standard reduction potential of -0.37V, which is much 

closer.  However if the wave was due solely to a Ti redox couple, why is it only observed for the 

sample precipitated from 0.2 M KOH?  The exact nature of this redox wave is unknown, 

however it lies at a significantly negative potential that would not be present in a fuel cell, 

therefore it is of limited concern. 

 These data confirm at least short-term (meta) stability of Ti0.5Nb0.5N in the potential 

range of fuel cell operation.  Complications from past experiments have led many in the DiSalvo 

group to wonder if the material is actually electrically connected to the GC electrode since the 

behavior resembles that of bare GC.  This points out a challenge: if the material was totally inert 
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over the potential range examined, one would expect to see just the characteristics of the GC 

electrode.  It is important then to verify that the observed behavior is intrinsic to the nitride 

material and not due to experimental artifacts such as poor electrical contact.  As different 

features are seen for samples prepared from different precipitating solutions, it is clear that at 

least some of the nitride is electrically connected.  Additionally, the currents observed in Figures 

3.8 a and b for ORR on the nitride support are significantly higher than for just bare GC, 

indicating again that at least some of the nitride is in electrical contact with the GC.  

Furthermore, adding carbon black to the ink suspension does aid in enhancing the electrical 

contact of the nitride to GC.  This will be demonstrated when discussing the platinized samples 

in section 3.6.3. 

Figure 3.9 shows electrochemical data obtained by Dr. Deli Wang for Ti0.7W0.3N 

prepared by co-precipitation in DI water.  Each of the CVs was obtained in 0.5 M H2SO4 at a 

sweep rate of 50 mV s-1. 
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 Figure 3.9a showed window opening CVs of Ti0.7W0.3N from 0 to 1.2 V versus SHE.  It 

is important to note that the large double layer current arises somewhat from the fast sweep rate 

and somewhat due to the larger, surface area-dependent double layer capacitance of the material.  

Generally, however, the material appears stable over the potential window.  Figure 3.9b shows 

CVs of Ti0.7W0.3N in N2 (black) and O2 (red) saturated electrolyte.  There is no apparent activity 

for ORR between 0 to 1.2 V, although it is possible that the nitride is not fully connected to the 

electrode.  This idea is bolstered somewhat by the fact that the N2 and O2 curves in Figure 3.9b 

virtually overlap.  Figure 3.9c further bolsters this observation.  Figure 3.9c shows a comparison 

of GC (black), Vulcan XC-72 (red), Ti0.7W0.3N (green), and Ti0.7W0.3N with 20 wt% C added to 

the ink (blue).  The blue curve shows a significantly higher double layer current that any of the 

other samples (although the surface area of the added carbon black also contributes to this higher 

double layer current).  This indicates that adding C to the nitride inks is likely necessary to 

ensure electrical contact of the material to the GC electrode.  Additionally, there does appear to 

be a reduction current (of unknown origin) in the blue curve of Figure 3.9c below 500 mV.  On a 

positive note, no oxidation behavior is observed, which indicates that Ti0.7W0.3N is stable over 

the potential region 0 to 1.2 V versus SHE. 

 It is clear that testing oxide and nitride support materials is not necessarily 

straightforward.  While some of these results bare further confirmation, the nitride materials do 

appear stable under simulated fuel cell conditions.  It is unclear however how nitride materials 

will fare during transient load and on/off fuel cell operations when the potential can be driven 

quite positive, or under fuel starvation conditions when no other species are present to sustain the 

imposed current demand.  Future testing of the nitride material stability should include testing in 
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an actual fuel cell as well as continued development of electrochemical methods and sample 

preparation techniques. 

 

3.6.2 Platinization of Ti-M Nitrides (M=Nb, W) 

 As previously discussed, Pt and Pt-based catalysts supported on carbon are the currently 

used catalysts for both the anode and cathode in PEMFCs.  As Pt is very expensive, several 

studies have been performed on optimizing Pt utilization to enable lower amounts of catalyst to 

be used.113-119  These studies focus on altering the size, shape, and disperisty of Pt in an effort to 

maximize the electrochemically active surface area (ECSA).  From these studies, several 

methods have been developed for depositing Pt and Pt-based nanoparticles on catalyst 

supports.120,121  Often these methods focus on the platinization of carbon supports, however 

reports of platinizing non-conducting oxides and other ceramic supports for high temperature 

applications are also available.122,123  Additionally, a method developed in the DiSalvo group 

traps Pt-M nanoparticles in a salt matrix during the synthesis.  The salt matrix serves to control 

the size and dispersal of the nanoparticles which are then transferred from the salt onto a carbon 

support.124  From the variety of techniques reported in the literature, it is clear that the method by 

which one deposits a catalyst onto a support can have a significant impact on the performance of 

that material. 

An additional consideration is that typical Pt loadings do not directly translate from 

carbon to ceramic supports.  Typically Pt (or any catalyst) loading is quoted as weight percent 

and is determined relative to the weight of the catalyst.  Loading the same weight percent of 

catalyst on two supports that have different densities and pore morphologies typically results in 

different amounts of active Pt surface area and degree of dispersity, while the actual Pt surface 
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area depends on factors such as nanoparticle size and their degree of aggregation.  Since the 

surface area for a given mass of the support material is a function of the density of the bulk 

support material and the pore size distribution, a higher surface area per gram of support material 

results in a lower surface density (higher dispersity) of Pt nanoparticles.  Vulcan XC-72, for 

example, has a high BET surface area of ~235 m2 g-1 that arises from the low density of the 

material, the small particles size of the carbon building blocks (approximately 50 nm), and high 

porosity. 125,126  If one assumes that a nitride support has identical particle/pore size and 

morphology to carbon black, then the matching Pt loading per unit surface area of the support is 

determined as the ratio of the theoretical bulk density of the nitride support to that of Vulcan XC-

72.  In most cases this assumption is not valid (as the pore size distribution and support particle 

size and degree of sintering are in-fact not the same), however this method allows for a crude, 

“apples-to-apples” way to compare Pt catalysts on different supports.  In reality, a specific 

definition of performance for comparable catalyst loadings is needed.  Typically this takes the 

form of quoting the mass (or cost) of the catalyst per watt of power generated under a specific set 

of operating conditions. 

Several different methods for platinizing oxide and nitride supports are discussed in 

Chapter 7 of Chin Subban’s thesis.  Among those discussed is the Microwave Polyol 

technique.127  At the time these nitride samples were prepared, the Microwave Polyol technique 

was popular in the DiSalvo Lab for adding Pt to newly developed support materials.  Since then 

we have moved away from this technique due to it’s limited ability to control Pt particle size and 

the adverse affects of microwave heating on the support porosity and particle size.104  Despite 

these detrimental effects, the Microwave Polyol technique provides a quick and easy way to load 

Pt onto a catalyst support.  In the technique, ethylene glycol is used as both a surfactant and as a 
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precursor to the reducing agent that is generated in-situ during microwave heating.  As a result, 

the microwave polyol technique has greater control of the catalyst particle size and distribution 

as compared to reduction by other means (e.g. borohydride or hydrazine).128  However, the 

Microwave Polyol reaction is very pH sensitive, and requires the use of KOH.  If the solution is 

heterogeneous, increased local concentrations of KOH leads to larger Pt particle sizes and non-

uniform distribution, especially for high Pt loadings.129-133 

A typical platinization procedure using the microwave polyol technique is as follows.  

Ethylene glycol (12.92 mL), 0.05M H2PtCl6 (aq, 0.646 mL), 0.4M KOH (aq 0.254 mL), and Ti-

M nitride (M=Nb, W) prepared by co-precipitation (93.7 mg) were added to a small glass beaker 

and sonicated for 30 min.  These amounts of reagents were calculated to yield a platinized 

support with 6.34 wt% Pt loading, which is comparable to 20 wt% Pt/C by a ratio of the 

theoretical bulk density of the supports.  The mixture was then heated in a modified kitchen 

microwave (900 watts) for a total of 90 seconds in 30-second intervals.  Using short intervals 

prevents the ethylene glycol from boiling over.  After microwave heating, the sample was 

separated by centrifugation at 4500 RPM for 10 min and decanting of the supertenant liquid.  

The sample was washed with acetone 3 times, and was dried in air at 80ºC for 12 hours.  The 

platinized sample was then characterized by pXRD, electron microscopy, and was prepared for 

electrochemical measurements. 

 Figure 3.10 shows pXRD (a) and SEM images (b) of the platinized support.  From the 

SEM images (b) Pt nanoparticles of ~5 nm appear to be dispersed on the nitride support.  Using 

the Scherrer equation, the FWHM of the Pt peaks in the pXRD pattern confirm that the average 

crystalline domain size is 4.6 nm indicating that many of the Pt particles are likely single 

crystals.  However, in Figure 3.10b one can see that there are areas that contain well dispersed Pt 
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nanoparticles, next to areas that have none.  A second challenge (unaddressed, as yet) is to 

determine the distribution of the catalyst inside the porous particles.  These are persistent 

problems for several oxide and nitride materials, as the only controllable parameter is the 

duration of heating.  While other microwave apparti are available which enable the user to 

control many parameters, including power, time, pressure, etc. using the modified kitchen 

microwave offered a quick and simple method for platinizing the oxide supports.  The platinized 

Ti0.7W0.3N showed similar behavior to the Ti-Nb sample and had an average Pt particle size of 

4.9 nm. 
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 In addition to the microwave polyol technique, Ti0.5Nb0.5N was also platinized using a 

standard polyol synthesis (a method which does not require KOH).  Dr. Zhiming Cui of the 

DiSalvo group performed this work, following the method presented by Bock et al.134  In a 

typical preparation, 40 mg of mesoporous Ti0.5Nb0.5N was suspend in 50 mL of ethylene glycol, 

and 1 mL of H2PtCl6 solution (aq 0.025 M) was added.  The mixture was heated in an oil bath at 

140 ºC for 3 hours with constant stirring, followed by filtering and washing with DI water.  The 

platinized support was then dried at 80 ºC for 6 hours.  The resulting, platinized support had a Pt 

loading of 20 wt% (relative to the nitride support).  Figure 3.11 shows a pXRD pattern of the 

platinized support.  The crystalline domain size for the as-deposited Pt nanoparticles is 5.0 nm 

calculated using the Scherrer equation.  Figure 3.11 also shows an inset SEM image of the as-

deposited Pt particles.  While the dispersity of the Pt particles appeared somewhat better than the 

microwave polyol technique, Pt particle agglomerations and areas with little to no Pt particles 

were visible.  The particle size also appears to vary somewhat between 5-10 nm.  Overall, the 

standard polyol technique offers slightly more control in Pt particle deposition than the 

microwave polyol technique (in terms of heating rate and duration).  Also, local temperature 

variations (hot-spots), which are more prone in microwave heating, can be avoided which is 

reported to lead to greater particle size uniformity.134 
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3.6.3 Electrochemical Performance of Pt/Ti1-xMxN (M=Nb, W) 

 The platinized nitride supports were prepared as suspended inks as described previously.  

20wt% carbon black was also added to the ink suspensions to aid in electrically connecting the 

nitride supports to the GC electrode.  Figure 3.12 shows window-opening CVs obtained by Dr. 

Deli Wang for 12 wt% Pt/Ti0.7W0.3N (prepared by the Microwave Polyol technique) between 0 

and 1.2 V versus RHE in N2-purged, 0.5M H2SO4 at a sweep rate of 50 mV s-1. 
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contained no added carbon black.  The CV loops are very similar to the CV shown in Figure 3.9 
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0.0 0.2 0.4 0.6 0.8 1.0 1.2

-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

12wt% Pt on Ti0.7W0.3N 
in N2-saturated
0.5M H2SO4, 50mVs-1

I /
 m

A

E / V(vs.RHE)
0.0 0.2 0.4 0.6 0.8 1.0 1.2

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

12wt% Pt on Ti0.7W0.3N
add 20wt% C

I  /
 m

A

E / V(vs.RHE)

Figure'3.12'Window'opening+CVs+for+12wt%+Pt/Ti0.7W0.3N+with+no+carbon+added+(leC)+and+20wt%+carbon+
black+added+(right)+to+the+ink+suspension.++Adding+carbon+black+produced+the+expected+CV+for+Pt+(starred+
waves),+indicaKng+that+it+is+necessary+for+electrically+connecKng+the+nitride+supported+Pt+parKcles+to+the+
GC.++Note+the+Pt'hydride+formaKon+peaks+near+0.2V+and+the+Pt'oxide+reducKon+wave+near+0.8V.++The+CVs+
were+obtained+in+N2'purged+0.5M+H2SO4+at+a+sweep+rate+of+50+mV+s'1.+

*+

*+

*+

*+



 CHAPTER 3: MESOPOROUS MIXED METAL NITRIDES AS PEMFC SUPPORTS 

  133 

results that adding carbon to the ink recipe improves electrical contact of the support catalyst to 

the GC electrode.  The larger particle sizes of the nitride supports, and perhaps contact resistance 

between the Pt and the nitrides that arises from the insulating passivation layer are likely 

contributing factors to problems in making good electrical contact without carbon black.  While 

smaller particle sizes may be achievable using ball-milling or by ultrasonication, passivating 

interfaces may still be a problem.   

Indeed when carbon black is added, it may be that some Pt migrates to or is contacted by 

the carbon back and that the low level of activity seen in the CV is due only to Pt on the carbon 

black.  Developing methods and techniques to be sure that activity is due to catalyst bound to the 

non-carbon support is clearly needed.  Without such advances it will be difficult to draw firm 

conclusions from electrochemical data.  Further engineering and synthesis optimization for 

catalyst deposition and support particle size control will be necessary for these materials to be 

suitable replacements for carbon-based supports.  Nonetheless, it is apparent that Ti0.7W0.3N can 

support Pt nanoparticles, which is confirmation that nitrides can function as catalyst supports 

under PEMFCs-like conditions.  Future work on Pt/Ti0.7W0.3N should include testing the material 

as an anode catalyst for hydrogen oxidation and investigate its CO tolerance.  Pt/Ti0.7W0.3O2 was 

previously reported to have enhanced CO-tolerance112, and as the surface layer is an oxide, 

similar behavior may be expected for the nitride catalyst.  A central challenge is to invent a 

process for the uniform deposition of the catalyst in all the pores as well as the external surface 

of the particles.  

 Figure 3.13 shows CVs comparing 20 wt% Pt/Ti0.5Nb0.5N and E-Tek 50 wt% Pt/C 

prepared by Dr. Zhiming Cui.  To prepare the ink cast GCE, Dr. Cui added 5mg of the platinized 

support to 1 mL of ethanol and 50 µL of 5% Nafion solution (in aliphatic alcohols) and sonicated 
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the suspension for 30 min.  A 10 µL aliquot of the ink suspension was then drop-cast on a 

cleaned and polished GCE.  It is important to note that the nitride of the catalyst ink contains no 

added carbon black in this case. 
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 Figure 3.13 a and b showed CVs for 20 wt% Pt/Ti0.5Nb0.5N (3.13a) and E-Tek 50 wt% 

Pt/C(3.13b) obtained in Ar saturated 0.1 M HClO4 at a sweep rate of 10 mV s-1.  Typical CVs for 

Pt were obtained with hydrogen adsorption peaks between 100 mV and -200 mV (versus a 

Ag/AgCl reference electrode) and Pt-oxide formation and reduction waves near 600 mV.  Using 

210 µC cm-2, the Pt electrochemical surface area (ECSA) was calculated, by integrating the 

hydrogen adsorption region, to be 42 m2 g-1 for Pt/Ti0.5Nb0.5N and 36 m2 g-1 for Pt/C (E-Tek).  

An additional redox wave is visible in the Pt/C CV(3.13b) at approximately 0.2 V versus 

Ag/AgCl, which is not visible in the Pt/Ti0.5Nb0.5N CV (3.13a).  The origin of this redox wave is 

unknown, and is not believed to arise from the Pt.  It is possible that this wave is due to 

functional groups on the carbon support.  Nonetheless, both Pt/Ti0.5Nb0.5N (prepared using the 

standard polyol technique) and Pt/C (prepared commercially) behave similarly.  

 Figure 3.13 c and d shows an electrochemical stability test for Pt/Ti0.5Nb0.5N (3.13c) and 

Pt/C (3.13d) after 2000 cycles in O2 saturated 0.1 M HClO4 at a sweep rate of 10 mV s-1.  The 

primary feature of these CVs is the ORR wave at approximately 0.6 V versus Ag/AgCl.  For 

Pt/Ti0.5Nb0.5N the peak current for ORR slightly improves after 2000 cycles, while for E-Tek 

Pt/C the peak current diminishes somewhat.  Additionally, the E1/2 for ORR on the Pt/C CV 

shifts slightly negative upon cycling (from 0.61 V to 0.59 V,) while Pt/Ti0.5Nb0.5N remains stable 

(0.63 V).  For Pt/Ti0.5Nb0.5N (Figure 3.13c), the current in the region 0 mV to 400 becomes 

noticeably more negative after 2000 cycles.  This indicates a possible enhancement of ORR (or 

another reduction process) upon cycling that is not observed for Pt/C in Figure 3.13d.  Further 

experiments will be required to fully elucidate the nature of the reduction waves in this region. 

 Figure 3.13 e and f shows a side-by-side comparison of Pt/Ti0.5Nb0.5N and Pt/C before 

(3.13e) and after (3.13f) 2000 cycles. While, Pt/C has a slightly higher peak current for ORR 
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before cycling, the ORR peak current for Pt/Ti0.5Nb0.5N surpasses Pt/C after cycling.  

Additionally, Pt/Ti0.5Nb0.5N has a more positive E1/2 for ORR, possibly indicating that it is a 

better catalyst for ORR than commercially prepared Pt/C. 

 Finally, Figure 3.14 shows a preliminary measurement of Pt/Ti0.5Nb0.5N compared to 

Pt/C (E-Tek) for ORR activity in basic electrolyte.  Here, Pt/Ti0.5Nb0.5N and Pt/C were drop-cast 

on a GCE as previously described and were cycled at 10 mV s-1 in O2 saturated 0.1 M KOH.  

The most dramatic feature of Figure 3.14 is the significantly higher peak current for ORR at 

approximately -250 mV versus Ag/AgCl.  This measurement is very preliminary, but indicates 

that Pt/Ti0.5Nb0.5N is potentially a better catalyst than Pt/C for ORR in base.  Future work should 

include RDE studies of Pt/Ti0.5Nb0.5N in base and acid electrolytes to more completely 

understand the source of the observed enhanced activity, as well as to determine if any synergy 

between the catalyst and support may enable superior performance. 
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3.7 Conclusions 

 So far, binary mixed-metal nitrides look promising to potentially replace carbon-based 

catalyst supports; however, further testing is required to draw firm conclusions.  While it is clear 

that several questions regarding oxidative and chemical stability remain, mesoporous, conducting 

nitride compounds can be produced with relative ease.  It is clear form the work presented in this 

chapter that further investigation of these materials is warranted, and necessary to fully 

understand the oxidation behavior and possible corrosion mechanisms of nitride supports.  

Extensive characterization of Pt/Ti-M nitride supports was not performed; therefore, future 

studies should more fully characterize Pt/Ti-M nitride catalyst systems as well as Pt-M alloys 

and intermetallics.  Nevertheless, the preliminary measurements presented above indicate that 

Pt/C and Pt/Ti-M nitride possess similar ORR activity, and that Pt/Ti0.5Nb0.5N out performs      

E-Tek Pt/C after 2000 cycles in acid electrolyte, and in alkaline electrolyte for at least 10-20 

cycles. 

 In order to better understand the chemical nature and behavior of the passivation layer, 

transitioning from mesoporous solids (with a lot of interfaces) to thin films (with many fewer 

interfaces, ideally one) was the next evolution of studying nitride supports for PEMFC 

applications.  Chapter 4 will focus on combinatorially prepared, nitride thin-films that have been 

deposited by magnetron sputtering.  The focus of this project was to synthetically control and 

then characterize the passivation layer of nitride compounds on well-defined interfaces.  

Additionally, using a combinatorial approach allowed us to study a variety of compositions on a 

single sample simultaneously. 
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CHAPTER 4 
 

COMBINATORIALLY SPUTTER DEPOSITED THIN FILMS FOR DISCOVERY OF NEW 
POLYMER ELECTROLYTE MEMBRANE FUEL CELL CATALYST SUPPORTS 

 
Work in this chapter was performed in collaboration with Dr. James O’Dea, Anna Legard, 
Megan Holtz, and Abigail Van Wassen as part of the Energy Materials Center at Cornell. 

 
 

4.1 Origin of the Project 

 In Chapter 3 binary, mesoporous metal nitrides were investigated as potential 

replacements for carbon based catalyst supports in polymer electrolyte membrane fuel cells.  It 

was clear from the results of these studies that nitrides could be prepared with the required 

porosity and conductivity, and that synthetic conditions play a role in the oxidation stability of 

these compounds.  Despite these initial positive results, several questions regarding the oxidation 

stability and surface passivation layer thickness of the nitride compounds remained.   

It was hypothesized that using scanned probe microscopy, specifically Atomic Force 

Microscopy (AFM), may enable a more quantitative understanding of the roughness and 

thickness of the surface oxide layer on the nitride nanoparticles.  Furthermore, using conductive 

probe-AFM (cp-AFM) would enable one to monitor the conductivity of individual particles, and 

correlate conductivity with oxide layer thickness and morphology.  The main idea of this strategy 

was to use a stiff AFM cantilever with a hard, conducting tip to probe the surface of the nitride 

particles.  The cantilever would be slowly pressed into the surface, and the conductivity 

monitored.  Once a sharp increase in conductivity was observed, the height change of the 

cantilever would correspond to the thickness of the oxide layer.  This strategy, in principle, 

seemed reasonable; however, the DiSalvo group’s experience with scanned probe techniques was 

limited, and we quickly learned that performing AFM imaging (using instrumentation in the 
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CCMR facilities) on porous solids with large particle sizes was difficult and non-intuitive. 

 Following some initial failed experiments, I (in collaboration with Dr. James O’Dea) 

proposed that we move away from synthesizing nitride nanoparticles, and begin studying co-

sputtered metal nitride thin-films.  The benefit to studying thin films is that there are fewer 

interfaces, and significantly less porosity to contend with.  While it is true that thin films have 

some roughness, it was believed that looking at the “well-defined” surface of a thin film would 

circumvent many of the problems associated with imaging mesoporous solids.  Furthermore, 

using co-sputtered combinatorial libraries, an approach pioneered by the van Dover group (a 

collaboration fostered through EMC2), the effect of composition on conductivity and oxidative 

stability could also be studied simultaneously. 

 The work in this chapter represents a large collaborative effort between the DiSalvo, 

Abruña, van Dover, and Marohn groups as part of the Energy Materials Center at Cornell 

(EMC2).  Additionally, Megan Holtz of the Muller group provided technical expertise for STEM 

imaging and EELS spectroscopy.  Each participant contributed to the project in different ways.  

Dr. James O’Dea was responsible for all of the AFM imaging, Abby Van Wassen and Anna 

Legard for electrochemical measurements, Anna Legard (and to some extent, I) was responsible 

for producing the thin films under study, and as stated Megan Holtz was responsible for STEM 

and EELS experiments.  My roll in this project was to analyze the films using XPS to more 

quantitatively measure film composition, as well as serving as a subject matter resource and 

general project coordinator. 
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4.2 Preparation of Nitride Thin Films 

Over the last several years, a large number of studies have focused on the preparation of 

transition metal nitrides because of their numerous technological applications.  Nitride thin films 

are particularly interesting for applications in integrated circuits1, corrosion resistant coatings2, 

and as hard surface layers in cutting and grinding tools.3 

Nitride thin films can be prepared in many ways including by deposition from a plasma, 

by chemical vapor deposition (CVD), by physical vapor deposition (PVD), or by electrochemical 

reduction of a precursor material (electroplating).4  Each of these techniques has its own merits, 

and is suited for different applications depending on the material requirements; however, this 

discussion will focus only on physical vapor deposition. 

Physical vapor deposition (PVD) may be viewed as the simple condensation of gaseous, 

oligomeric units onto a substrate.  Typically these oligomeric units have the same composition as 

the final deposited films. PVD can be distinguished from chemical vapor deposition, in that there 

are no chemical processes (such as the releasing of ligands from a precursor or production of by-

products) involved as the film is deposited.4  A simple analogy would be to think of spray 

painting.  Some examples of PVD techniques include Pulsed Laser Deposition (PLD), Molecular 

Beam Epitaxy (MBE), and sputtering. 

One specific type of PVD is sputtering.  Here, a biased metal target plate is bombarded 

by energetic ions (typically Ar+) generated from a plasma created in front of the target.  The 

impact of these energetic ions causes the removal (or “sputtering”) of target atoms, which may 

then condense on a substrate placed some distance away (a few cm) as a thin film.  Because the 

ejected atoms must travel some distance, the background sputtering gas pressure is an important 

parameter to control as it affects the mean free path of the sputtered atoms.  Secondary electrons 



CHAPTER 4: SPUTTER DEPOSITED NITRIDE THIN FILMS FOR PEMFC SUPPORTS 

 151 

are also emitted from the target surface as a result of the ion bombardment, and these electrons 

play an important role in maintaining the plasma.5  Historically, the sputtering process has been 

somewhat limited by low deposition rates, low ionization efficiencies in the plasma, and high 

substrate heating effects.  Several of these limitations have been overcome, however, with the 

introduction of magnetron sputtering.6,7 

Magnetrons make use of the fact that a magnetic field oriented parallel to the target 

surface can confine secondary electron motion to near the target.  Magnets are arranged in such a 

way that one pole is positioned at the central axis of the target and the second pole is formed by a 

ring of magnets around the outer edge of the target.  Trapping the electrons in this way 

substantially increases the probability of an ionizing electron-atom collision occurring.  This 

increased ionization efficiency results in a more dense plasma in the target region, which leads to 

increased ion bombardment of the target.  Magnetron sputtering has the benefit of higher 

sputtering rates and, therefore, higher deposition rates at the substrate.  In addition, the increased 

ionization efficiency achieved by using magnetrons allows the discharge to be maintained at 

lower operating pressures (typically 10-4 Torr) and lower operating voltages (typically 500 V) 

than is possible without them.8  A generalized schematic for the reactive magnetron sputtering 

process is shown in Figure 4.1. 
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flowed"into"the"spu4ering"chamber"(red"and"green"dots)"and"drawn"to"the"biased"magnetron"spu4ering"gun.""These"
gaseous"atoms"are"ionized"and"impact"the"target,"ejec)ng"target"atoms"which"travel"to"the"heated"substrate"and"are"
deposited.""Reac)ve"spu4ering"gas"ions"are"coGdeposited"with"the"target"atoms"to"generate"the"nitride"compound.""The"
magnets"in"the"magnetron"control"the"plasma"which"is"generated"and"aid"in"control"of"secondary"electron"genera)on"
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Specifically for the preparation of nitride films, a reactive sputtering gas (typically N2) is 

introduced into the sputtering chamber at a specified mole fraction (or partial pressure) in 

addition to the inert sputtering gas (typically Ar).  Both gases are continuously flowed into and 

pumped out of the chamber to achieve a sputtering pressure typically on the order of 10-3 Torr.  

By controlling the fraction of the reactive gas (N2) the stoichiometry of the films can be 

controlled, and to some extent the amount of time needed for depositing a film of a certain 

thickness can be modified.  A more detailed discussion of the physics and experimental 

parameters of reactive sputtering is available elsewhere.9-12  

An important concern in any deposition technique is the purity of the deposited material.  

For PVD techniques, the most common cause of film contamination is the incorporation of 

reactive gaseous species in the deposited film.  For nitrides, this takes the form of residual 

oxygen in the chamber generating oxygen impurities in the film.  While performing depositions 

in an ultra-high vacuum (UHV) practically eliminates this concern, common UHV practices such 

as using load-locks and performing long pump downs and bake-outs after system venting are 

impractical for many studies.  Furthermore, using combinatorial, high-throughput methods, 

which require frequent substrate and sputter target changes makes traditional UHV work highly 

impractical.13 

Getter sputtering was developed in the 1960s by Theuerer and Hauser and eliminated the 

need for UHV chambers for thin film preparation.14  In this technique, a “shroud” was cooled 

with liquid nitrogen and was placed around the sputtering source.  During sputtering, any 

reactive gases within the sputtering chamber were physisorbed to the shroud and remained there 

due to the cryogenic temperature of the metal.  Using this technique enabled the production of 

high-quality, low-impurity films in sputtering chambers with a base pressure of only 10-6 Torr 
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(UHV chambers typically have a base pressure on the order of 10-11 Torr).  Getter sputtering was 

further advanced by van Dover15,16 who expanded the “shroud” technique to a three-source 

deposition system for studying linear composition spreads of amorphous transition metal/rare-

earth alloys.  Using getter sputtering ultimately generates an effectively UHV environment 

“where it counts”, locally around the substrate. 

Using the concept of getter sputtering, a former Graduate student and EMC2 collaborator 

Dr. John Gregoire developed and built a customized DC magnetron sputtering system called 

“Tubby”.  The ins-out-outs of Tubby’s design are described elsewhere.17 Most importantly, 

Tubby was designed to prepare combinatorially sputtered metal thin films for discovery of new 

catalyst compositions for PEMFC anode catalysts.  Tubby features a 4-gun magnetron sputtering 

array (featuring 2” magnetron sputtering guns, three oriented 120º apart at a 15º “take off angle”, 

the fourth oriented parallel to the substrate) which allows for the synthesis of ternary and 

quaternary metal thin films that have a spread in composition of approximately 1 at% mm-1.  

Depositing such a film on a typical 3” Si wafer substrate enables one to simultaneously 

synthesize compounds that have compositions that span a large portion of their ternary or 

quaternary phase diagrams.  Additionally, if a reactive sputtering gas is introduced, compounds 

with up to 5 different elements could potentially be synthesized, further expanding the versatility 

of such an apparatus.    In addition to the 2” guns, Tubby is also outfitted with an ion gun (for 

cleaning substrates) and a 4” magnetron sputtering gun (used to deposit Ti or Ta adhesion layers 

to the substrates before film deposition).  Surrounding the 4-gun array is a liquid N2-cooled 

cryoshroud, which removes impurities in the sputtering gases and enables getter sputtering as 

previously described.  Furthermore, Tubby is outfitted with a 3-substrate sample stage each fitted 

with custom substrate heaters, enabling the simultaneous annealing and deposition of up to 3 
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films per pump down.  A schematic of the insides of Tubby is shown in Figure 4.217. (Reprinted 

with permission from Gregoire, J. M., van Dover, R. B., Jin, J., DiSalvo, F. J., et al. Getter 

sputtering system for high-throughput fabrication of composition spreads. Rev. Sci. Instrum. 

2007, 78(7), 072212. Copyright 2007, American Institute of Physics.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure'4.2'(a)$The$three$custom$substrate$heaters$on$their$rota2ng$moun2ng$plate$are$pictured$with$the$
ion$gun,$4”$gun,$and$four<gun$assembly$as$posi2oned$in$the$deposi2on$system.$(b)$A$detailed$look$at$the$
arrangement$of$the$four<gun$assembly.$Reprinted)with)permission.$
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4.3 Scanned Probe Microscopy 

 As discussed in Chapter 3, nitride compounds are stabilized by an oxidized surface 

passivation layer, and the structure, composition, and morphology of this passivation layer is 

important for oxidation stability in electrocatalyst applications.18-22  While Chapter 3 focused on 

measurement techniques that give ensemble properties, accurately describing the oxidation 

behavior of nitride based supports requires the application of surface sensitive analytical 

techniques.  Among these techniques are scanned probe methods, and variety of spectroscopic 

techniques including: X-ray absorption, X-ray photoelectron spectroscopy (XPS), Surface 

Enhanced Raman (SERS), Optical, IR and other photoemission spectroscopies. 23-25 

 Applying surface analysis techniques that probe by excitation of sample surface-atoms 

with photon or particle beams (such as X-rays, ion beams, or electron beams) can limit sample 

analysis time and data resolution.26  Often, to obtain high-quality data, such techniques may 

cause destruction of the sample or a significant change in the probed property (so-called “beam 

damage”).27  Scanned probe microscopy (SPM), on the other hand, is useful for limiting sample 

damage while obtaining quality images of sample surfaces with high-resolution.28 

 The popular types of SPM are scanning tunneling microscopy (STM) and atomic force 

microscopy (AFM).29  STM can be used to obtain electrical characteristics of individual 

nanoparticles or film domains, while AFM is generally useful for determining the shape, texture, 

and roughness of a surface.29,30  Several reports for AFM imaging of nanoparticles and 

mesoporous solids are available30-39, but measuring such highly textured sample morphologies is 

non-ideal.31,40  AFM is best suited for the imaging of low roughness, nearly atomically flat 

samples.41  Such imaging studies are standard practice for AFM experiments, and atomic scale 

resolution is often achievable.29,42   
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 Several different AFM modes (or measurement techniques) are available and are selected 

based on the material-property of interest, as well as the size and shape of the sample.  One such 

mode is conductive probe AFM (cp-AFM), which is used to measure the conductivity in 

correlation to the spatial features of the sample.29,43,44  A thorough discussion of cp-AFM 

technical specifications, experimental parameters, and methods for interpreting results is 

available in the literature.44  Generally though, a sample is placed on an actuated XY stage and 

electrically connected with the cp-AFM probe head.  A small negative bias (typically – 50 mV) 

is placed on the sample; the probe tip is lowered, makes contact with the sample surface, and a 

constant tip-sample force (10 nN in this case) is maintained by measuring the deflection of the 

cantilever (thus completing the circuit, with the insulating oxide layer acting as a “resistor” 

between the probe tip and the sample).  The tip is then rastered in X and Y over a small sample 

area (typically 1 µm2).  The current between the sample and cp-AFM tip is measured and plotted 

with false-color intensity as an “image” or XY map.  It is important to note that in this mode of 

operations, the tip closely approaches the surface (within a few nm) but does not “contact” the 

surface.  Under the appropriate bias, electrons tunnel through the intervening space between the 

tip and the film surface, thus the measured current is a tunneling current.  Simultaneous 

topography or phase imaging is also possible due to the tip-height feed back control available on 

most commercial AFM instruments.44  Comparing the conductivity “image” with a topography 

“image” allows one to compare electrical properties with surface morphology or topology.   

The technique has been extensively used to study surface oxidation on a variety of thin 

film oxide and nitride materials for applications in the semi-conductor industry.45-56  Additional 

reports for cp-AFM studies of oxide layer thickness on metal nanoparticles are also available.57,58  

Because of its reported utility in studying the characteristics of oxide layers, cp-AFM was 
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employed in our study of transition metal nitride thin films.  A schematic of a generalized cp-

AFM experiment is shown in Figure 4.3 (courtesy of Dr. James O’Dea and Dr. Chinmayee 

Subban).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure'4.3'A"cartoon"schema-c"depic-ng"the"general"conduc-ve"AFM"set7up"used"to"measure"conduc-vity"
in"correla-on"to"the"spa-al"features"of"the"sample."An"SEM"image"of"a"c7AFM"-p"is"shown"in"the"inset."
(Figure"courtesy"of"Dr."James"O’Dea"and"Dr."Chinmayee"Subban)"""
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4.4 Preparation and Characterization of Ti-Al-Ta Nitride Thin Films 

 The material requirements for new PEMFC catalyst supports have already been discussed.  

To review, new catalyst support materials must be conducting (at least 0.1 S cm-1), porous, and 

stable under PEMFC operating conditions (pH < 1 up to 1.5 V versus SHE).59,60  Oxides61-63, 

nitrides64,65, and carbides66-68 have been extensively studied as potential replacements for carbon-

based catalyst supports, and have been shown to catalyze hydrogen oxidation67 and oxygen 

reduction69-71 without the addition of Pt (or other catalysts).  These findings are significant as 

supports based on catalytically active oxide or nitride materials may enable the lowering of Pt (or 

other catalyst) loadings, which may potentially lower the cost of PEMFCs to commercially 

viable levels (Pt still accounts for 20-24% of PEMFC cost).72  Furthermore, oxide and nitride 

materials with suitable durability, catalytic activity, and electrical conductivity for catalyst 

support applications have been observed independently, yet developing a material with a 

combination of these properties has rarely been achievable73,74 (although the DiSalvo group 

recently reported a conducting, doped-oxide material which reduced CO poisoning on Pt 

catalysts but was not stable upon repeated cycling63). 

 It was hypothesized that because of the passivation behavior observed for early transition 

metal nitrides, titanium nitride-based compounds containing Ta and Nb (which would convert to 

Nb and Ta surface oxides upon passivation) may be more oxidatively stable due to the 

thermodynamic stability of the Nb and Ta oxides (ΔGfº = -1766.0 kJ mol-1, ΔGf º= -1911.2 kJ 

mol-1 for Nb2O5 and Ta2O5 respectively).75  Furthermore, Ta oxynitrides (TaOxNy) have been 

reported to possess activity for ORR without a need for Pt.76,77  Therefore incorporating Ta may 

increase catalytic activity for Pt/Ti-Ta-Al-N films or catalysts (assuming an appropriate 

composition of Ti-Ta-Al nitride can be discovered). 
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In addition to Ta and Nb, Al was also predicted to enhance the corrosion stability of TiN-

based thin films.  Aluminum nitride (AlN), unlike its early transition metal cousins, is an 

“insulating” nitride (Eg= 6.2 eV, direct) with a hexagonal (rather than cubic) structure.78  

However, upon passivation AlN has a reported thermal stability up to 1370 ºC in air.78,79  This 

high temperature stability is attributed to the formation of Al2O3 (ΔGf = -1582.3 kJ mol-1)75 in a 

“thick” surface passivation layer (~10 nm).79,80  There have also been reports of enhanced 

oxidation stability of TiAlN coatings for corrosion resistant steels.81,82  Additionally, Al (as well 

as Si, B, and perhaps Cr) may selectively diffuse to grain boundaries in the nitride films, 

resulting in increased mechanical strength and reduced ability of O2 to diffuse along grain 

boundaries causing further oxidation.83-89  

  Guided by these principles, thin films of Ti-Ta-Al nitride were prepared using the 

combinatorial magnetron sputtering chamber, “Tubby”.  The goal was to combinatorially prepare 

and screen a variety of compositions of ternary metal nitrides to find the composition(s) that 

yielded the best mix of properties (conductivity, corrosion stability, catalytic activity).  

Furthermore, the formation of the passivating oxidation layer was “controlled” by introducing a 

small amount of oxygen into the deposition chamber and annealing the sputtered thin films after 

nitride film deposition.  By keeping the passivation layer thin, the high conductivity of the nitride 

film could be exploited by electron tunneling while being protected by the insulating passivation 

layer.  Figure 4.4 shows the general scheme of the film preparation and screening using 

conductive probe AFM.   
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Figure'4.4'(A)$Illustra,on$of$a$combinatorially$spu6er$deposited$nitride$thin$film$showing$the$composi,on$
gradient$over$the$sample.$$Note$the$Al@rich$(green),$Ta@rich$(blue),$and$Ti@rich$(red)$regions.$$The$color$mixing$
across$the$film$is$a$visual$analogy$for$the$composi,onal$gradient$that$is$created$by$spu6ering$from$the$specially$
designed$spu6er$system.$$The$,p$illustrates$the$cp@AFM$,p$used$to$prove$the$sample$surface.$$(B)$Cross@sec,onal$
view$showing$per,nent$dimensions$of$the$nitride$films$studied$in$this$work.$$(C)$Photo$of$deposited$film$prepared$
for$cp@AFM$analysis.$$Image$courtesy-of-Dr.-James-O’Dea.$

Wafer with combi sample C 
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4.4.1 Film Deposition 

(This section represents work conducted by Anna Legard, Abigail Van Wassen and Raymond 
Burns, and was written by Anna Legard as part of a manuscript in preparation for publication.) 

 

Nitride thin films (50 nm thick) were prepared in a custom built combinatorial sputter 

deposition system.17  Films were deposited on a 12 nm thick Ti adhesion layer on a 76.2 mm 

diameter Si substrate in an atmosphere of 0.67 Pa Ar.  The substrate was radiatively heated at 

400 ºC during the deposition.  Elemental Ta, Ti, and Al (>99.9% purity) were co-deposited from 

separate magnetron sputter sources (Angstrom Sciences) in an atmosphere of 1.0 Pa Ar/N2 (13% 

N2).  During deposition, the background pressure remained approximately 10-5 Pa through use of 

a cryoshroud.17  The geometric relation of the deposition sources with respect to the Si substrate 

provided a deposition gradient from each source that upon co-deposition resulted in a continuous 

variation in composition across the substrate.  Prior to film deposition, the deposition rate of each 

element was measured at the center of the substrate using a quartz crystal monitor.  After film 

deposition, the sputtering chamber was evacuated, and the substrate cooled to 250 ºC. Oxygen 

was introduced into the chamber to a total pressure of 1 mTorr.  The sample was held at 250 ºC 

for 1 hour in the oxygen atmosphere.  The films were removed form the sputtering chamber, and 

immediately stored in an Ar filled glovebox pending further characterization. 
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4.4.2 Material Characterization 

(This section represents work conducted by Anna Legard (electrochemistry), Abigail Van 
Wassen (electrochemistry), Raymond Burns (XPS), Megan Holts (EELS) and Dr. James O’Dea 
(cp-AFM) and was co-written as part of a manuscript in preparation for publication.) 

 

Electrochemical stability measurements were performed using a small Teflon 

electrochemical cell (the so-called “scanning mini-cell”) that isolated a 0.32 cm2 area of the thin 

film for localized testing, as described by Gregoire et al.90  The 6-mm inner diameter cell 

included a GRAFOIL® counter electrode and a Ag/AgCl reference electrode. Window-opening 

cyclic voltammograms (CVs) were performed on select regions of the film, revealing film 

stability from −0.5 V to 0.9 V vs. Ag/AgCl in 0.1 M H2SO4 (Sigma-Aldrich, 99.999% pure).  

Subsequent electrochemical stress testing involved cycling between these ranges at 50 mV/s.  

Four regions of the film were selected for such durability testing: three regions corresponding to 

areas rich in either Al, Ti, or Ta and one region in the center of the film, corresponding to an 

equal composition of each element.  Each region was subjected to continuous electrochemical 

cycling for 2 hours. 

Conductive probe atomic force microscopy (cp-AFM) images were taken with Pt coated 

cantilevers (MikroMasch, DPE17) with a +50 mV sample bias and tip-sample force of 10 nN 

(Veeco, D3100).  Current amplifier gains of 1 nA/V and 100 nA/V were used to image regions 

with a current response below and above 10 nA, respectively.  

Cross sectional TEM specimens were prepared by focused ion beam (FIB) lift out.  

Spectroscopic images were performed on a 100 keV Nion UltraSTEM, a 5th order aberration 

corrected microscope optimized for electron energy loss spectroscopy (EELS) imaging with a 

probe size of 1 Å, an EELS energy resolution of 0.6 eV, and a high usable beam current.  Dual 

EELS allowed collection of two different energy ranges, allowing for simultaneous maps of C, N, 
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Ti, O, Al, and Ta, which were acquired with a 0.25 eV/channel energy dispersion. 

X-ray Photoelectron Spectroscopy was performed on a Surface Science Instruments 

model SSX-100 with monochromated Al Kα X-rays (1486.6 eV), an operating pressure of 10-9 

Torr, and a beam diameter of 1mm.  Photoemitted electrons were collected at a 55º emission 

angle using a hemispherical analyzer with 150 V pass energy.  Survey scans from 0-1000 eV 

were collected from a 7 x 7 spot square grid on the nitride film (49 total scans) to determine film 

composition (as a function of position) using the Ti 2p, Ta 4d, and Al 2s peaks.  The collected 

data was analyzed using the CasaXPS software package, and the imbedded image processing 

algorithms were used to generate metal composition maps of nitride films. 

 

4.5 Results and Discussion 

(This section represents work conducted by Anna Legard (electrochemistry), Abigail Van 
Wassen (electrochemistry), Raymond Burns (XPS), Megan Holts (EELS) and Dr. James O’Dea 
(cp-AFM) and was co-written as part of a manuscript in preparation for publication.) 

 

4.5.1 Conducting Probe AFM Studies 

Using conductive probe atomic force microscopy as a high throughput tool to screen 

electrical conductivity, we have found that conductivity varies significantly with nitride film 

composition (Figure 4.5, courtesy of Dr. James O’Dea).  For each sample, conductivity screening 

involved imaging sixteen      1 µm x 1 µm regions located approximately 12 mm apart, where the 

atomic % of each element is expected to change at ∼1 at% mm-1.  Ti- rich regions exhibit the 

highest conductivity, and conductivity decreases as the amount of Al and Ta increases.  These 

results agree with cp-AFM measurements of single element nitrides (Figure 4.5 bottom) where 

Ti-nitride thin films exhibit high electrical conductivity, while Al and Ta nitride thin films show 

insulating behavior. 
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Figure'4.5!(top)!Topography!(le/)!and!current!(right)!images!of!a!combinatorial!spread!of!Al:Ti:Ta!nitride.!!Images!were!
acquired!in!the!center!of!the!areas!le?ered!in!Figure!4.4,!at!a!constant!Cp:sample!force!(contact!mode)!of!approximately!!!!!!!!
10!nN,!and!at!a!sample!bias!of!+50!mV.!!The!inset!in!the!top:le/!corner!shows!the!orientaCon!of!the!film!with!respect!to!the!
current!and!topography!images!as!well!as!the!locaCon!of!the!specified!element!rich!regions!of!the!film!(i.e.!Ti:rich!near!the!Ti!
label,!etc.).!!(Bo?om)''Current!images!of!(A)!carbon!black!(Vulcan!XC:72)!and!(B)!Al:Ti:Ta!(1:1:1)!nitride.!!(C):(E)!Current!images!
of!single!element!Al!(C),!Ti!(D),!and!Ta!(E)!nitrides!showing!the!insulaCng!behavior!of!Al!and!Ta!nitrides!and!the!high!electrical!
conducCvity!of!Ti!nitride.!Images'courtesy'of'Dr.'James'O’Dea!
'
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It is important to note that the color scale images show the relative amount of current 

passed at a given point rather than the conductivity of the film at that point.  Several factors play 

a role in the observed current including the topology of the sample, tip-sample force, and the 

current amplifier gain of the cp-AFM instrument.  The current images in Figure 4.5 were taken at 

the highest gain setting, meaning that 50 nA of current results in saturation of the current 

detector.  The conductivity can be roughly calculated from this current using equation 4.1, which 

is derived from general sheet resistance theory.91  

 

! = !
!"!(!) !× !

!
! !×!!!×!!    (4.1) 

 

Equation 4.1 is typically used for 4-point probe measurements of semi-conductor thin 

film resistivity (ρ).  However, the general terms necessary for a 1st order calculation are included.  

V is the applied voltage, and I the measured current.  There are also geometric terms for the film 

thickness (t) and for the ratio of the probe size to the size of the film (k).  The dimensionless term 

k can be approximated as the ratio of the wafer diameter to the probe diameter, and approaches a 

value of 1 in the infinite limit.92  As the tip-size is small (a few nm) relative to the wafer (~75 

mm diameter), a value of 1 was assumed for k .  Plugging 50 nA and 50 mV into equation 4.1 for 

a film thickness of 50 nm gives a conductivity (simply the inverse of the resistivity) of 

approximately 4.5 S cm-1 for the most conducting regions of the film.  Although using this 

formula does not fully describe the conductivity characteristics of the nitride films, it is 

important to understand that regions of the film that appear red in the cp-AFM current images 

can not be resolved into areas of higher or lower conductivity with the currently available 

instrumentation.  



CHAPTER 4: SPUTTER DEPOSITED NITRIDE THIN FILMS FOR PEMFC SUPPORTS 

 167 

 Importantly, even a small amount of Ti in the combinatorial sample imparts significant 

conductivity in regions otherwise rich in Al and Ta.  This finding has considerable implications 

in designing materials with multiple functionalities by allowing incorporation of conductive 

materials with components that impart durability and/or catalytic enhancement, yet may not 

possess high electrical conductivity.  We have found that even Al-Ti-Ta nitride compositions 

with equal atomic fractions of each metal has a conductivity ≥4.5 S cm-1 (as does carbon black) 

using cp-AFM (Figure 4.5, again realizing that red regions have saturated the detector), 

indicating these materials may be suitable for incorporation into fuel cells in terms of electrical 

conductivity.   

Areas of low current in the image of carbon black (Figure 4.5A) correspond to low lying 

regions in the topography of the powder, where electrical contact between the tip and sample was 

insufficient for passage of current.  Such influences of topography are expected for a powder 

with grains <100 nm in diameter.  Additionally, up to 250 nm variations in topography maybe 

expected for the nanoparticle powder over the 1 µm x 1 µm region imaged.  A wide swing in 

topography is not observed for the nitride thin film (they are much less rough as shown in the 

topography image of Figure 4.5), hence submicron variations in the current image of Al-Ti-Ta 

nitride in Figure 4.5 are not readily explained by variations in tip-sample contact.  Therefore 

differences in conductivity must be due to variations in composition on the 10s to 100s of nm 

scale. 

 

4.5.2 X-ray Photoelectron Spectroscopy 

 Figure 4.6 shows an XPS survey spectrum and 7 x 7 point composition maps for the Ti-

Ta-Al nitride thin film.  Figure 4.6 a-c shows single element composition maps for Ti (a), Ta (b) 
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and Al (c) using a 7 x 7 point grid across the 3” nitride film.  Note that the areas of highest 

intensity (white color) are approximately 120º apart which corresponds well with the orientation 

of the magnetron sputtering guns from the film deposition.  The orientation of the substrate for 

XPS analysis is not the same as for cp-AFM (the Ti-rich region of the film is in the top right 

corner, rather than along the bottom of the image).  It is important to note that the composition 

does not appear to change at 1 at% mm-1, as was previously predicted, and observed for ternary 

metal thin films.  While the general trend of a concentration gradient is preserved, each 

concentration gradient is non-uniform (at least at the surface).  As XPS only probes the top 1-2 

nm of the surface, it’s possible that deeper into the film the composition gradient is preserved, 

and is more uniform in nature.  Figure 4.7 shows the quantified composition of the film at each 

point, and demonstrates the relative rates of change across the film (the distance between each 

point is 12 mm). 

 Figure 4.6d shows a wide band survey spectrum from one of the 7 x 7 grid points.  Each 

peak in the spectrum is accounted for, while only the Ti 2p, Ta 4d, and Al 2s peaks were used for 

quantification.  Note that O 1s and N 1s peaks are also visible.  Including the N 1s signal in data 

quantification was performed; however, generating the composition images is currently limited 

to three simultaneous comparisons (hence the metals are shown here for clarity).  The O 1s and C 

1s signals are generally observed in all XPS experiments due to carbonaceous species and water 

vapor that is adsorbed on to the sample.  Because of these artifacts, quantifying O or C in a 

sample is difficult using XPS, without first ion milling the sample to remove the first 2-3 nm of 

the surface.  Because of the difficulty in quantifying O, accurate measures of surface oxidation 

and nitrogen content are difficult by XPS and were not performed.  Future XPS measurements on 

these films should include ion milling (so-called “depth profiling”) and high energy resolution 
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scans over the Ti, Ta, and Al signals to more quantitatively understand their oxidation state and 

associated O or N as a function of position on the film (i.e. composition). 
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Figure 4.7 a and b shows a convolution of the Ti 2p, Ta 4d, and Al 2s signals from the     

7 x 7 point grid.  The color at each point represents a weighted RGB color combination, with the 

color weights corresponding to the composition of the film surface at that point.  It is important 

to note that the composition at each point is normalized to 100%.  Figure 4.7b (courtesy of Dr. 

James O’Dea) shows the normalized metals content at each point in the grid.  The most 

important feature of this plot is that that composition of the metals does not change at the 

expected 1 at% mm-1 that has been observed for metal films.  The exact reason for this departure 

from the previously observed composition gradient93,94 is unknown, but may be partially due to 

differing sputter rates from Ti, Ta, and Al, and diffusion within (or at the surface) the film upon 

deposition.  

Since only the metals are compared (and not oxygen or nitrogen), the composition at each 

point is more semi-quantitative, and does not reflect the true composition of the film.  Overall, 

however, the expected behavior is observed, in that there are three distinct regions of the film 

that are more rich in one element than the others (red, green, and blue regions of the image in 

Figure 4.7) and areas near the middle that combine all three.  Using this information in 

combination with the current image shown in Figure 4.5 may give important insights into the 

necessary (metals) composition of a nitride material that yields the best mix of corrosion stability 

and conductivity at the surface. 
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4.5.3 Elemental Mapping 

Electron Energy Loss Spectroscopy (EELS) can be applied to two-dimensional imaging, 

and allows for the point-by-point mapping of elemental composition at the atomic scale.  Using a 

5th order aberration corrected STEM, EELS maps of Ti, Ta, Al, O, and N signals from a cross-

section of the nitride thin film (obtained by Focused Ion Beam (FIB) milling) were plotted 

(Figure 4.8, Image courtesy of Dr. James O’Dea and Megan Holtz). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure'4.8'Two$dimensional-electron-energy-loss-spectroscopic-(EELS)-imaging-on-a-5th-order-aberra<on-
corrected-electron-microscope.--(A)-EELS-maps-showing-the-correla<on-between-each-metal-and-oxygen-
and-nitrogen.--(B)-EELS-maps-showing-correla<on-between-oxygen-and-nitrogen-(top)-and-AL,-Ti,-and-Ta-
(boBom).-(C)-EELS-maps-of-Ti4+-and-Ti3+.--All-images-in-(A)$(C)-correspond-to-the-same-area-of-the-film.-
Images'courtesy'of'Dr.'James'O’Dea'and'Megan'Holtz-

R=O   G=N G=Ta 

R=O 

R=N 

G=Al 

20 nm 

5 nm 

A 
Ti4+ 

C B 

Ti4+ 

Ti3+ 

G=Al   R=Ti   B=Ta  

G=Ti 

Yellow/orange = overlapRed/green = no overlapYellow/orange = overlapRed/green = no overlap



CHAPTER 4: SPUTTER DEPOSITED NITRIDE THIN FILMS FOR PEMFC SUPPORTS 

 173 

Figure 4.8A showed false color overlays of the metal (Ti, Ta, or Al in green) overlaid 

with the oxygen or nitrogen signal (in red).  Pixels where both the metal and O (top) or N 

(bottom) were detected appear yellow.  It is important to note that one can not conclude that 

chemical bonds exist between the metal and non-metal from the images shown in A, but simply 

that both are detected in that same pixel.  Higher energy resolution EELS images (like those 

shown in Figure 4.8C) are required to determine chemically specific information such as bonding. 

Several important features can be observed in Figure 4.8A.  Firstly, the columnar grain 

structure of the film is readily visible.  Furthermore, it appears that there is a significantly higher 

O concentration at the surface and at the grain boundaries of the film.  This makes since, as the 

primary mechanisms for the oxidation of nitride thin films have been reported to proceed by 

diffusion of oxygen along grain boundaries.95,96  Additionally, the significant overlap of N and 

metal signals in Figure 4.8A (bottom) indicates that the film has more nitride than oxide 

character, and that the oxygen content is limited to the surface and grain boundaries.  This is 

further bolstered by looking at Figure 4.8B (top) where the O (red) and N (green) signals are 

overlaid.  Here there is very little (if any) overlap (would be yellow if observed), and a majority 

of the O signal is isolated to the surface and grain boundaries of the film.  It is interesting that 

very little yellow is observed in the N/O overlay.  This indicates limited oxynitride character of 

the bulk film, while the surface does have mixed oxide/oxynitride character. 

Figure 4.8B (bottom) shows an overlay of the three metal signals from the EELS images.  

The most interesting feature here is that there does appear to be some phase segregation among 

the different columnar grains of the film.  Some grains appear richer in Ti (red colored) than in 

Ta or Al (blue-green color).  The large red band near the bottom of Figure 4.8B (bottom) is due 

to the Ti adhesion layer that was deposited before the nitride film.  An additional observation one 
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can make is that the surface oxidation layer appears to be richer in Al and Ta than Ti.  This, too, 

make sense because of the higher oxophilicity of Ta and Al relative to Ti, and because of the 

predicted thermodynamic stability these oxide coatings would provide to nitrides of Ta and Al. 

Finally, Figure 4.8C shows high-energy resolution EELS images for Ti.  Small shifts in 

the EELS energy allow Ti4+ and Ti3+ to be distinguished in the image.  It can be seen that the 

bulk of the film exists as Ti3+ (the nitride), while the surface and grain boundaries have more Ti4+.  

Ti4+ can still be observed in the bulk of the film, yet the intensity of the signal is much lower 

than Ti3+.  Overall, the higher concentration of Ti3+ in the bulk of the film lends to higher 

conductivities observed in cp-AFM, while changes in composition for different grain boundaries 

and the higher O content for Al and Ta rich domains may explain areas of low current in the cp-

AFM images (because such domains are more insulating that Ti rich domains). 

High-resolution EELS line profiles were also conducted, and reveal that oxygen 

concentrated at the surface is limited, spatially, to the top 2 nm of the film surface (Figure 4.9).  

This finding represents the first evidence our group has obtained showing the limited oxidation 

of a nitride support material.  As the line scan enters the film, the FWHM of the O signal is 1.6 

nm, and fluctuates only between 1.5 – 2 nm in each of the 16 regions shown in Figure 4.5.  The 

C signal is an artifact from the sample preparation.  The spike in concentration at the surface is 

unmistakable, and validates previous literature reports of the passivating oxide layer that forms 

on the surface of nitride materials.  Additionally, the fact that the O is limited to the top ~2 nm 

indicates that the post-deposition annealing of the sample in O2 may be important to control the 

thickness of this layer.  Further experiments are required (such as annealing without O2 and 

having no additional anneal at all) however, before firm conclusions can be drawn. 
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4.5.4 Durability Testing 

In an effort to simulate the potentials and pH experienced by catalyst supports in PEM 

fuel cells, Al-Ti-Ta nitride films were electrochemically cycled in 0.1 M H2SO4 from −0.5 V to 

0.9 V vs. Ag/AgCl at 50 mV/s for 2 hours using the “scanning mini-cell” which isolates a 0.32 

cm2 area of the film.  Four regions of the film were subjected to this durability testing: three 

regions rich in Al, Ti, or Ta and one region in the center of the film, corresponding to an equal 

composition of each element (Figure 4.10).  

 The lighter colored scans in Figure 4.10 represent the initial cycles, while the darker 

scans represent the activity after 2 hours of cycling.  In all but the Ti-rich region, current at the 

positive region of the sweep decreased over time indicating further oxidation of the thin film.  It 

is important to note however, that the decreased current does not indicate that metals are 

dissolving from the film, but rather that the oxide layer is growing thicker.  If metals were 

dissolving the currents would be expected to increase.  Furthermore, each region of the film 

appears to remain conducting as there is not a significant change in the double layer capacitance 

or a change in slope of the CV indicating increased resistivity.  

 Abigail Van Wassen is conducting additional electrochemical experiments on these films, 

while these preliminary results indicate that Ti-rich compositions are the most stable toward 

PEMFC-like conditions.  Furthermore, experiments with Ti-rich films in alternative electrolytes 

and at higher temperatures should be investigated due to the leaching of Ti in SO4
2- containing 

electrolytes97,98, and the limited stability of TiN-based catalyst supports in SO4
2- and ClO4

- 

electrolytes above 60 ºC.18 
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Figure'4.10'Cyclic&voltammograms&(CVs)&taken&over&four&different&0.32&cm2&areas&of&the&
combinatorially&prepared&AlATiATa&nitride&thin&film.&&Each&locaEon&of&the&film&was&cycled&
conEnuously&for&2&hr&from&A0.5&V&to&0.9&V&versus&Ag/AgCl&at&50&mV&sA1&in&0.1&M&H2SO4.&&Light&
colored&scans&correspond&to&the&current&response&in&the&iniEal&sweep&and&dark&colored&scans&to&
sweeps&made&aQer&2&hr.&of&cycling.&Image&courtesy&of&Abigail&Van&Wassen,&Anna&Legard,&and&
Dr.&James&O’Dea&
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4.6 Summary of Additional Experiments 

 In addition to Ti-Ta-Al nitride films, several other metal combinations are currently being 

investigated using the techniques described in this chapter.  A few preliminary results from these 

experiments are presented in this section for completeness without an extensive discussion.  

Again this section represents the collaborative efforts of the researchers already mentioned in 

this chapter. 

 

4.6.1 Ti-Nb-Al  and Ti-Cr-Nb Nitride Films 

 In addition to Al-Ti-Ta nitride films, nitride films of Al-Nb-Ti and Cr-Ti-Nb were also 

prepared and studied by cp-AFM.  Figure 4.11 shows current (top) and topography (bottom) 

images of each of the films (the data for Al-Ti-Ta nitride is the same as that shown in Figure 4.5).  

Interestingly, Ta and Nb behave differently, in that there is a wider range of compositions that 

are more conducting for Nb containing compositions than for the Ta.  Furthermore, Cr-Ti-Nb has 

an even wider range of compositions that appear conducting by cp-AFM.  The topography 

images are not significantly different for either of the films (the Al-Ti-Nb film may be slightly 

less rough), indicating that the differences in conductivity are not due film grain morphology.  It 

is important to note again that the red regions of the current images represent a saturated current 

detector and convert to a conductivity of roughly 4.5 S cm-1.  Compositions in red may be 

significantly more conducting, but must be studied by other techniques to draw firm conclusions.  

Experiments on these films are on going, yet Cr-Ti-Nb nitrides appear to be the most promising 

in terms of high conductivity.  Corrosion stability testing of these films has also been planned.  

  



CHAPTER 4: SPUTTER DEPOSITED NITRIDE THIN FILMS FOR PEMFC SUPPORTS 

 179 

 

  

 

 

  

0 nA 

50 nA 

A B C D

E F G H

I J K L

M N O P

A B C D

E F G H

I J K L

M N O P

A B C D

E F G H

I J K L

M N O P

Al-Ti-Ta nitride 
A B C D 

E F G H 

I J K L 

M N O P 

Al-Ti-Nb nitride 
A B C D 

E F G H 

I J K L 

M N O P 

Cr-Ti-Nb nitride 

200 nm 

A B C D 

E F G H 

I J K L 

M N O P 
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4.6.3 Pt deposited on Ti-Ta-Al nitride thin films. 

 In order to investigate the suitability of these materials as catalyst supports, a 2.5 nm 

layer of Pt was deposited on the O2 annealed films.  The Pt deposition was performed in such a 

way that the Pt tends to form small islands rather than a conformal film, thus approximating 

nanoparticles deposited on the surface of the film.  Figure 4.12 shows CVs obtained using the 

scanning mini-cell for the single element rich regions of the film and for the center of the film.  

CVs were obtained in 0.1 M H2SO4 over -0.2 to 1.2 V vs. Ag/AgCl at 50 mV s-1.  Typical 

features for Pt (starred peaks in Figure 4.12) are visible in each of the regions of the film, while 

the Ti-rich region seems to give the highest currents.  Additionally, the double-layer current 

(between -50 mV and + 300 mV) is different for each region of the film.  This suggests non-

uniformity in the film roughness and Pt surface area.  This behavior is not surprising since the Pt 

was deposited as a discontinuous, 2.5 nm layer.  It is important to note that the Ti-rich region 

shows the greatest performance from a Pt-utilization point-of-view.  Further electrochemical 

experiments are required to fully characterize the activity of Pt/nitride film catalysts, but these 

initial results suggest that Pt can be supported and characterized while supported on Ta-Ti-Al 

nitride films. 
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Figure'4.12'CVs$of$2.5$nm$Pt$film$deposited$on$a$Ta6Ti6Al$nitride$film.$$Each$scan$was$performed$on$a$different$
region$of$the$film,$shown$in$the$inset$film$diagram.$Note$the$typical$features$of$Pt$(starred)$are$visible$indicaGng$
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 Figure 4.13 shows results from methanol (MeOH) oxidation studies of the 2.5 nm Pt 

layer deposited on the Ta-Ti-Al nitride film.  This data was taken in 1 M MeOH and 0.1 M 

H2SO4 over the range -0.2 to 0.7 V vs. Ag/AgCl at 50 mv s-1.  The maxium current (typically 

near 0.6 V vs. Ag/AgCl) is plotted vs. cycle number, and is taken as a measure of MeOH 

oxidation activity.  Importantly, the Pt thin film was deposited in the same system, but is 10 nm 

thick and continuous, whereas the Pt deposited on the nitride film is only 2.5 nm thick and is not 

continuous.  The Pt film shows approximately 2x the current for MeOH oxidation, yet the 

Pt/nitride film shows significantly less drop in current after the 1st 5 cycles, with the Ti-rich 

region of the film performing the best in these experiments.  These initial results may indicate 

that CO poisoning is less of a challenge on nitride supports, since the performance of Pt/nitride 

film is less affected upon cycling, however further experiments are required to draw firm 

conclusions.  Nonetheless, these initial results are exciting and suggest that ternary nitride 

compounds (as nanoparticles) should be developed as supports for Pt-based catalysts, and their 

potential co-catalytic (or poisoning inhibiting properties) studied. 
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Figure'4.13'Plot%of%MeOH%oxida/on%maximum%current%vs.%cycle%number%for%
Pt/Ti<Ta<Al%nitride%film%and%a%Pt%thin%film.%%Note%that%the%Pt%thin%film%is%a%
con/nuous%10%nm%film,%while%the%Pt/Ti<Ta<Al%nitride%is%comprised%of%small%Pt%
islands%on%the%nitride%film.%%Although%the%current%is%almost%half%the%Pt%film,%the%
nitride%supported%Pt%film%has%a%lower%loss%of%current%during%the%ini/al%5%cycles.%%
This%may%indicate%that%Pt/Nitride%films%are%more%resistant%to%poisoning%by%CO.%%
Image&courtesy&of&Abigail&Van&Wassen&and&Anna&Legard%
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4.7 Conclusions 

Using magnetron sputtering, thin films of Ti-Ta-Al nitride (and other metals) have been 

prepared and studied using a variety of surface sensitive techniques.  We have shown that 

nitrides are capable of supporting Pt catalysts for fuel cell reactions, and have shown that a 

surface oxide layer that is approximately 2.0 nm thick stabilizes the nitride supports.  Using cp-

AFM we observed that the conductivity of the nitride film varies significantly with composition, 

and that Ti-rich nitrides are likely of the most interest for nanoparticle studies based solely on 

conductivity. 

The work presented in this chapter summarizes the results of our experiments to date, 

while further investigations are forthcoming.  In addition to Ti-Ta-Al nitride films, Nb and Cr 

containing films have been prepared and films with W and V have been planned.  The ultimate 

aim is to use the combinatorial approach to discover new nitride compounds that have a host of 

desirable properties, and to use the insights gained through high-throughput studies to synthesize 

nanoparticles of the identified active compositions. 

4.8 Catalyst Support Conclusions 

 Chapters 2 through 4 of this dissertation have focused on my efforts to develop new 

catalyst support materials for PEMFCs.  While oxide based materials, due to their limited 

conductivities, have fallen somewhat out of favor in our group, nitride materials are of 

burgeoning interest.  I have shown that mixed metal, Ti-based nitrides possess unique oxidative 

stability when prepared correctly, and that some nitride compounds surpass carbon-based 

supports when tested in fuel cell like conditions.  It is my hope that the results presented here 

will inform future researchers in the DiSalvo and other groups who are interested in the 

properties of nitride compounds and their utility as catalyst supports.  
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CHAPTER 5 
 

RARE-EARTH/TRANSITION METAL PEROVSKITES AS OXYGEN REDUCTION 
CATALYSTS IN ALKALINE SOLUTIONS 

 
Work in this chapter was performed in collaboration with an undergraduate researcher:  

Michael De Sienna 
 

 
 In Chapter 1, several of the challenges inhibiting the full-scale deployment of fuel cell 

technologies were discussed.  Among these challenges are the deficiencies of carbon-based 

catalyst supports.  My efforts to develop new, non-carbon supports have been discussed in the 

preceding chapters, while this chapter will focus on the challenge of developing new, less-

expensive catalyst materials for fuel cell reactions. 

 I was introduced to this project in the summer of 2011 after a report1 appeared in Nature 

Chemistry discussing the use of perovskite lanthanum-transition metalates as oxygen reduction 

catalysts in alkaline electrolytes.  Although I had not worked on catalytic materials before, my 

experience with oxides and the apparent activity of these catalysts inspired me to synthesize 

some of these materials to see if we could learn more about them, and perhaps build on the 

reported results.  Michael De Sienna, a new undergraduate researcher in the group, joined me in 

this effort (executing a large portion experiments himself), and the results presented here 

represent our work with these materials obtained over the last year and half. 

 

5.1 Oxygen Reduction in Alkaline Solutions 

 As discussed in Chapter 1, the oxygen reduction reaction (ORR) occurs at the cathode in 

polymer electrolyte membrane fuel cells (for both acidic and alkaline fuel cells), and has been 

called by some “God’s collective punishment to electrochemists,” due to notoriously slow 

kinetics and significant overpotential losses generated from driving the reaction at moderate 
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current densities.  Platinum, or perhaps Pt3Co, is currently the best ORR catalyst available for 

acidic systems2-6, although Pt-free catalysts such as Pd and Pd-M alloys7-13, Fe or Co containing 

prophyrins14, transition metal carbides15, and oxides/oxynitrides15 have also been reported to 

possess limited ORR activity.16 

 In contrast to acidic electrolytes, ORR in alkaline solutions has reportedly faster kinetics 

leading to smaller overpotential losses. 17-19  Additionally, non-noble metal catalysts (such as Ni 

or Co) may potentially be used due to the insolubility and higher stability of such metals and 

their oxides in alkaline solutions at potentials present in a fuel cell20 (as reported in Pourbaix 

diagrams21).  Among the materials studied as potential ORR catalysts in alkaline electrolytes are: 

Pd-based catalysts22, Ru-based catalysts23, Fe-containing porphyrins24, nickel-cobalt spinels25-30, 

manganese oxide based catalysts19,28-33, as well as elemental Au, Ag, Co and Ni20 have proven to 

be the most promising alternatives to Pt-based electrocatalysts for alkaline fuel cell applications.  

Each of these catalysts presents individual challenges ranging from long-term stability, to 

producing H2O2 (via a 2-electron reduction of oxygen) rather than water (via a 4-electron 

pathway).  Several review articles focusing on alkaline fuel cell technology and ORR in base are 

available34-38 which provide detailed discussions of the state of the field and the challenges which 

remain unresolved. 

 The latter challenge (i.e. the production of peroxide) has been a persistent problem for 

researchers developing non-noble ORR catalysts for alkaline systems.  Generally, the production 

of peroxide should be minimized due the corrosive (oxidizing) nature of the peroxide anion 

(especially to polymeric membrane materials), and because more energy is generated per O2 

molecule by the 4-electron reduction to water.  Furthermore, strongly adsorbed HO2
- has been 

reported to lower the overpotential for peroxide production, further promoting the 2-electron 



 CHAPTER 5: PEROVSKITES AS ORR CATALYSTS IN ALKALINE SOLUTIONS 

 195 

pathway over the 4-electron reduction to water.39  Despite numerous studies6,37,40-54, the precise 

mechanism of peroxide formation (or oxygen reduction) is not well understood.  Observing and 

detecting intermediates formed on a catalytic surface has proven difficult in both acidic and basic 

electrolytes39, and different catalysts appear to promote different reaction mechanisms (i.e. 

adsorbate formation energies, surface orientation, and electron transfer steps are not necessarily 

the same for different catalysts).  It is clear that ORR electrocatalysis continues to be the primary 

challenge inhibiting the widespread deployment of fuel cell technologies. 

 

5.2 Perovskites for ORR 

 In addition to the catalyst materials mentioned previously, perovskite oxides with the 

general formula ABO3 (A is generally a main group element or rare earth, and B a transition 

metal) have been reported as attractive alternatives to noble metals because of their ORR activity 

in alkaline solutions and low cost.14,55  The ideal perovskite structure consists of a primitive 

cubic unit cell with A-atoms at the corners, and oxygen atoms on each face.  The B-atom resides 

at the center of the cubic unit cell, and forms a BO6 octahedral unit with the face-centered 

oxygen atoms.  This octahedral unit can distort in shape lending structural complexity and 

flexibility to perovskite compounds.56 

The perovskite crystal lattice can serve as a versatile host for a variety of mixed metal 

oxides due to its ability to accommodate distortions, as well as both iso- and aleo-valent doping 

on the A- and B-sites.56  Furthermore, the crystal structure and properties (e.g. ionic transport, 

electronic conductivity, and ORR activity) vary significantly depending on the nature and 

relative stoichiometry of different A-site (typically La, Pr, Gd or alkaline earths: e.g. Ca, Sr, Ba) 

and B-site (typically Ti, V, Cr, Mn, Fe, Co, and Ni) cations.57,58   
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 Perovskite oxides (such as LaNiO3) have been studied as ORR catalysts since the 1970s.  

Matsumoto et al59-61 reported moderate ORR activity for substituted LaNiO3 (i.e. LaNi1-xM’xO3 ; 

M’=Fe, Co, V), and concluded that the degree of overlap of the B-site atoms’ d-orbitals 

(particularly those with eg symmetry) plays a significant role in tuning the ORR activity.  

Furthermore, mechanistic studies suggest that the B-site stoichiometry of La-based perovskites 

significantly contributes to the chemisorption of O2 to the catalytically active surface, and that 

adsorbate formation is the rate-limiting step for perovskite catalysts.62,63  A conflicting report by 

Bockris and Otagawa64 concludes that the desorption of OH- from the perovskite surface is the 

rate-limiting step, and that lattice O atoms from the perovskite may be released and replaced with 

O from reduced-chemisorbed O2 molecules (determined using 18O labeled perovskites).  

Furthermore, this study also concluded that the mechanism of ORR changed for perovskites with 

different B-site transition metals. 

 There are two main mechanisms proposed for oxygen reduction on perovskite catalysts in 

base.64,65  The first involves the reduction of oxygen in two 2-electron transfer steps (which 

produces the HO2
- anion as an intermediate), while the second involves the direct 4-electron 

reduction of O2 to H2O.  There is still significant debate as to which mechanism predominates, as 

both mechanisms are observed for various La-based perovskite catalysts.  For example, Tulloch 

et al66 reported that LaMnO3 strongly favors the peroxide mechanism (81% H2O2 formation by 

Rotating Ring-Disk Electrode; RRDE), while substituting 60% Sr  on the La-site (i.e. 

La0.4Sr0.6MnO3) reduced peroxide formation significantly (15% H2O2 formation by RRDE).  

Sunarso et al67, on the other hand, reported that LaMO3 and LaM1-xM’xO3 (M/M’=Cr, Mn, Fe, 

Ni, Co) catalysts perform ORR entirely by the 4-electron pathway, and that LaCoO3 and 

LaNi0.5Mn0.5O3 showed the highest ORR current densities at the most positive onset potential 
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(from RRDE experiments).  Additional reports that support both mechanisms are also 

available,57,68-70 each suggesting a different optimum stoichiometry for achieving the highest 

catalytic performance.  

 Many of the early investigations of the ORR mechanism on La-based perovskite catalysts 

utilized bulk, porous electrodes.  Often, these electrodes made quantitative determinations 

difficult as the electrode porosity made determining catalyst surface area and oxygen diffusion 

rates difficult.  Only in recent years have studies of thin-layer perovskite electrodes become 

available.58,66,67,71,72  Such studies have increased the quantitative accuracy of ORR activity and 

electrochemical stability measurements.  

Using the thin-layer electrode approach73, Suntivich et al1 measured the ORR activity of 

15 substituted and un-substituted La-based perovskites, and concluded that ORR on these 

catalysts proceeds via the direct, 4-electron pathway (including compounds like LaMnO3, 

previously reported to favor the 2-electron pathway).  Combining these electrochemical 

measurements with theoretical calculations, the authors reported that the number of electrons in 

surface, transition-metal, eg-type orbitals (as well as the covalency of the Bsurface-O bond) in La-

based perovskite catalysts can be used as a descriptor for ORR activity, and that perovskites with 

an eg filling ≈1 show the highest ORR activity (i.e. LaNiO3 or LaMnO3+∂ are the closest to eg =1).  

This finding is in opposition to previous reports59-61 that suggest that the electronic effects of 

bulk atom orbitals play a more significant role in the ORR activity. 
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5.3 Preparation of La-Based Perovskite Catalysts 

 Perovskite oxides can be synthesized using a variety of techniques including traditional 

ceramic methodologies59,61, sol-gel methods74-77, co-precipitation1,78, and various thin-film 

deposition techniques (MBE, PLD, etc.).79-81  Typically each of these techniques requires 

subsequent thermal annealing in air or oxygen as amorphous or sub-stiochiometric oxides are 

generated.  Hence, perovskite catalysts for fuel cell applications often have significantly larger 

particle sizes (20 nm to several µm) and lower surface areas (0.25-10 m2/g) than noble metal 

nanoparticle catalysts, such as Pt, that are used in acidic electrolytes.  However, because the 

relative cost of perovskite oxides compared to Pt or Au, larger particle size is less of an 

inhibiting factor, as long as suitable ORR activity can be achieved.14  The perovskites studied in 

this chapter were prepared following the method presented by Suntivich et al1, wherein metal 

nitrate precursors were dissolved with citric acid in water, dried, and fired at high temperatures 

in air. 

 

5.3.1 Materials 

 Hydrated metal nitrates (metals= La (III), Ca (II), Sr(II), Cr(III), Mn(II), Fe (III), Co(II), 

Ni (II), Cu (II); ACS grade, > 97%) were obtained from Sigma Aldrich; Ammonium Vanadate 

(NH4VO3, ACS grade) was obtained from Fischer Scientific; Citric Acid (anhydrous, ACS 

grade, >98%) was obtained from J T Baker;  Ammonium Hydroxide (NH4OH, 18M, ACS grade) 

was obtained from J T Baker; Nafion solution(5 % in aliphatic alcohols) was obtained from 

Sigma Aldrich; Potassium Hydroxide (KOH, ACS grade) was obtained from Fischer Scientific; 

Argon (Ar, analytical grade < 50 ppm H2O) was obtained from Airgas; Oxygen (O2, medical 

grade) was obtained from Airgas; Carbon Black (Vulcan XC-72) was obtained from Cabot. 
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5.3.2 Synthesis and Characterization of LaMO3 (M=V, Cr, Mn, Fe, Co, Ni) 

 In a typical synthesis, stoichiometric amounts of metal nitrate (or NH4VO3 for V-

containing samples) precursors were added to a round bottom flask with anhydrous citric acid in 

a molar ratio of 1:5.  The precursors were dissolved in DI water, and the total metal ion 

concentration was brought to 0.1 M.  The pH of the precursor solution was then adjusted to 7 by 

titrating with concentrated NH4OH.  The neutralized solution was then transferred to a petri dish, 

and dried in a drying oven at 125 ºC overnight to form a gel.  The gel was then calcined at 450 

ºC for 6 hours in air.  The as-calcined powder varied in color depending on the metals used in the 

perovskite, and required further heating to form the crystalline perovskite phase.  The heating 

conditions for each sample are listed in Table 5.1.  The final products were confirmed to be 

single phase by powder X-Ray diffraction (pXRD). 
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Table&5.1!!!Synthesis!conditions!of!perovskite!samples*

Perovskite*
Compound Temp*(ºC) Time*(hr) *Space*Groupß PDF**Number
LaVO3 800†

6 P"n"m"a 04?009?3170

LaCrO3 1000 6 P"n"m"a 04?016?5697

LaMnO3 1000§
6 P"n"m"a 04?016?2205

LaMnO3+∂ 1000 2 R"'3"c 04?015?9961

LaFeO3 600 2 P"n"m"a 04?013?6814

LaCoO3 800 6 R"'3"c 04?015?9971

LaNiO3 600 6 R"'3"c 04?013?6811

La0.5Ca0.5MnO3 1000§
2 P"n"m"a 01?076?8548

LaMn0.5Ni0.5O3 600 2 P"b"n"m 01?075?2903

LaMn0.5Cu0.5O3 500§
2 P"n"m"a ??

LaCo0.5Mn0.5O3 1000§
6 P"b"n"m 04?012?5611

LaCo0.5Ni0.5O3 800§
6 R"'3"c 01?073?2813

LaCo0.3Ni0.7O3 600 6 R"'3"c ??

*!Heated!in!air!unless!otherwise!noted

§!Heated!in!Ar

†!Heated!in!forming!gas!(N2/H2)

ß!All!have!distorted!perovskite!structure!types!by!pXRD
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Figure 5.1 shows pXRD patterns and SEM images of several perovskite compounds.  

Each of the perovskite compounds was confirmed to be single phase by pXRD.  Generally, the 

particle size and morphology of each of the perovskite compounds were similar.  In Figure 5.1b 

one can see that a typical particle size is on the order of 200-300 nm, while the crystalline 

domain size (determined from pXRD line broadening) was about 20-50nm indicating that the 

individual particles are polycrystalline.  Additionally, when comparing the LaMnO3 image (left) 

to the LaFeO3 image (right) one can see that the faceting and sintering behavior of different 

perovskite compounds varies.  The LaMnO3 sample appears more crystalline, and more well-

defined faceting of the particles can be seen, while the LaFeO3 sample appears smoother, less 

porous, and more well sintered.  Such behavior is not unexpected as the annealing conditions 

varied for each of the compounds.  It is interesting however, that the Fe-containing sample was 

annealed at a lower temperature but appears more highly sintered than the Mn-containing 

sample.   

The two images shown in Figure 5.1b represent the extremes of particle morphology (i.e. 

all of the samples fall between these levels of sintering and particle shape).  The BET surface 

area of each of the perovskites ranged between 10 and 16 m2 g-1, which is relatively high 

compared to reports of other perovskite compounds prepared by similar methods1,66,71, but 

substantially lower than typical Pt nanoparticle surface areas. 
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5.4 Chemical Stability of Perovskite Catalysts 

 The chemical stability of several perovskite oxide catalysts in alkaline solutions has been 

investigated by Hyodo et al.57,82,83  The authors reported that upon immersing samples of the 

catalysts in 9 M NaOH for 12 hours at 80 ºC, only LaCrO3 and LaFeO3 appeared stable by 

pXRD (i.e. no other crystalline phases were observed in the pXRD pattern).  Other perovskites 

that were tested included LaNiO3, LaCoO3, and LaMnO3, however each of these samples showed 

significant changes in their pXRD patterns after stability testing, including the appearance of 

La(OH)3.  In addition to simple ABO3 perovskites, the authors also studied several A-substituted 

and B-substituted samples.  The authors found that the addition of 20-40% Sr on the A-site 

improved the apparent chemical stability (i.e. no secondary phases were detected by pXRD post 

stability testing). 

 Building on these results, we explored the chemical stability of the perovskite catalyst 

samples in alkaline solutions.  Approximately 100 mg of each sample was placed in a vial and 

covered with either 3 M or 0.1 M KOH.  The vials were capped tightly and placed into an oil 

bath at 80ºC and left for 3 weeks.  After the stability test, the test solution was decanted off and 

the samples were rinsed thoroughly with DI water.  The results of these stability tests are 

summarized in Table 5.2. 
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Figure 5.2 shows pXRD patterns and SEM images of LaCoO3 and LaNiO3 before and 

after stability testing in 3 M KOH solution for 3 weeks at 80 º C.  In both cases La(OH)3 is 

visible in the pXRD pattern (starred peaks) indicating a lack of chemical stability in 3 M KOH.  

Additionally, needle (for LaNiO3) and plate-like (for LaCoO3) crystallites of second phases 

(corrosion products) are visible in the SEM images showing phase segregation at the surface of 

the particles.  The secondary crystallite morphology is consistent with solution growth, 

indicating that La, Ni, and Co were likely leached from the perovskite material into solution, and 

then nucleated crystallites on the surface of the perovskite grains.  It is unclear from how deep 

the metals were leached, as the parent perovskite compound is still visible by both pXRD and 

Table&5.2!!!Stability!Testing!in!KOH!Solutions!for!3!weeks!at!80!ºC

Perovskite*
Compound

Stability*in*
3*M*KOH

Stability*in*0.1*
M*KOH

LaVO3 >> P,S

LaCrO3 >> P,S

LaMnO3 P,D P,S

LaMnO3+∂ P,D P,S

LaFeO3 >> P,S

LaCoO3 X,D P,S

LaNiO3 X,D P,S

LaMn0.5Cu0.5O3 >> P,!S

LaMn0.5Cu0.5O3!(MIT!Prep) >> P,S

LaMnO3!(MIT!Prep) >> P,S

P!>!Single!phase!perovskite!by!pXRD

X!>!Multiple!phases!by!pXRD

S!>!Same!particle!size,!shape!by!SEM

D!>!Visible!differences!in!SEM!images!before!and!after!testing

>>!Experiment!not!performed
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SEM.  It is likely, however, that at least several tens of nm of surface layers are depleted simply 

by observing the presence of La(OH)3. 
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In addition to LaNiO3 and LaCoO3, LaMnO3 was also tested in 3 M KOH at 80 º C for 

three weeks.  While no apparent changes in the pXRD pattern were observed for either of the 

Mn-containing samples tested, small growths on the parent perovskite material were observed in 

SEM images (shown in Figure 5.3).  The fact that no changes were observed in the pXRD 

pattern of the LaMnO3 sample indicates that the growths are either amorphous, or a small mole 

fraction (<3% or so) of the product.  
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Figure 5.3d shows a close up of a growth and its rod-like structure.  The rods appear to 

have a diameter between 10-20 nm without significant variation in other growths inspected 

around the sample.  The average total size is on the order of 1-3 µm in diameter.  Energy 

Dispersive X-ray spectroscopy (EDS) shows that the average metals ratio (La:Mn) is 50:50; 

however, the probe volume of the EDS is too large to isolate the beam to only the corrosion 

product.  Furthermore, attempts to separate and isolate the growths from the LaMnO3 by ultra-

sonicating were unsuccessful. 

 The morphology of these growths appear to be different from the morphology of the 

plate-like and rod-like crystals found in the Ni and Co samples; however, the shape is consistent 

with nucleation and growth from some species in solution.  It was hypothesized that the growths 

could be some Si-based species that come from etching of the glass vial in which the experiment 

was conducted; however, this is not likely as such growths were only observed in the LaMnO3 

case.  While the origin of the these growths remains unclear, only LaMnO3 seems stable in 3 M 

KOH when considering only the pXRD patterns. 

 In addition to testing the perovskite stability in 3 M KOH, tests were also conducted in 

0.1 M KOH.  As summarized previously in Table 5.2, almost all of the perovskites tested appear 

stable by both SEM and pXRD in 0.1 M KOH.  The only exception was LaCoO3, which showed 

some inhomogeneity in metals content when analyzed by EDS (some particles were 50:50, while 

others were 33:66).  

Generally, one can use thermodynamic models (e.g. Pourbaix diagrams21) to predict the 

stability  of a material (i.e. insolubility and redox behavior) as a function of pH and applied 

potential; however, such models typically only consider the equilibrium between the active 

material (i.e. a single metal) and water.  Adding additional ions (from an electrolyte or from 
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other metals in a compound) can alter material stability significantly by adding to, or changing 

the pertinent equilibria.  For example, Ti metal under low potential and low pH conditions, in the 

presence of SO4
2- anions tends to form soluble TiO(SO4)- species whereas Ti metal under the 

same pH and potential conditions in DI water (without any SO4
2- present) tends to form insoluble 

TiO2.  Furthermore, in cases where a surface with limited stability is in contact with a liquid 

(such that the concentration of ions in solution is small, say arbitrarily ~10-6 M), the surface can 

experience significant restructuring due to the constant exchange of surface and solvated ions.  

Considering such equilibria is important, especially for catalytic materials that rely on the surface 

stoichiometry and structure for optimum performance, for achieving accurate stability models. 

In order to augment our experiments with thermodynamic understanding, a model 

(similar to a Pourbaix Diagram) for the dissolution behavior LaMnO3 has been developed using 

Density-Functional calculations by Eva Smith84 (through a collaboration fostered by EMC2).  

The model suggests that LaMnO3 is thermodynamically stable and insoluble in the pH and 

potential region of interest for alkaline fuel cells.  It is important to remember however, that such 

a model only predicts the predominant species present at a given pH and potential condition, and 

does not necessarily suggest that there are zero ions in solution at a given potential/pH condition 

in a “region of stability” on a Pourbaix-type diagram.  Indeed small concentrations of cationic 

and anionic species are likely present at all pH/potential conditions, with the concentration of a 

given species being determined by the thermodynamic equilibrium of the system under study. 

While still under development, this model can be applied to other perovskite compounds, 

both substituted and un-substituted, in-order to develop a more complete understanding of the 

thermodynamic and kinetic factors at play in the dissolution dynamics of these materials.  Figure 

5.4 shows the Pourbaix-type diagram calculated by Eva Smith. 



 CHAPTER 5: PEROVSKITES AS ORR CATALYSTS IN ALKALINE SOLUTIONS 

 209 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Overall, these results raise questions about the chemical stability of these materials, and 

their potential utility as catalysts in alkaline fuel cells.  Previously reported57,82,83 results suggest 

at least short-term (up to 12 hours) stability in 9 M base, while our results indicate that many of 

the perovskite materials are not stable over longer time scales.  Furthermore, the stability of these 

materials in the presence of bound ionic species (such as those associated with polymeric 

membrane materials) is not well understood.  It is clear that additional experiments regarding the 

dissolution behavior and chemical stability of these compounds is required before firm 

conclusions are drawn about their potential use as ORR catalysts in alkaline solutions. 

Figure'5.4''Poten&al)vs.)pH)diagram)calculated)for)LaMnO3.))The)dashed)lines)show)the)stability)
window)of)H2O)and)have)a)slope)of)A59)mV/pH)unit.))Note)the)calculated)stability)of)LaMnO3)at)
the)equilibrium)poten&al)of)ORR)at)pH)14)(top)dashed)line).)Image&courtesy&of&Eva&Smith.))
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5.5 Measuring Electrocatalytic Performance   

5.5.1 Electrode Preparation 

The electrochemical performance of the perovskite catalysts was evaluated using rotating 

disk electrode voltammetry (RDE) following the method reported by Suntivich et al73.  Similar 

to the methods presented in Chapter 3, the perovskite materials were prepared as inks, and drop 

cast onto cleaned, polished, 5 mm glassy carbon (GC) disk electrodes (polished to mirror finish 

with 0.05 µm alumina slurry, and cleaned by sonicating in 0.2 M NaOH for 10 minutes).  

Generally, the catalyst ink was prepared by combining the active catalyst (10 mg) with 20 wt% 

carbon black (2 mg, Vulcan XC-72) in 2 mL of THF. Approximately 100 µL of 5% Na+-

exchanged  Nafion® solution (a commercial 5% Nafion solution was titrated to pH 10 with 

aqueous 0.1M NaOH) was also added to aid in binding.  The suspension was ultrasonicated for 

10 minutes to achieve a homogenous ink with an overall composition of 5 mg ml-1 perovskite 

oxide, 1 mg ml-1 carbon black, and 1 mg ml-1 Na+-exchanged Nafion.  The catalyst ink was 

applied to the cleaned, polished GC disk electrode to achieve a total loading of 250 µg cm-2 (i.e. 

10 µL of ink suspension was drop cast onto the GC disk).  As reported by Suntivich, the drop 

cast ink was dried by placing the “wet” electrode into a jar with a few mL of THF.  The jar was 

lightly sealed, and placed in a hood to allow the THF vapor to slowly escape the jar.  The THF 

vapor-liquid equilibrium in the jar atmosphere thus enabled the slow drying of the THF ink to 

achieve a uniform dispersion on the GC disk electrode.  Figure 5.5 shows SEM images of a GC 

disk with as deposited ink. 
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Figure 5.5a shows the bare GC electrode after polishing and cleaning.  A small amount of 

the polishing medium (alumina) was still visible on the surface; however, overall the GC 

electrode appeared clean and well polished by SEM.  Figure 5.5b-d shows images of the inked 

GC electrode.  In Figure 5.5b small “pin holes” can be seen which do not contain any of the 

catalyst ink.  Overall only a few pinholes were seen on the films, which indicates a fairly well 

dispersed ink that covers >95% of the GC electrode.  Figure 5.5c shows the edge detail of the 

inked, GC electrode.  The apparent density of the oxide ink is lower at the edges.  This is likely 

due to the drying of the ink onto the GC electrode.  The THF suspension wets to the GC 

electrode and bulges near the center.  Therefore there is a higher concentration of oxide ink at the 

center than at the edge.  The edges dry faster due to there being less solvent, and hence a lower 

density of catalyst at the edge is expected.  Finally Figure 5.5d shown a close up of the as-

deposited oxide catalyst.  The smaller lighter features are the Vulcan XC-72, which was added to 

aid with conductivity and to help make full electrical contact between the catalyst and the GC 

electrode. 

 

5.5.2 Experiment Parameters 

 In a typical electrochemical experiment three electrodes are used; the working electrode, 

the counter electrode, and the reference electrode.85  The working electrode consists of the active 

material (the inked GC electrode in this case), while the reference electrode is comprised of a 

stable, well-behaved redox system that provides a constant potential, against which the working 

electrode potential is measured (the Standard Hydrogen Electrode is the universal standard while 

the Ag/AgCl electrode is more commonly used in practice).86  The counter (or auxiliary) 

electrode is the source or drain for current that flows thru the working electrode.  Typically the 
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counter electrode potential is not measured, and an electrode material with a high surface area 

(relative to the working electrode) is used to ensure that any electrochemical process occurring at 

the counter electrode is fast relative to the process at the working electrode.87 

 Every report on the catalytic activity of perovskite oxides for ORR in alkaline media (at 

least those surveyed) utilized a Pt counter electrode when performing electrochemical 

measurements.  This presents a challenge since any trace amount of Pt in the electrochemical cell 

may contaminate the performance of the non-noble metal material.88  For example, in a typical 

experiment a 5 mm GC disk electrode has an area of approximately 0.2 cm2.  Assuming 1015 

atoms cm-2 for a single monolayer (ML) coverage and 30 mL electrolyte volume, the 

concentration of Pt in solution necessary to form one ML need only be about 10 nM.  

Additionally, there are numerous reports of sub-ML Pt coverage drastically improving the 

performance of non-precious metal catalysts8,89-92, hence even a fraction of the Pt needed to form 

one ML may alter the properties of a non-noble metal catalysts.  Furthermore, it is standard 

practice when performing electroanalytical chemistry to scrupulously clean glassware using 

aggressive techniques (such as soaking in highly acidic and basic cleaning solutions) such that 

nM and pM amounts of contaminants adsorbed onto the glass do not attenuate the performance 

of materials under study.87,93  It is unclear why so many reports of non-precious metal catalysts 

continue to utilize Pt as a counter electrode; however, in an effort to remove this potential 

influence from the measurement of the perovskite performance, a carbon foam counter electrode 

was used.  Some experiments using a coil of Pt wire as the counter electrode were conducted for 

comparison (a separate cell was used for Pt-containing and non Pt-containing experiments). 

 A three-electrode cell was assembled using a new Pyrex crystallization dish as the 

electrochemical cell (having never been exposed to Pt or other contaminants).  Typical 
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electrochemical cells use glass frits that separate the cell in to three chambers: one for each 

electrode.  In our initial experiments such a cell was used, however artifacts in the current 

response from the clogging of the glass frits was observed.  Using a single-chamber cell removed 

these artifacts and enables us to see current responses consistent with various rotating speeds of 

the electrode (i.e. current responses that changed proportionally with the speed of the rotor).  The 

cell was filled with 0.1 M KOH as the electrolyte with the same electrode arrangement as in 

traditional three chamber cells (i.e. reference, working, and counter electrodes in a horizontal 

line approximately 1-2 cm apart.  An RDE experiment was performed in Ar and O2 saturated 

electrolyte at speeds of 100, 400, 900, and 1600 RPM.  The test gas was allowed to bubble in 

solution for 15 minutes prior to each measurement, and was continuously bubbled during cycling 

(the bubble rate was adjusted to prevent bubble formation on the working electrode).  A 

Ag/AgCl reference electrode was used for all measurements.  The perovskite catalysts were 

tested for ORR by scanning from 0.300 to -0.600 V vs. Ag/AgCl at 10 mV s-1 at room 

temperature (25 ºC). 

 Additionally, a Au disk working-electrode was used in lieu of a GC disk for some 

experiments.  This technique was originally reported by former group member Dr. Chin 

Subban94, and was used for oxide materials to facilitate greater electrical contact between the 

active material and the disk electrode.  A commercial Au disk electrode was used, and the ink 

drop cast method (with the same parameters as described before) was used to apply the oxide 

catalyst to the Au electrode.  Au is also a well-known catalyst for ORR in alkaline solutions20, so 

it is likely in these situations that some of the observed ORR activity arises from the Au disk.  

The extent of the activity, however, will be limited by the extent to which O2 saturated 

electrolyte can reach the Au disk through the perovskite catalyst. 
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5.5.3 The Levich Equation 

 RDE experiments are governed by the Levich Equation (Equation 5.1), which describes 

the current response due to the mass-transport limited delivery of a redox active species to the 

working electrode surface.  The theory from which the Levich Equation is derived is discussed 

elsewhere85, while the equation is shown for the purposes of this discussion. 

 

!! = 0.62!!!!!!!!!!/!!!!/!!!/!!!                                    (5.1) 

!!! = (0.62!!!!!!!!!
!
!!!

!
!!

!
!!!)!! + ! !!!!                               (5.2) 

  

In a typical RDE experiment, the current response over a potential range at several 

rotation speeds is collected.  For a reduction process, past some potential the current will become 

constant and is the mass-transport limited current (il), meaning that as soon as the analyte reaches 

the working electrode surface it is reduced (or the analyte is reduced as quickly as it can be 

delivered).  Plotting the limiting current (at a given potential for all speeds) versus the square 

root of the rotation speed (ω1/2, in units of s-1/2) typically results in a linear plot with a y-intercept 

of zero.  Plots that deviate from linearity are said to be kinetically limited, and a plot of the 

inverse limiting current versus ω-1/2 (a so-called Koutecky-Levich plot, equation 5.2) typically 

results in a linear plot with the y-intercept being the inverse of the kinetic current associated with 

the process.  

A Levich analysis of RDE data typically enables one to determine the diffusion constant 

(DO, units of cm2 s-1) of the analyte in solution, in the case that the number of electrons (n) 

transferred during the redox process is known.  Conversely, if one knows the diffusion constant 

of the analyte (1.90 x 10-5 cm2 s-1 for O2 in water95,96), a Levich analysis can be used in part to 
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determine the mechanistic steps associated with a complex redox reaction (e.g. the Oxygen 

Reduction Reaction).  Additionally, the remaining terms in the Levich equation are constants or 

specific to the system under study.  F is Faraday’s Constant (96485 C mol-1), A is the area of the 

working electrode (in units of cm2, 0.1964 cm2 for a 5 mm disk), ν is the kinematic viscosity of 

the electrolyte (in units of cm2 s-1, 0.01 cm2 s-1 for aqueous electrolytes95,96), and CO is the bulk 

concentration of the analyte under study (in units of mol cm-3, 1.20 x 10-6 mol cm-3 for O2 

saturated solution at 25 ºC95,96). 

 

5.6 Results and Discussion 

 Table 5.3 shows a summary of the RDE experiments conducted for the perovskite 

catalysts.  Also included in the table are samples of LaMnO3 and LaMn0.5Cu0.5O3 prepared by the 

Shao-Horn group at MIT (i.e. the same materials studied by Suntivich and reported in Nature 

Chemistry1). 

Each of the limiting current densities (normalized the geometric area of the working 

electrode, or 0.1964 cm2 for a 5 mm disk diameter) shown in Table 5.3 were obtained at 0.400 V 

vs. RHE and 900 RPM in O2 saturated 0.1 M KOH (except LaCrO3 was taken at 1600 RPM).  

The most interesting feature of the data is in the electron count calculated from these limiting 

currents.  None of them are integer values (as would be expected), and many of them are greater 

than 2.  Non-integer values of electrons possibly indicates a large kinetic current associated with 

ORR on these catalysts, while electron counts greater than 2 may suggest some of the catalysts 

are performing ORR by the 4 electron pathway while others are performing via the 2 electron 

pathway.  In the following discussion, a few examples from these experiments will be discussed 

in more detail. 
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Table&5.3&Summary'of'RDE'experiments'of'perovskite'catalysts.

Perovskite*Compound
Working*
Electrode

Counter*
Electrode

LaCrO3 GC'disk C'foam
LaMnO3 GC'disk C'foam
LaMnO3 GC'disk Pt'wire
LaMnO3 Au'disk C'foam
LaMnO3+∂ GC'disk C'foam
LaMnO3'(MIT) GC'disk C'foam
LaMnO3'(MIT) GC'disk Pt'wire
LaMnO3'(MIT) Au'disk C'foam
LaFeO3 GC'disk C'foam
LaCoO3 GC'disk C'foam
LaNiO3 GC'disk C'foam
LaNiO3 Au'disk C'foam
LaMn0.5Co0.5O3 GC'disk C'foam
LaNi0.5Co0.5O3 GC'disk C'foam
LaMn0.5Cu0.5O3 GC'disk Pt'wire
LaMn0.5Cu0.5O3'(MIT) GC'disk C'foam
LaMn0.5Cu0.5O3'(MIT) GC'disk Pt'wire
LaMn0.5Cu0.5O3'(MIT) Au'disk C'foam
Pt/C&(E0Tek) GC&disk C&foam
Bulk&Pt Pt&disk C&foam

†'Current'at'0.4'V'vs.'SHE'rotated'at'900'RPM'in'O2'saturated'0.1M'KOH'on'5'mm'disk'electrodes
§'Current'at'1600'RPM
¢'Limiting'current'of'1st'plataeu
ƒ'Calculated'from'the'Levich'Equation'il=0.62'n'F'A'D2/3'ν_1/6'CO2'ω1/2

Table&5.3&Summary'of'RDE'experiments'of'perovskite'catalysts.

j l*(mA*cmdisk
92)† E1/2*(V) nƒ

_1.89§ 0.718 1.33
_3.49 0.673 3.26
_2.59 0.662 2.43
_1.15 0.688 1.08
_0.76¢ 0.637 0.71
_0.96 0.553 0.90
_1.18 0.593 1.11
_2.63 0.743 2.46
_1.76 0.698 1.64
_3.68 0.673 3.44
_2.49 0.628 2.33
_1.80¢ 0.647 1.68
_3.17 0.688 2.97
_2.81 0.613 2.63
_3.15 0.693 2.95
_2.38 0.658 2.23
_2.26 0.658 2.12
_2.69 0.743 2.51
02.11 0.878 1.97
02.69 0.824 2.51

†'Current'at'0.4'V'vs.'SHE'rotated'at'900'RPM'in'O2'saturated'0.1M'KOH'on'5'mm'disk'electrodes

ƒ'Calculated'from'the'Levich'Equation'il=0.62'n'F'A'D2/3'ν_1/6'CO2'ω1/2



 CHAPTER 5: PEROVSKITES AS ORR CATALYSTS IN ALKALINE SOLUTIONS 

 218 

Figure 5.6 shows RDE experiments of bare GC (right) and Au (left) disk electrodes in O2 

saturated 0.1 M KOH.  Both disk materials show activity for ORR.  The most notable feature is 

the plateau below 0.600 V vs. RHE for the GC electrode.  This is classic behavior for ORR 

proceeding by the 2-electron, peroxide route.  Furthermore, the E1/2 of the ORR wave seems to 

be shifting to more negative potentials at higher rotation speeds, this is also indicative that there 

are significant kinetic limitations in performing ORR on the GC electrode.  Additionally, the GC 

electrode is producing less current at the highest rotation speed than at the slowest.  The expected 

Levich behavior would be a limiting current proportional to the square root of the rotation speed, 

and hence the scan at 1600 RPM should produce higher current than at 100 RPM assuming no 

additional kinetic challenges. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure'5.6'RDE$study$of$cleaned,$polished,$and$bare$Au$disk$(le:)$and$GC$disk$(right)$electrodes$in$O2$saturated$
0.1$M$KOH.$$Both$electrodes$show$some$acJvity$from$ORR,$hence$any$observed$acJvity$of$the$perovskite$
catalysts$will$be$some$combinaJon$of$the$oxide$and$the$disk$material$acJviJes.$$Note$for$GC$the$plateau$below$
0.600$V$vs.$RHE.$$This$is$a$classic$sign$of$peroxide$producJon,$while$similar$behavior$is$not$seen$for$the$gold$in$
this$potenJal$range.$$This$suggests$GC$is$a$beQer$catalyst$for$ORR$than$Au$which$is$not$true.$$Hence$there$is$some$
problem$with$the$experimental$set$up,$and$addiJonal$results$will$have$to$be$carefully$analyzed$to$remove$this$
anomalous$feature.$AddiJonally,$the$E1/2$of$the$GC$electrode$becomes$more$negaJve$at$higher$rotaJon$speeds,$
which$is$indicaJve$of$kineJc$limitaJons$of$ORR$on$the$electrode.$

E$vs.$RHE$(V)$

j$(
m
A
$c
m

di
sk
U2
)$

100$RPM$
400$RPM$
900$RPM$
1600$RPM$

U1.0$

U0.2$

0.0$

U0.4$

U0.6$

U0.8$

0.6$ 0.8$ 1.0$ 1.2$0.4$

RDE$of$Au$disk$

E$vs.$RHE$(V)$

100$RPM$
400$RPM$
900$RPM$
1600$RPM$U0.5$

U0.1$

0.0$

U0.2$

U0.3$

U0.4$

0.6$ 0.8$ 1.0$ 1.2$0.4$

RDE$of$GC$disk$

j$(
m
A
$c
m

di
sk
U2
)$



 CHAPTER 5: PEROVSKITES AS ORR CATALYSTS IN ALKALINE SOLUTIONS 

 219 

 The Au disk electrode in Figure 5.6 (left) is also interesting.  Au has been reported to be a 

good ORR catalyst in base20 (although it is expected to produce less current than Pt96), and has 

been shown to reduce O2 by the 2-electron, peroxide route in base.97  Furthermore, Swider-Lyons 

et al97 showed that at 0.4 V vs. RHE, Au should be in the first mass-transport limiting current 

regime for the 2-step mechanism, and that the onset for the 2nd 2-electron transfer occurs at 

approximately 0.3 V vs. RHE.  While the 100 RPM scan appears to begin a plateau at about 0.4 

V vs. RHE, the remaining scans are not, this too is indicative of significant kinetic limitations for 

the reduction of oxygen.  Furthermore, the fact that GC appears to a better ORR catalyst than Au 

by these scans is disturbing and indicates some problem with our measurement of the catalytic 

performance of these electrodes.  Sources within the experimental set up that might have 

contributed to this obscure behavior were evaluated, however none could be found.  It was clear 

as we continued to study the perovskite catalysts, we would need to consider the quality of the 

data we were obtaining. 

 Figure 5.7 shows an RDE study of the non-stoichiometric LaMnO3+∂ in O2 saturated 0.1 

M KOH.  The most prominent feature of the RDE scan is the appearance of plateau below 0.6 V 

followed by another redox wave near 0.4 V.  This suggests that the catalyst is performing ORR 

via the two-step, 2-electron pathway, and is producing peroxide.  Additionally, the plot on the 

left shows multiple scans at 900 RPM in which the current density is decreasing upon cycling 

suggesting that the catalyst is electrochemically unstable (or that catalyst is being lost from the 

GC electrode).  The plot on the right shows the tenth cycle at several rotation speeds.  

Interestingly, the blue curve (corresponding to 1600 RPM) shows less current than the scan at 

100 RPM.  Typical Levich behavior would show that the current response is proportional to the 

square root of the rotation speed (hence the 1600 RPM scan should show 4x the current 
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response), however this is not seen.  This is due to the instability of the catalyst, as the 1600 

RPM experiment was performed last (i.e. after approximately 30 cycles at slower speeds) with 

each cycle decreasing somewhat in current (as is shown for the 900 RPM scan).  It is clear from 

this data that LaMnO3+∂ is not electrochemically stable when cycling in the potential range of 0.4 

V to 1.2 V vs. RHE.  Furthermore this data also suggests that this catalyst favors the peroxide 

producing mechanism, while further studies are required to prove this conclusively. 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 5.8 shows an RDE study of the stoichiometric LaMnO3 in O2 saturated 0.1 M 

KOH using a C foam (a) and a Pt wire (b) counter electrode, as well as Levich (c) and Koutecky-

Levich (d) analyses. 
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Figure'5.7'RDE"data"for"LaMnO3+∂.""The"data"on"the"leM"was"obtained"in"O2"saturated"0.1"M"KOH"at"900"RPM.""Note"that"
upon"mulTple"cycles,"the"current"is"decreasing"indicaTng"that"the"catalyst"is"unstable.""Note"also"the"plateau"below"0.6"V"
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full"series"of"rotaTon"speeds.""Because"of"the"instability"of"the"catalyst,"the"scan"at"1600"RPM"shows"lower"current"than"the"
other"scans"when"it"should"show"more.""Scans"at"each"speed"showed"the"same"catalyst"instability"as"the"scan"at"900"RPM."



 CHAPTER 5: PEROVSKITES AS ORR CATALYSTS IN ALKALINE SOLUTIONS 

 221 

  

Figure'5.8'RDE$study$of$LaMnO3$with$a$C$foam$(a)$and$a$Pt$wire$(b)$counter$electrode.$$Unlike$the$nonBstoichiometric$
LaMnO3+∂,$this$catalyst$does$not$appear$to$produce$peroxide$(i.e.$there$is$not$a$plateau$as$observed$in$Figure$5.7),$
which$may$suggest$that$the$mechanism$of$ORR$is$different$on$this$catalyst,$or$that$the$same$mechanism$has$different$
rateBlimiNng$characterisNcs.$$The$scans$with$the$C$CE$appear$to$have$higher$current$and$less$capacitance$than$the$Pt$CE$
scan.$$AddiNonally,$the$scan$with$the$Pt$CE$does$not$seem$to$follow$expected$rotaNonBdependant$current$response$in$
the$1600$RPM$scan.$$(cBd)$Levich$and$KouteckyBLevich$plots$for$the$C$CE$RDE$data.$$The$Levich$plot$yields$an$apparent$
electron$transfer$count$of$2.31.$$The$KouteckyBLevich$(currents$obtained$at$0.6$V$vs.$RHE)$plot$shows$a$significant$kineNc$
current$of$931$µA$(not$current$density),$which$is$more$current$than$was$passed$in$the$cell$on$any$given$scan.$$
AddiNonally$the$apparent$electron$count$is$6.03.$$As$only$4$electrons$can$be$transferred$in$the$reducNon$of$oxygen$it$is$
likely$that$there$are$nonBfaradaic$processes$that$are$inhibiNng$the$kineNcs$of$ORR$on$this$catalyst.$
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 Figure 5.8 a and b showed RDE experiments using two different counter electrodes.  As 

discussed previously, using a noble metal counter electrode when studying non-noble metal 

catalysts can possibly lead to spurious results due to deposition of noble metal atoms onto the 

catalytic surface.  The most interesting feature is that using the C foam CE electrode apparently 

produces more current density than using the Pt wire CE.  Furthermore, using a Pt wire CE 

seems to cause higher capacitance (i.e. the hysteresis between the negative-going and positive-

going scans is greater).  It is important to note that simply changing the counter electrode would 

not necessarily cause these effects alone.  However the catalyst material in both cases is from the 

same preparation, using the same ink-deposition technique.  The GC electrode used for each 

experiment was different in an effort not to contaminate the equipment used for Pt-free studies. 

 An additional interesting feature is the lack of a plateau below 0.6 V as was observed in 

Figure 5.7 for the non-stoichiometric manganate.  Using the data from the C foam CE 

experiment, Levich (c) and Koutecky-Levich (d) plots were constructed.  The Levich analysis 

yields an apparent electron count of 2.31.  If this catalyst were operating via the 2-electron 

peroxide mechanism an electron count of approximately 2 would be expected.  Furthermore, a 

Levich analysis assumes 100% mass-transport control in the limiting current regime.  One could 

argue that the voltammograms never truly reach a mass-transport limited current which is further 

bolstered by the deviation from linearity at low rotation speeds (i.e. the plotted data seems to 

approach a non-zero y-intercept) suggesting additional kinetic limitations involved in the ORR 

mechanism.  

Using the Koutecky-Levich (KL) plot (Figure 5.8d) one can calculate the apparent kinetic 

current by plotting the inverse limiting current versus the inverse of the square root of the 

rotation speed.  In this case the data should appear linear with a slope proportional to the inverse 
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electron count and the y-intercept being the inverse kinetic current.  Using the current at 0.6 V 

vs. RHE (which is in the kinetic region), a KL analysis yields an apparent electron count of 6.03 

and a kinetic current of 931 µA (note this is not a current density).  931 µA is more current that 

was produced for any of the individual scans before they were scaled to the disk electrode 

geometric area, and only 4 electrons can be transferred for ORR, hence this data suggest 

significant kinetic limitations in performing ORR on this catalyst, and suggests that there are 

non-faradaic processes involved in the mechanism.  These non-faradic processes may be 

enhanced when using a Pt wire CE, which may explain the larger apparent capacitance.  The 

exact origins of this anomalous electron count is unknown, yet it is clear that there are significant 

hurdles to performing ORR on this catalyst (at least from our preparation).  As stated previously, 

LaMnO3 reportedly favors the 2-electron mechanism66, while Suntivich et al finds that it is 

among the highest performing 4-electron catalysts1.  It is clear that many questions regarding the 

exact performance of this material remain unanswered, and that LaMnO3 (especially the non-

stoichiometric variant) does not appear to possess the necessary chemical and electrochemical 

stability required for long-term operation in a fuel cell. 

 Figure 5.9 shows a similar RDE study for LaNiO3 using a GC (a) and Au (b) disk 

electrode.  LaNiO3 appears somewhat more electrochemically stable than LaMnO3 although 

decreasing current upon cycling is observed in the 1600 RPM scan.  A Levich analysis of this 

data results in an apparent electron transfer number of 2.33, which suggests LaNiO3 reduces 

oxygen via the 2-electron, peroxide pathway. 
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Figure 5.9b shows an RDE study of LaNiO3 on a 5 mm Au electrode.  While similar 

currents are seen for both the GC and Au supported samples, the appearance of a redox wave at 

approximately 0.6 V vs. RHE at low rotation speeds is interesting, and arises from some 

unknown surface process.  It is unclear why the wave is visible at low rotation speeds but 

appears to disappear at higher rotation speeds.  It is possible that some of the perovskite catalyst 

is lost from the working electrode, however the typical current loss upon cycling associated with 

that complication is not seen in the Au scans. 

 In comparing the RDE studies for LaNiO3 and LaMnO3 it is interesting to note 

that each catalyst appears to reduce oxygen in different ways (either by different mechanisms or 

at different rates).  This speaks to the frustration and complexity we’ve experienced with 

perovskite catalysts, as well as conflicting reports regarding the characteristics and activity of 

perovskite catalysts.  Each of the perovskites prepared were studied using RDE with results 

summarized in Table 5.3.  Notably, LaCrO3, LaMnO3+∂, LaFeO3, and LaCoO3 all appeared 

electrocatalytically unstable (i.e. they showed decreasing current upon cycling at a given rotation 

speed) while the B-substituted samples showed marginally better stability and activity.  LaCoO3 

showed the highest apparent electron count (3.44) from the Levich analysis.  It is unclear from 

the data we’ve collected if La-based perovskites will be suitable replacements for noble metal 

catalysts in alkaline solutions; however, our results do raise additional questions regarding the 

stability of these materials in fuel cell like conditions.  Further experiments will be required in 

order to draw firm conclusions regarding utility of perovskite oxide catalysts for alkaline fuel 

cells. 

In order to validate our electrochemical results and to rule-out any sources of error arising 

from the preparation of the perovskite oxides, samples of the materials reported by Suntivich1 
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were requested from Dr. Yang Shao-Horn and collaborators at MIT.  We received samples of 

LaMnO3 and LaMn0.5Cu0.5O3 prepared by the Shao-Horn group that were approximately 2-years 

old and were the same samples whose catalytic performance was reported in Nature Chemistry.  

pXRD patterns were taken of the samples, which showed that the MIT samples were identical to 

our samples.  SEM images showed that the particle morphology was similar, but that the overall 

particle sizes of the MIT samples were larger (approximately by a factor of 10) compared to our 

preparation.  BET surface area measurements also showed that the MIT samples had lower 

surface as of approximately 6 m2 g-1 (compared to our samples which were 12-16 m2 g-1).  The 

larger apparent particle size is not surprising as the MIT samples were reportedly annealed at 

higher temperatures than the corresponding Cornell samples, which likely resulted in a larger 

degree of sintering and particle growth.  Additionally, the MIT samples were over 2-years old, 

and therefore slow reactions with H2O vapor, O2 or other impurities in air may have altered the 

surface composition or structure.  Figure 5.10 shows a comparison of the pXRD (a) and SEM 

images (b) for LaMnO3 prepared at Cornell (left) and MIT (right).  Ultimately, we concluded 

that the samples were similar enough on which to base a fair comparison of electrocatalytic 

performance. 
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Figure'5.10'(a)$pXRD$pa)erns$of$Cornell$(red)$and$MIT$(black)$prepared$LaMnO3.$(b)$SEM$images$of$Cornell$(leB)$and$
MIT$(right)$prepared$LaMnO3.$$The$scale$bar$in$each$image$is$the$same.$$The$sample$prepared$at$Cornell$has$a$
significantly$smaller$parGcle$size$than$that$of$the$MIT$sample.$$The$BET$surface$areas$were$approximately$14$m2$gP1$
(Cornell)$and$6$m2$gP1$(MIT).$
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To evaluate the electrocatalytic performance of the MIT prepared catalyst, the same 

electrode preparation methods and experimental parameters for the Cornell prepared samples 

were used.  Figure 5.11 shows the results of the RDE studies of the MIT LaMnO3 using a C 

foam (top) and a Pt wire (bottom) CE. 

Comparing the RDE studies of the MIT (Figure 5.11) and Cornell (Figure 5.8) LaMnO3 

samples, one can see that the Cornell prepared sample shows significantly higher current density 

than the MIT sample (approximately -0.8 mA cm-2 for MIT and approximately -3.5 mA cm-2 for 

Cornell).  Additionally, as shown in Table 5.3 the half-wave potential (perhaps a better measure 

of overpotential than an arbitrary “on-set” potential) is 120 mV more positive for the Cornell 

sample than for the MIT sample (0.673 vs. 0.553 mV respectively).  Although these two 

materials are the same identical phase and stoichiometry, the particle sizes are different which 

may account for the significantly higher currents observed for the Cornell prepared sample.  In 

order to determine if differences in particle size and surface area were responsible for the 

difference in observed current density, the current was renormalized to the surface area of the 

perovskite as measured by N2-physisorption (i.e. BET) The resultant current densities were 0.029 

mA cm-2 for the MIT prepared sample and 0.056 mA cm-2 for the Cornell sample (using the 100 

RPM scan as an example).  Generally, the Cornell prepared sample out-performed the MIT 

sample by a significant margin in each case.  While normalizing the current to the catalyst 

surface area is a more quantitatively accurate measure of the catalyst’s activity, normalizing to 

the geometric area of the disk is consistent with MIT’s original report, and enables an “apples-to-

apples” comparison of the two materials. 
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Figure 5.12 shows an RDE study for the second sample MIT provided: LaMn0.5Cu0.5O3.  

Scans using both a C foam (a) and Pt wire (b) CE are shown, and appear to have similar current 

densities (although the scans using the Pt wire CE have a slightly higher current density).  Figure 

5.12c shows a Levich analysis for the data obtained using a C foam CE which results in an 

apparent electron transfer count of 1.78 suggesting the formation of peroxide during ORR.  

Additionally, the fact that the current density does not approach zero at low rotation speeds 

suggests that there is likely some non-faradic, kinetic current resulting from some mechanistic 

step in ORR.  Figure 5.12d shows a Koutecky-Levich analysis (using currents at 0.6 V vs. RHE, 

which is in the kinetic region) of the same data set, which yields an apparent electron count of 

2.78 and a kinetic current of 782 µA. 

 The Koutecky-Levich (KL) analysis of this data resulted in a slope of 16657 A-1 s1/2, or 

3.27 mA-1 cmdisk
2 s1/2.  Originally, this same sample was reported by Suntivich et al1 to show a 

KL slope of  approximately 11 mA-1 cmdisk
2 s1/2 .  From this data the authors calculated an 

apparent electron count of 4, and reported no apparent kinetic current.  It is unclear why there is 

such a discrepancy between these two analyses of the same sample (using the exact same 

experimental parameters).  We are currently working with the authors to resolve these issues, 

while it is clear that the reproducibility of the published data is questionable. 
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Figure'5.12''RDE$studies$of$MIT$prepared$LaMn
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Cu

0.5
O
3
$using$a$C$foam$(a)$and$Pt$wire$(b)$CE.$$Both$scans$show$approximately$

the$same$current$density,$although$the$scans$using$the$Pt$wire$CE$are$slightly$higher.''(c)$A$Levich$analysis$of$the$data$obtained$
using$the$C$foam$CE.$$The$apparent$electron$count$was$determined$to$be$1.78$which$suggest$that$peroxide$is$being$produced.$$

Note$that$the$data$does$not$trend$to$zero$current$at$low$rotaPon$speeds,$which$suggest$that$there$is$some$kinePc$background$

current.$$(d)$KouteckySLevich$(currents$taken$at$0.6$V$vs.$RHE)$analysis$of$the$RDE$study$using$a$C$foam$CE.$$As$described$in$

Figure$5.8,$the$apparent$kinePc$current$(not$current$density)$was$calculated$to$be$782$µA$which$is$more$current$than$was$passed$
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Ultimately, the perovskite samples prepared at Cornell appear to outperform the MIT 

samples by a significant margin.  It is unclear whether this is due purely to differences in particle 

size and shape, or if other experimental parameters are influencing the results.  Future work 

between MIT and Cornell should focus on assuring accurate electrochemical measurements so 

that a consensus can be reached.  Despite the conflicting electrochemical performance data, one 

thing that we have agreed on is the relative instability of these perovskite catalysts in simulated 

fuel cell conditions.  Unless a chemically stable stoichiometry can be found, it is unlikely that 

these non-noble metal catalysts will have significant impact in future fuel cell technologies. 

 As a final comparison, a 5 mm Pt disk electrode and commercially prepared Pt/C (50 wt 

%, E-Tek) were studied, and compared with the Cornell prepared perovskites.  Figure 5.13 

shows an RDE study of Pt/C (top) and a comparison of the performance of these catalysts 

(bottom). 
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The RDE study for Pt/C shown in Figure 5.13top was obtained by preparing a catalyst 

ink suspension and drop casting onto a GC electrode using the same preparation technique as for 

the perovskite catalyst.  The most distinctive feature of the Pt/C scan is the wide potential range 

over which a mass-transport limiting current can be observed (approximately 0.8 V to 0.4 V vs. 

RHE).  Additionally, there appears to be only one redox wave, which suggests a single step 

mechanism for ORR.  The Pt disk electrode showed similar performance and current densities 

(as can be observed in Figure 5.13bottom).  Another interesting feature is the decreasing current 

in the 1600-RPM scan as a function of cycling.  It is unlikely that Pt is becoming poisoned and 

losing activity in this environment, therefore the decreasing current is likely due to a loss of 

active material from the working electrode. 

Figure 5.13bottom shows a comparison of the Pt catalysts with LaMnO3 and LaNiO3 at 

900 RPM in O2 saturated 0.1 M KOH.  The most interesting feature is the significantly higher 

overpotential observed for the perovskite catalysts (from the E1/2).  As discussed in Chapter 1, 

every bit of potential sacrificed as overpotential translates to less power produced by the fuel 

cell.  While there is a balance to be struck between acceptable overpotentials and cost of 

materials, sacrificing 0.6 V for using an oxide catalyst may be considered too high a cost in 

performance loss.  Additionally, the slopes of the kinetic regions of each scan appear to change 

suggesting that the kinetics of ORR on perovskites and Pt catalyst are different.  It is very likely 

that the mechanism of ORR is different for Pt and oxide catalysts based solely on differences in 

the nature of the surface.  Certainly adsorbate formation thermodynamics and kinetics are 

different, and has already been discussed as it pertains to perovskite catalysts. 

As shown in Table 5.3, the apparent electron transfer count from the Pt/C data was 1.97 

while the apparent count for the Pt disk electrode was 2.51.  This is somewhat unexpected since 
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Pt is known to be (essentially) the best catalyst for ORR in acidic and basic solutions   Only 

seeing an electron count near 2 suggests that there may be some problems associated with our 

experimental set-up.  This calls into question many of the results presented in this Chapter.  

Future work in this system should focus on the quantitative accuracy of the electrocatalytic 

performance of these materials.  It is unfortunate that these issues were not resolved before the 

writing of this dissertation; however, much was learned about these catalysts and their behavior, 

which will aid in the answering of the remaining questions regarding the performance of 

perovskite oxide catalysts. 

 

5.7 Conclusions 

 In this chapter, La-based transition metal perovskites were studied as potential non-noble 

metal catalysts for ORR in alkaline electrolytes.  We find that in each of the materials studied, it 

appears that these catalysts favor the two, 2-electron step mechanism, forming peroxide rather 

than the direct 4-electron reduction to water as has been previously reported.  Furthermore, we 

find that the un-substituted perovskites we studied are chemically unstable over 3 weeks at 80 ºC 

in 3 M KOH. 

 Additionally, we discussed a comparison of perovskite catalysts prepared at Cornell and 

MIT, and concluded that there is some disagreement between our findings.  While we are 

continuing to work with our collaborators at MIT to reach a common understanding of the 

properties of these materials, it is clear that several questions remain regarding the potential 

suitability of perovskite catalysts for ORR in alkaline solutions. 

 Future work in this area should focus on achieving an accurate, quantitative 

understanding of the mechanism of ORR on these types of catalysts.  Furthermore, the stability 
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and dissolution dynamics should be studied in more detail so as to fully understand the 

thermodynamic and kinetic factors that affect long-term durability and performance.  
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FINAL THOUGHTS 
 

LOOKING TO THE FUTURE 
 
 

 This dissertation has discussed only a few of the challenges facing fuel cell technology.  

While much has been learned about new types of materials and novel approaches to solving 

these challenges have been developed, much still remains to be done before fuel cell technology 

can be fully realized. 

 The ongoing work at the Energy Materials Center at Cornell is a testament to the resolve 

with which today’s researchers are working to address the energy challenge our world faces.  

While fuel cells are interesting in principle due to their seemingly simple and idealized promise 

of clean, abundant energy conversion, other more sustainable technologies such power 

generation from wind, photovoltaic, and biomass sources are also competing for valuable 

research dollars.  Unless some revolutionary new materials are developed which improve PEM 

fuel cell durability and performance, it is difficult to think that fuel cells will be able to keep pace 

with the rapidly changing needs of the world energy economy (certainly at least for wide-spread 

automotive deployment). 

It is my sincere hope that the work presented in this dissertation will aid future 

researchers as they continue to develop new materials and methodologies to address the barriers 

to widespread fuel cell deployment, specifically the work I’ve done with nitride support 

materials.  It is clear from the results discussed in this dissertation that binary metal nitride 

materials may possess the required conductivity and long-term chemical stability that current 

carbon-based supports lack.  Furthermore the work on sputtering nitride thin-films will hopefully 

contribute to the scientific community’s understanding of the complex passivation behavior of 
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surface oxide layers on nitride materials.  Drawing from the steel industry, it will be interesting 

to see the effects of including Cr, V, or Mo into nitride compounds on their corrosion resistance. 

Perovskite catalysts, by our experiments alone, do not appear to possess the necessary 

activity or chemical stability required for long-term operation in PEM fuel cell conditions.  There 

is, however, some questions regarding the accuracy of the electrochemical experiments we 

performed, as Pt catalysts did not behave as was typically expected.  While no technical errors 

were found in the experimental set up, some currently unknown factors may have contributed to, 

or been the source, of the conflicting results obtained.  Furthermore, while the chemical stability 

of La-based perovskites does not appear to be sufficient in basic solutions, the effect of bound-

anionic species (such as ionomers) on the stability of these materials is unknown.  Long-term 

testing in an actual fuel cell will be required to determine conclusively if oxide catalysts will be 

suitable replacements for noble-metal catalysts in alkaline fuel cells. 


