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ABSTRACT 

 
Proton exchange membrane fuel cells are nearing commercialization, but they still suffer 

from high costs, largely due to high Pt loadings in the cathode, and low durability due to Pt 

dissolution and carbon corrosion. This work attempts to address both issues through the 

development and testing of a novel catalyst.  

Colloidal Pt prepared by an ethylene glycol reduction method was deposited onto Ketjen 

black carbon supports functionalized with (0, 3.2, 7.1, and 15.9wt%) 11-silicotungstic acid 

(Pt/SiW11-C). Electrochemical characterization of the catalysts was performed using rotating 

disk electrodes (RDE) in electrolytes of 0.1 M HClO4 and 0.5 M H2SO4. XRD and TEM 

respectively showed smaller crystallite size and more uniform deposition of Pt nano-particles for 

Pt/SiW11-C catalysts. A maximum in the ORR mass activity of 373 mA/mgPt was observed for 

the 3.2wt% SiW11 catalyst, an 18% improvement over Pt/C.  An increase in the electrochemical 

area (ECA) due to lower Pt particle size and more narrow size distribution is attributed to 

providing the mass activity enhancement. After 30,000 durability cycles in the potential range 

0.6–1.0 V, Pt/SiW11-C showed less Pt particle growth (TEM), and a factor of 1.4 improvement in 

terms of mass activity retention. After 6,000 durability cycles in the potential range 1.0–1.6 V, 

Pt/SiW11-C showed a factor of 2 increase in mass activity retention compared to Pt/C. The 

improvement is attributed to a slower rate of carbon corrosion. The optimal 3.2wt% SiW11 

catalyst and the baseline Pt/C catalyst were scaled up and constructed into membrane electrode 

assemblies (MEAs). Fuel cell testing of the MEAs in an H2/O2 environment at 100% RH and 80 

°C showed a similar improvement in ORR mass activity for the Pt/SiW11-C catalyst relative to 

Pt/C. Recommended future work includes further fuel cell optimization, fuel cell durability 
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testing, use of carbons with different geometries, use of alternate heteropoly acids, and extension 

to platinum alloys.  
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CHAPTER 1 

INTRODUCTION 

 

 

 A fuel cell is a device that operates similar to a battery in that it converts chemical 

potential energy stored in a fuel into electrical energy via a chemical reaction. The difference is 

that the fuel for a fuel cell is stored external to the cell, analogous to the fuel storage for an 

internal combustion engine. Fuel cells are highly desirable alternative energy devices due to their 

high efficiency, lack of moving parts, and low levels of pollutant emissions [1]. Proton exchange 

membrane fuel cells (PEMFCs) are a class of fuel cell in which protons from the fuel are 

transported across a membrane which separates the anode from the cathode. While there are 

many unique types of fuel cell, each with their own advantages and disadvantages, PEMFCs are 

appealing due to their low operating temperature, high current densities, and fast cold-start 

capability [2].  

 

1.1 Proton Exchange Membrane Fuel Cell Fundamentals 

 
 PEMFCs, like all fuel cells, convert chemical potential energy to electrical energy. In a 

PEMFC, this is completed by driving one simple overall reaction: 

   
 

 
           (1.1) 
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Simply mixing these gases at low temperature will create no reaction. The gases can react 

un-catalyzed according to Equation 1.1, as is the principle behind a hydrogen internal 

combustion engine, but this requires high temperatures which can allow for NOx production from 

the air. Using hydrogen in this manner also gives a much lower efficiency because mechanical 

energy is being produced which is limited by a Carnot-Cycle efficiency [3]. Between NOx 

emissions and comparable efficiency, using hydrogen for combustion gives little advantage over 

a traditional internal combustion engine.  

Fortunately, PEMFCs are able to circumvent both of these problems by splitting the 

reaction in Equation 1.1 into two half-reactions, one at each the anode and cathode: 

Anode Reaction:                  (1.2) 

Cathode Reaction:  
 

 
     

              (1.3) 

 A schematic of a typical PEMFC is shown in Figure 1.1. Hydrogen gas, the fuel, is fed to 

the anode and the anode catalyst promotes hydrogen oxidation to produce protons and electrons. 

For PEMFCs the hydrogen fuel has to be pure, however other types of fuel cells can operate can 

use hydrocarbons such as methanol or ethanol as their fuel source. Meanwhile, an oxygen source 

is fed to the cathode. The oxygen source is typically either pure oxygen or air. The anode and 

cathode are separated by a polymer membrane which the protons generated by the hydrogen 

oxidation reaction (HOR, Equation 1.2) can transport across. The anode and cathode are also 

connected by an external circuit which allows the electrons produced by the HOR (Equation 1.2) 

to flow from the anode to the cathode. This flow of electrons also serves as the source of usable 

electrical energy which can be harnessed to do work. Oxygen from the fed gas, protons 

transported across the membrane, and electrons from the circuit must all meet at the cathode 
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catalyst to complete the oxygen reduction reaction (ORR, Equation 1.3). Finally, the water must 

exit the cell and the entire process can repeat.  

 

Figure 1.1 - Schematic of a PEMFC. PEM stands for proton exchange membrane or polymer 

electrolyte membrane. 

 

 As one might imagine, designing an effective cathode catalyst is far from trivial. So far, 

only catalysts with Pt or Pt-group metals have been shown to provide sufficiently high reaction 

rates [2, 4]. However, these metals are extremely expensive with Pt averaging over $1600/oz. 

over the last 3 years (as of May 2013) [5]. Various non-precious metal catalysts have been 

instigated to lower the catalyst cost [6-9], but with limited success due to their significantly 

lower activity toward ORR. Not only does lower activity mean a larger amount of catalyst is 

required, it also means the size of all other components in the stack have to be scaled up because 

gas diffusion limitations typically require the catalyst layer to not exceed approximately 10 m 

in thickness. Such scale up would imply that the overall size of the fuel cell would have to 

significantly increase, which is particularly undesirable for automotive applications. In addition, 
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studies have shown that the additional costs associated with the scale up of other components 

would make the catalyst impractical if it is not within approximately a factor of 2 in activity 

compared to Pt, even if the catalyst were free [10]. Hence, Pt is currently the most commonly 

used catalyst [11].  

 Since Pt is so expensive, many considerations must be accounted for when designing a Pt 

based catalyst. Only surface atoms will be active toward ORR, so extremely small particles or 

thin sheets must be used to minimize waste. A strong conductive network within the catalyst is 

also necessary to supply electrons to all areas of the catalyst for oxygen reduction [2]. While Pt is 

an excellent conductor, it cannot provide a continuous network unless all the particles are 

connected, in which case large amounts of surface area would be sacrificed at the interfaces. It 

would also be extremely difficult to maintain small particles in this arrangement, and harder still 

to do so while maintaining pathways for the oxygen gas flow. Therefore, the Pt is dispersed onto 

a support, most commonly high surface area carbon blacks [12] although other supports will be 

discussed in Section 1.2 and 1.3. Carbon is an excellent electronic conductor, and is porous to 

allow for easy gas transport. Proton conduction is typically achieved by mixing an ionomer, 

typically Nafion
®
, into the catalyst ink which has the same or similar properties as the 

membrane. While necessary for proton conduction, too much ionomer can hinder the ORR 

activity of Pt [13] so the Nafion
®
 loading must be carefully considered. 

 A basic framework for the cathode catalyst is thus established; a Pt catalyst supported on 

carbon with Nafion
®
 ionomer, which not coincidentally describes the current commercially 

available state-of-the-art catalyst referred to later in this work. However, two key impediments 

continue to hinder the catalyst against widespread commercialization in PEMFCs for automotive 

applications; high Pt cost and low durability [11]. Since the difficulties of using a non-platinum 
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catalyst have already been discussed, the only other option for lowering Pt cost is to reduce the 

amount of Pt required be increasing the mass activity of Pt in the catalyst. On the other hand, 

there are a number of ways to improve durability. The two main causes of catalyst degradation 

are; 1) Pt particle growth [14], a primary cause of which is Pt dissolution [15], and 2) support 

corrosion typically caused by exposure to high potentials [16]. This work focuses on the 

development and testing of a catalyst with improved Pt ORR activity as well as improved 

durability against Pt dissolution and support corrosion.  

 

1.2 Proton Exchange Membrane Fuel Cell Cathode Catalyst Activity 

 
 The first key aspect mentioned in the development of an effective Pt-based cathode 

catalyst, mass activity, can be influenced by a number of factors. First, all of the following must 

be true for a Pt site to be active towards ORR [2]: 

 Must be part of an electronically conductive network, cannot be isolated 

 Must have access to oxygen 

 Must have access protons 

 Must be free of other species or contaminants 

 If any one of these requirements is not met then the Pt site will not be active. The unique 

locations where electronically connected active sites are in contact with ionomer (electrolyte) for 

protons and gas phase oxygen are called triple-phase boundaries (TPBs). A schematic of what 

the TPBs look like in a typical Pt/C catalyst is shown in Figure 1.2, as copied from [17].  
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Figure 1.2 - Schematic of the Triple Phase Boundary copied from [17] 

 

 There are a number of ways to measure how much of the Pt is available to be active 

towards ORR, which are generally calculated as electrochemical area (ECA) with units of m
2
/g. 

The most rudimentary of such calculations is based on the average Pt particle size. There are 

multiple ways to obtain particle size which are described in Section 2.3. Particles are generally 

assumed to be spherical, although any geometry can be used and should be confirmed by 

imaging. Assuming spherical particles of uniform size, a theoretical measure of the ECA can be 

calculated as follows: 

                 (1.4) 

   
 

 
     

   

 
     (1.5) 

    
 

 
  

 

  
  

 

  
     (1.6) 
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 Equation 1.4 is the equation for surface area of a sphere, Equation 1.5 is the equation for 

volume of a sphere, and Equation 1.6 is the equation to calculate the theoretical ECA where A is 

surface area of a spherical Pt particle, m is the mass of that particle, ρ is density of Pt equal to 

21.45 g/cm
3
, and V is the volume of that particle. This is only a theoretical ECA because it 

simply calculates how much Pt is at the surface of the particles. The calculation also assumes a 

uniform particle size, so a broad distribution of particle sizes will induce more error than a 

narrow distribution.  

 However, just because a Pt atom is at the surface of a Pt particle does not mean it will be 

part of the true electrochemical area. Hence, electrochemical measurements are also performed 

to measure the ECA. These measurements may be performed a number of ways in either a half 

cell or a fuel cell, and the required procedures are provided in Section 2.4 and 2.5. While 

procedurally almost identical, a key difference exists between measurement of the ECA in a half 

cell and a fuel cell: the electrolyte. In a half-cell, an acidic liquid electrolyte is typically used. It 

is generally assumed that this allows virtually all of the surface Pt sites to have abundant protonic 

pathways [11]. In a fuel cell however, protonic pathways generally come from the Nafion
® 

ionomer and so good contact with Nafion
®
 is required for the Pt site to be part of the measured 

area. For this reason, ECA measured in a fuel cell is almost always lower.  

 Several other factors present in both systems can also the ECA to be lower than the 

theoretical value. Poor contact with the carbon will disallow sufficient electronic pathways. 

Extremely small Pt particles are unstable and will quickly experience dissolution [18]. Small 

pores may not have access to Nafion
®
, or may get clogged by Nafion

®
 and become inaccessible 

to oxygen. A contaminant such as CO could bind to the Pt site and block reactants. Finally, other 
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geometric challenges such as electrode thickness could cause transport issues limiting the access 

of one of the reactants in Equation 1.3 to the Pt site.  

 With all the aforementioned potential hindrances in mind, a ratio of the measured ECA to 

theoretical ECA can be taken to gauge how much they impact the amount of available Pt for 

ORR. This ratio is sometimes referred to as utilization [11], and essentially measures how much 

of the Pt is getting used. An ideal catalyst would have both a high ECA and a high utilization. 

Current state-of-the-art catalysts have a measured ECA of approximately 50-100 m
2
/g and 60–

80% utilization depending on the testing media [11].  

 The large range of ECA is due to the fact that researchers are not trying to maximize 

ECA, but maximize mass activity (the activity per unit mass of Pt) which is the product of ECA 

and specific activity (the activity per active site). A particle size effect occurs in Pt catalysts, 

particularly around the 2-3 nm range, in which an increase in specific activity is observed with 

increasing particle size (and thus decreasing ECA) [19]. The change in specific activity is due to 

a difference in the activity of the different Pt crystal planes [20] as oxygen competes for 

adsorption sites with anions and surface oxides [21]. As the particles grow, the distribution of 

atoms at the (100) and (111) crystal planes changes, allowing the overall specific activity to 

increase [22].  

 Since specific activity is a generalized way of measuring the kinetics that occur at the Pt 

surface, there are also a number of other factors that can influence it such as strain and resistance 

to contaminants. Strain is generally caused either by growing one metal on another or by a local 

deformation of a single metal, and changes the catalyst activity by altering adsorption energies 

[23]. Contaminants can come in many forms but the most common for PEMFCs is CO 

poisoning. CO bonds strongly to Pt and effectively deactivates the Pt site by blocking reactants 
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from reaching the catalyst surface. Once this occurs, the site can only be reactivated by removing 

CO from the surface; either by reacting to CO2 which bonds much more weakly or by breaking 

the Pt-CO bond which is typically driven by temperature.  

 One approach that has been extensively studied for its ability to improve the specific 

activity of platinum toward the ORR is the synthesis of Pt-transition metal [10, 24, 25], which 

cause a change in the Pt-Pt bond distances and in the amount of Pt d-band vacancies [26]. Pt 

alloys also tend to give improved CO tolerance, either by the oxidation via the bifunctional 

mechanism or by weakening the Pt-CO bond strength [27]. However, the synthesis of Pt alloy 

catalysts typically requires a high temperature annealing step which can cause particle size 

growth. The larger particle size (compared to Pt/C or similar catalysts) corresponds to a lower 

ECA which partially negates the benefits in specific activity. Improvements in mass activity, the 

parameter most directly related to cost, are still observed, but would be higher if particle size 

could be more effectively controlled. 

 

1.3 Proton Exchange Membrane Fuel Cell Cathode Catalyst Durability 

 
 As mentioned in Section 1.1, a good catalyst can’t just be active when it is first 

synthesized; it also has to maintain that activity throughout its lifetime of use. In other words, it 

has to be durable. In particular, catalysts used in a PEMFC will experience potential cycling that 

can cause Pt dissolution and carbon (or support) corrosion.   

 Platinum dissolution is perhaps the more difficult problem to solve, as one is somewhat 

limited in terms of ways to alter the platinum. One way of slowing Pt dissolution rates is to 

increase the Pt particle size, which is true all the way to the extreme case of using polycrystalline 
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platinum [28]. This has been performed by groups such as Sheng et al. [18] who heat treated a 

Pt/C catalyst at 900 °C in an argon atmosphere to successfully improve the catalyst stability as 

shown by a dramatically reduced loss of ECA. The reason for ECA loss has been explained by 

the electrochemical dissolution of Pt to Pt
2+

 along with chemical formation and dissolution of 

PtO at high potentials, followed by the re-deposition at low potentials of Pt onto larger particles 

by a process known as Ostwald ripening [29, 30]. However, this improved stability comes at the 

cost of as much as a factor of 4 reduction in mass activity [18].  

 Another approach to slow Pt dissolution is the use of Pt-metal alloys and extended 

surfaces [31]. The shift in the d-band center which results for alloying causes a shift in the onset 

of oxidation [26]. A later onset of oxidation means higher potentials are required (and therefore 

less time is spent at the required potentials) for the formation of the soluble PtO species. The 

extended surface reduces the number of edge and corner sites which are more susceptible to 

dissolution. However, the electrochemical dissolution of Pt to Pt
2+

 can still occur, as can the 

dissolution of the other metal in the alloy. Other metals can also leech into and damage the 

membrane upon dissolution [24]. 

 Carbon corrosion on the other hand, or more generally support corrosion, is arguably 

easier to fix. At least conceptually it is more straight-forward to fix because no alterations to the 

active material, Pt, are necessary. One simply needs to alter the support to make it more 

corrosion resistant. There are two common approaches to accomplish this: 1) modification of the 

carbon or 2) replacement of the carbon with a new material. 

 Modification of the carbon typically involves either a geometric structuring of the 

catalyst such as use of carbon nano-tubes [16], or a heat treatment or graphitization [28]. 

However, these techniques usually cause the carbon to have a lower surface area, which forces 
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the Pt particles to either be larger or closer together to maintain the same Pt loading. Both of 

these consequences lead to a lower mass activity of the catalyst, as has been observed.  

 The other option to replace the carbon with a new material is virtually unlimited in scope. 

A few of the candidates for alternative support materials that have been studied include tungsten 

oxide [32-38], titanium oxide [39, 40], tungsten carbide [41], mixed metal oxides [42], mixes or 

structured tungsten or titanium oxide with carbon [43-46], and a number of other metal oxides 

[47]. Metal oxides, particularly tungsten oxides, are excellent for corrosion resistance because 

they are stable, already oxygenated, and can have good Pt adhesion. Results from these studies 

can vary greatly based on testing conditions, quality of baseline results, and other sometimes 

unknown parameters. However, it is well known that a major weakness of metal oxides for use 

as a fuel cell catalyst is poor electronic conductivity. Therefore, a custom conductivity cell was 

designed and used in the conductivity set-up shown in Figure 1.3 to test the conductivity of 

several potential support materials.  The procedure for performing these conductivity 

measurements is detailed in Section 2.6. The results shown were all measured at room 

temperature using an applied pressure of 450 N.  The cell was thoroughly cleaned after each 

measurement to ensure that no cross-contamination of different support materials occurred which 

could impact the results.  

 As shown in Figure 1.4, the commonly used tungsten oxide and titanium oxide have the 

two lowest conductivities amongst the materials tested. Tin oxide performed comparatively 

better, but is still over 6 orders of magnitude worse than carbon, the current state-of-the-art 

support. Physically mixing the metal oxides with carbon showed a substantial increase in the 

conductivity to what could be an acceptable level.  
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Figure 1.3 - Conductivity set-up (left image) consisting of pressure applicator (top left), Fluke 

287 multimeter with connectors (bottom right), and custom conductivity cell (middle left). The 

cell consists of three pieces (right image); two gold-plated copper plates with 1 cm
2
 rods, and 

one insulating Delrin
®
 piece with 1 cm

2
 hole and air channels. 

 

 However, electrochemical tests on Pt/WO3 with physical mixtures of carbon showed that 

adding carbon provided only minor improvements in activity maximizing at only 1/3 the mass 

activity of baseline Pt/C even with >50% C in the sample. The low activity indicates that 

although carbon dominates the bulk conductivity, the local conductivity from the Pt active site to 

the conductive carbon matrix is still a hindrance. On the other hand, titanium carbide and 

possibly tantalum carbide had a high enough bulk conductivity to be considered.  

 The corrosion resistance of these supports was also evaluated by testing for the onset 

potential for oxidation, shown in Figure 1.5. An ideal support in terms of corrosion resistance 
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Figure 1.4 – Bulk electronic conductivity of various materials measured for an applied pressure 

of 450 N. 

 

would look like the curve for TiO2; completely flat indicating a complete lack of oxidation. The 

negative slope seen in the WO3 curve is due to other reactions (such as hydrogen intercalation). 

The indicator of oxidation is a shift from a near zero slope to a positive slope. With this in mind, 

it is immediately obvious that TiC has terrible corrosion resistance and should not be considered 

as a potential support for a fuel cell catalyst. TiO2 and WO3 have the best corrosion resistance 

but their conductivity is extraordinarily low. The only support that has reasonably high 

conductivity and corrosion resistance is TaC, and thus represents a possible area of future 

research.  

 However, TaC is still more than an order of magnitude lower in conductivity than C, and 

appears to have an onset of oxidation as low as 1.4 volts. A more ideal support would have 

conductivity comparable to that of carbon with a corrosion resistance comparable to that of a 

metal oxide.  
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Figure 1.5 - Linear sweep voltammetry for various alternative supports showing onset of 

oxidation. Measured in 0.1 M HClO4 electrolyte. 

 

1.4 The Unique Advantages of Heteropoly Acids 

 
 So far the activity and durability of PEMFC cathode catalysts have been addressed 

separately, but new materials are rarely able to improve both simultaneously when compared to 

the current state-of-the-art Pt/C catalyst. One class of metal oxides that have received much 

interest for this application are the heteropoly acids (HPAs), an acid stable subset of the larger 

group of tungsten or molybdenum based metal oxide clusters termed polyoxometalates [48]. 

HPAs have been repeatedly shown to enhance the ORR activity of Pt [49-57] or Pt alloys [58], 

most significantly for HPAs containing tungsten [51, 52, 55],  and even provide limited catalytic 
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activity on their own [59]. The enhancement in the ORR activity is often qualitatively observed 

as a positive shift in the electroreduction potential, with only minimal quantification. 

 Improvements in CO tolerance have also been observed as a result of the addition of 

various HPAs [60], presumably by the participation of HPA in the bifunctional mechanism [52, 

56, 57], and provide one mechanism for the activity enhancement. Another mechanism includes 

the ability of some HPAs to stabilize transition-metal nanoclusters [61], preventing particle 

growth/aggregation both during synthesis [54, 57] and potential cycling [57]. Further, 

modification with HPA has been shown to increase the availability and/or mobility of protons at 

Pt sites [52, 62], which could reduce the Nafion
®
 requirement in membrane electrode assemblies 

(MEAs) and increase ORR activity [12, 13]. 

 There are many unique HPAs that could be considered, but this work will focus on the 

use of 11-silicotungstate (referred to in this work as silicotungstic acid or SiW11). Despite several 

of the phosphotungstic or phosphomolybdic acids showing higher activity in previous studies 

[59], silicotungstic acid was chosen for this study largely to avoid the controversial use of 

phosphorous in a PEMFC catalyst. The corrosion properties of SiW11 are desirable however, 

because it is essentially a 1 nm ball of super-stoichiometric tungsten oxide. The silicon atom is a 

heteroatom which sits at the center of the ball. The 1 nm size is also important because it means 

the distance from the active Pt site to the conductive carbon matrix can be limited to a maximum 

of 1 nm so long as there is no more than a monolayer of SiW11 between the Pt and C.  

 Previous studies have only studied the effects of HPA by either mixing HPA into the 

catalyst ink or introducing HPA during the reduction of Pt. However, this either results in there 

being no HPA between the Pt and carbon, in which case the benefits toward corrosion are 

reduced due to the acceleration of corrosion at Pt sites [28], or results in there being an 
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uncontrolled amount of HPA between Pt and C, in which case the Pt particles could become 

electronically isolated. Further, HPAs are highly soluble in aqueous media creating an inherent 

stability issue for catalysts synthesized by either of these approaches. Brooker et al. [63] have 

studied the effects of adding silicotungstic acid in the cathode of an MEA and observed 

improvements in ORR activity under certain conditions, but mass transport limitations 

significantly hindered their results. 

 In this work SiW11 is uniformly dispersed and covalently attached to the carbon via 

carbon-carbon bonds using a method previously reported [64], prior to the addition of colloidal 

Pt, so that the HPA would be stable to water dissolution and would not impede mass transport. 

The resulting functionalized carbon has significantly less than a monolayer of coverage so 

conductivity from the active Pt sites is not an issue. This work will determine and quantify the 

ideal loading of SiW11 required to maximize Pt mass activity toward ORR and evaluate the 

durability of Pt catalysts using these functionalized carbons.  
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CHAPTER 2 

EXPERIMENTAL 

 

 

 The procedures followed for catalyst synthesis, characterization, half call measurements, 

fuel cell measurements, and conductivity measurements are presented in Chapter 2. 

Experimental details are only meant to be interpreted by a scientific audience.  

 

2.1 Materials 

 
For catalyst synthesis, chloroplatinic acid hexahydrate, H2PtCl6·6H2O, and ethylene 

glycol were used as received (Sigma Aldrich). 0.25 M NaOH in ethylene glycol was prepared by 

dissolving NaOH pellets in ethylene glycol over heat. The solution was allowed to cool to room 

temperature before use. Ketjen black carbon was cleaned as described previously [64], and 

utilized as the support structure. Various loadings (0%, 3.2%, 7.1%, and 15.9wt%) of 

silicotungstate, were attached to the carbon via covalent linkages using the decomposition of a 

diazonium salt derived from the aniline functionalized potassium salt precursor, KSiW11O39, to 

form the complete support material henceforth referred to as SiW11-C or HPA-C [64]. 

For membrane electrode assembly (MEA) construction, Nafion
®
 NR212 membranes and 

DE2020 solution (20 wt% 1100 EW Nafion) were purchased from Ion Power Inc.  

TEC10E50E, henceforth referred to as 46% Pt/C or Pt/HSC (HSC refers to high surface 

carbon), is a commercially available 46wt% Pt/C catalyst purchased from Tanaka Kikinzoku 
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Kogyo (TKK, Japan) which was used for comparison as an industry standard Pt/C material, and 

was also used as the catalyst material for the anodes during MEA construction. TEC10E50E uses 

Ketjen carbon, a high surface area carbon, for its support structure which is equivalent to that 

used for our in-house catalysts.  

Throughout all experiments, water used is ultra-pure water (Milli-Q water, Milli-Q Co. 

Ltd.) as verified by a measured resistance of 18.2 MΩ. 

 

2.2 Catalyst Synthesis 

 
Platinum colloids were prepared by an ethylene glycol reduction method modified from 

that previously reported [65]. Chloroplatinic acid hexahydrate was dissolved in ethylene glycol 

with stirring and heated to 80°C. A 1% CO/N2 gas mixture was allowed to bubble into the 

solution starting at least 20 minutes before the reduction began. 0.25 M NaOH in ethylene glycol 

was slowly (dropwise) added to the solution for approximately 3 h until the platinum was fully 

reduced, denoted by a color change of the solution from bright orange to dark brown.  

 Separately, each support material was dispersed in de-ionized (DI) water via 20 min of 

ultrasonication. An appropriate amount of the platinum colloid solution was then added to each 

mixture, and the resultant mixture subject to an additional 20 min of ultrasonication. For 

consistency, the same mass of support and the same volume of colloid were used for each 

sample.  

 The solid catalyst was then separated using Buechner filtration and a DI water rinse. The 

solid was then separated into vials and heated in an oven at 200 °C. All vials were put in the 

oven simultaneously and then sequentially removed after 1, 2, 3, or 4 h and ground by mortar 
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and pestle to break any large pieces into a powder. Exact particle sizes obtained from mortar and 

pestle grinding is not a concern because future sonication will break the particles down to a much 

finer size characteristic of the carbon or support material.  

 

2.3 Characterization 

 
Transmission electron microscopy (TEM) images were taken using a Philips CM200 

microscope. High resolution TEM (HR-TEM) images were taken by Karren L. More at Oak 

Ridge National Laboratory (ORNL).Typical samples for TEM were prepared by dispersing a 

small amount of catalyst in ethanol, and dropping an aliquot onto a carbon-coated copper grid. 

To obtain images of the colloid, a drop of the colloid solution was placed directly onto the grid 

and allowed to dry. Post-durability samples were prepared by rubbing the carbon-coated copper 

grid against a catalyst coated electrode after durability experiments on the electrode had been 

completed. 

A FEI Quanta 600i Environmental Scanning Electron Microscope (ESEM) with 

PGT Prism Energy Dispersive X-Ray Spectrometer (EDS) was utilized to obtain ESEM images 

and corresponding EDS spectra.  

X-ray diffraction (XRD) spectra were obtained using a Philips X’pert X-ray 

diffractometer using Cu-Kα radiation (λ=1.5418Å) generated at 45kV and 40mA. 

X-ray Photoelectron Spectroscopy (XPS) was performed by the Nanomaterials 

Characterization Facility at University of Colorado, Boulder.  

Platinum weight percents were determined by Huffman Laboratories, Inc. (Golden, Co) 

using inductively coupled plasma atomic emission spectroscopy (ICP-AES). 
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2.4 Electrochemical Half Cell Measurements 

 
Glassware used in electrochemical experiments was first rigorously cleaned using the 

methods outlined by Garsany et al. [66] in order to remove any impurities. A three electrode 

glass cell was used, with Pt gauze as the counter electrode and a reversible hydrogen electrode as 

the reference. All potentials are reported relative to a reversible hydrogen electrode (RHE). 

Catalyst inks were prepared and micro-pipetted onto the electrodes using the optimal 

formulation presented by Takahashi and Kocha [11], except with the platinum loading reduced to 

9.3 μgPt cm
-2

 to prevent the catalyst film from becoming too thick on the electrode due to the 

lower weight percent platinum in the catalyst. Glassy carbon (GC) electrodes were used for all 

rotating disk electrode (RDE) experiments except for the durability tests, for which gold 

electrodes were used. All electrodes were polished with alumina abrasive (0.05 μm) on a 

polishing pad and rinsed with DI water before use. Prepared electrodes were dried in an air 

atmosphere at 40 °C for 20 min.  

Cyclic voltammograms (CVs) were measured in an electrolyte saturated with nitrogen. 

Experiments were carried out using 0.1 M HClO4 as the electrolyte, and some experiments were 

repeated using 0.5 M H2SO4 to verify results. Electrodes were first conditioned by cycling from 

25 mV to 1200 mV for 50 cycles. A steady-state CV was then measured from 25 mV to 1000 

mV using a scan rate of 20 mV/s and used to evaluate the ECA by measurement of the hydrogen 

under-potential deposition (HUPD) area, and assuming a charge density of 210 C/cm
2
 [2].  

For comparison, CO stripping voltammetry was also used to measure the ECA. Pure CO 

gas was bubbled into 1 M H2SO4 electrolyte for 5 min. The RDE was then held at 0.05 V for 5 

min while continuing to bubble CO, and then for 15 min while purging with N2. The electrode 
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was then anodically swept to 1.2 V followed by 3 more cycles from 1.2 V to 0.025 V, and the 

resulting CV used to measure ECA assuming twice the charge density (420 C/cm
2
) is required 

to oxidize adsorbed CO as compared to that required for HUPD [2].  

ORR activity was evaluated using linear sweep voltammetry (LSV) in 0.1 M HClO4 

electrolyte saturated with oxygen. LSV was performed over the potential range -10 mV to 1000 

mV, using a scan rate of 20 mV/s and a rotation speed of 1600 rpm. All activities are reported at 

900 mV, 25 °C as extracted from the LSVs. LSV to high potentials was also used to evaluate the 

onset of oxidation for numerous support materials.  

Durability tests were performed by measuring the ECA (by HUPD only) and activity 

both before, and after potential cycling. Two different cycling procedures developed by the 

Durability Working Group were utilized to simulate load cycling in the normal fuel cell 

operating regime where Pt dissolution is known to take place: (i) 30,000 cycles at 500 mV/s from 

0.6 V to 1.0 V, and that in the start-stop regime where the support suffers corrosion: (ii) 6,000 

cycles at 100 mV/s from 1.0 V to 1.6 V [67]. In both cases, the electrolyte was kept saturated 

with nitrogen during cycling. 

 

2.5 Fuel Cell Measurements 

 
 Membrane electrode assemblies (MEAs) were constructed by spraying the desired 

catalyst ink directly onto a Nafion
®
 NR212 membrane. For the anode, the catalyst ink was 

prepared by mixing in order 500 mg 46% Pt/C (TEC10E50E), 27.86 mL water, 21.81 mL 

isopropanol, and 1.06 mL DE2020 ionomer solution. The mixture yielded ionomer to carbon 

mass ratio of 0.8 and a 1.54% solids percent in the catalyst ink. The solution was bath sonicated 



22 
 

for 20 minutes, followed by 1 minute of horn-sonication. An ice bath was used during both 

sonication steps to prevent any rise in temperature of the catalyst. The ink was then transferred to 

a syringe which attached to a Sonotek spray system with a 120 kHz spray head. The ink was 

sprayed onto a masked area of a 3 in. x 3 in. cut Nafion
®
 NR212 membrane. An equivalent area 

of ethylene tetrafluoroethylene (ETFE) was simultaneously sprayed for Pt loading analysis. Both 

the Nafion
®

 NR212 membrane and the ETFE were kept on heated vacuum stage during spraying, 

with the surface kept at a constant 80 °C. The ink was sprayed using a serpentine pathway in 

both the vertical and horizontal directions to create a crosshatched pattern. The spray head was 

set to move at a speed of 50 mm/s while spraying at a flowrate of 0.125 mL/min. An area 

spacing of 1.5 mm was used, which is also approximately equivalent to the spray width. A 0.75 

mm offset on both the vertical and horizontal spray paths was also utilized to even out any hill-

like formations that could form as a result of the serpentine pathway. One loop consisted of 4 

passes (vertical, horizontal, vertical with offset, horizontal with offset) and a total of 4 loops 

were used to spray each electrode. Using these specifications resulted in a theoretical loading of 

0.2 mg Pt/cm
2
. Actual Pt loading was determined by X-ray Fluorescence (XRF) performed by 

K.C. Neyerlin (NREL) and confirmed by precise before and after weight measurements with a 

microbalance of a sprayed area of the decal with known dimensions.  

 For the cathode, the procedure was approximately the same except the catalyst was the 

in-house catalyst of interest and the amount of catalyst and DE2020 ionomer solution was altered 

based on the Pt wt% of the catalyst so that the same Pt loading and a constant 0.8 ionomer to 

carbon ratio could be obtained. The sprayed cathode area was slightly smaller than the sprayed 

anode area, and both sprayed areas are slightly larger than the desired cell area (5 cm
2
) to ensure 

that no undesirable edge effects occur during testing. The actual size of the cell being tested is 
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controlled by the gasket size. The entire ink recipe could also be scaled down to smaller 

quantities to accommodate the limited quantities of in-house catalyst available. For example, 10 

mL inks were typically used for the cathode instead of the 50 mL ink described for the anode.  

 Gas diffusion layers (GDLs) and gaskets were then prepared for assembly of the catalyst 

coated membrane (CCM) into a complete cell. Sigracet
®
 SGL 25BC gas diffusion media was cut 

into 5 cm
2
 squares and used on both anode and cathode side as the GDL. For the gaskets, a 5 cm

2
 

square was cut out of the center of Teflon
®
sheets, and holes punched for it to fit into the 

hardware.  The thickness of each Teflon
®
 piece was measured individually with calipers, and 

thicknesses chosen such that the GDLs were compressed by approximately 40% when in the cell 

hardware, assuming the Teflon
®
 is approximately incompressible.  The cell was then assembled 

with a GDL sitting on the catalyst and perfectly aligned with the square cut in the gasket on both 

the anode and cathode side, and placed in the fuel cell hardware such that the GDL is exposed to 

the flow field. The gasket should not cover any portion of the flow field. For these experiments, 

the fuel cell hardware used had a 5 cm
2
 single serpentine flow field. The 8 bolts in the fuel cell 

hardware were then tightened then tightened slowly to 40 in*lbs using the sequence shown in 

Figure 2.3 of reference [68] so that an approximately uniform distribution of pressure is 

maintained across the MEA. The assembled cell was then connected to the Scribner 890e test 

station. 

 All MEA tests were conducted at a cell temperature of 80 °C. The line temperature was 

programmed to stay 5 °C above the cell temperature to ensure that no condensation occurred. 

The humidity bottle temperatures were set to 80 °C for an inlet relative humidity (RH) of 100%. 

A break-in protocol was used to condition the MEA. The cell was first held at 0.6 V for 2 

hours. Next, 20 square wave potential cycles were performed in which the load was set to 



24 
 

achieve 0.85 V for 5 minutes followed by 0.6 V for 10 minutes, for a total of 15 minutes for each 

cycle or 5 hours of cycling.  Gas flow rates of 150 sccm nitrogen on the anode and 300 sccm 

oxygen on the cathode were maintained throughout the break-in.  

Polarization curves were performed using the same gas flow rates as the break-in, except 

the anode side gas was switched from nitrogen to hydrogen. The load was set to hold at the 

following potentials for 15 minutes each: 0.6 V, 0.7 V, 0.8 V, 0.85 V, and 0.9 V. As with the wet 

electrochemical tests, 0.9 V is the potential of interest and thus the average current drawn over 

the last 5 minutes of the 15 minute 0.9 V hold was used to calculate specific and mass activity.  

CVs were also performed on the cell to obtain the cathode catalyst ECA of each MEA. 

The anode and cathode gas flow rates were the same as before except with nitrogen flowing on 

the cathode side and hydrogen on the anode. The same potentiostat and software as used in the 

wet electrochemical measurements was used for this measurement, and thus the interpretation of 

results is identical. The main difference is that the anode is being used as the reference and 

counter electrode instead of a Pt wire and Pt mesh, but the anode functions in exactly the same 

way as the wet electrochemistry counterparts.  

 

2.6 Conductivity Measurements 

 
 Conductivity measurements were performed using the conductivity set-up and custom 

made conductivity cell shown in Figure 1.3. The bottom plate of the cell and insulating Delrin
®
 

are connected, and a weighed sample of the dry powder of interest is placed inside the 1 cm
2
 

opening. The top plate the cell is place on top, and the banana-clip type leads are connected to 

both the top and bottom of the cell from a Fluke 287 multimeter. The cell is placed below the 
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pressure applicator and a load is applied at the top-center of the cell to ensure uniform 

distribution of pressure. For this study, the load was always chosen to be 450 N and all 

measurements were performed at room temperature. The multimeter was set to display 

resistance, and the resistance of the set-up (material plus contact resistances) was recorded. The 

resistance of the cell only with no material present had also been recorded and was subtracted 

from this resistance value, though it was usually negligible.  

 After the resistance had been recorded, the distance from the top of the Delrin
®
 to the 

surface of the material was measured with calipers. The material was removed and the distance 

from the top of the Delrin
®

 to the surface of the bottom plate was also measured. The difference 

between these two distances was calculated and is equal to the compressed thickness of the 

material. Conductivity was then calculated using the Equation 2.1: 

             
 

  
     (2.1) 

where t is the thickness of the material, R is the resistance of the material, and A is the cross-

sectional area (1 cm
2
). 
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CHAPTER 3 

RESULTS AND DISCUSSION 

 

 

Before the impact of SiW11 could be properly evaluated, the catalyst preparation 

techniques first had to be optimized. When starting with the preparation procedure used by Wang 

et al. [65] to make unsupported stabilized Pt colloids, to fabricate Pt colloids to be supported on 

carbon, we obtained much larger than desired Pt particles. Therefore, several modifications were 

made before arriving at the procedure described in Section 2.2. The preparation temperature was 

decreased to 80 °C from 160 °C with NaOH solution added slowly over the 3 h synthesis instead 

of all at the start, the relative concentrations of Pt and NaOH were altered (approximately 31 mL 

of 0.25 M NaOH was added for every 1 g of Chloroplatinic acid hexahydrate), and a 1% CO/N2 

gas mixture was bubbled through the solution instead of flowing Ar.  

 

 

3.1 Catalyst Synthesis and Characterization 

 
An example TEM image of the colloid solution is shown in Figure 3.1. The TEM images 

showed that the colloid solution had a unimodal distribution of Pt particle sizes, with a mean 

particle size of approximately 3 nm. This is significantly larger than the 1.1–1.3 nm mean 

particle size obtained by Wang et al. [65], but it should be noted that Wang et al. also observed a 

significant increase in particle size when just 10% water was added during the synthesis 
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indicating a possible undesired instability of such small particles in aqueous media. We also note 

that typical commercial fuel cell catalysts on high surface area carbon blacks such as that from 

Tanaka Kikinzoku Kogyo (TKK, Japan) have an average particle size of 2.5 nm.  Particles 

smaller than 2 nm have been found to be unstable under fuel cell conditions and suffer 

dissolution and re-deposition by Ostwald ripening process.  Thus, the 3 nm particle size of the in-

house catalysts was deemed acceptable for our current studies. Pt from the colloid was then 

deposited onto the support material, and the resulting catalyst separated and dried in an oven at 

200 °C.  

 

 

Figure 3.1 - High resolution TEM image of Pt particles in the colloid solution and 

accompanying histogram of particle size showing unimodal distribution with mean particle size 

of approximately 3 nm 
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The amount of time the catalyst was heated was determined to have significant impact on 

the activity, and was thus evaluated independently on Pt/C catalysts. A prepared batch of Pt/C 

was separated into 4 vials before being put in the oven at 200 °C, and the vials were sequentially 

removed after 1, 2, 3, and 4 h. The ORR mass activity of these catalysts was then evaluated and 

the results are shown in Figure 3.2. A sharp increase in mass activity was observed up to 2 h 

which we expect to be from evaporation of residual ethylene glycol in the catalyst. Beyond 2 h 

the activity leveled off with a likely slow decay due to particle growth. Therefore, 2 h was 

determined to be sufficient heating time and was used for the synthesis of catalysts in all further 

experiments.  

 

 

Figure 3.2 – ORR mass activity measured at 900 mV (vs. RHE) of Pt/C catalysts as a function of 

post-synthesis heat treatment time, measured in 0.1 M HClO4 electrolyte 
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3.2 Impact of Silicotungstic Acid Loading on Activity 

 
With the synthesis procedure for the Pt/C catalyst optimized, catalysts could now be 

efficiently synthesized with different loadings of SiW11 and the impact of the HPA evaluated. 

SEM images and EDX spectra for Pt/C and Pt/SiW11-C are shown in Figure 3.3. The Pt particles 

and the dispersed SiW11 moieties are too small to be seen in the SEM images, but EDX confirms 

the presence of only the expected elements, and confirms that there are no impurities, at least of 

the threshold of the EDX measurement.  

Figure 3.4 shows typical TEM images of Pt/C and Pt/SiW11-C (7.1wt% SiW11 shown) 

after the 2 h, 200 °C heat treatment. A minimum of 150 particles were measured from each 

sample to reveal an average Pt particle size of 3.1 nm for the Pt/SiW11-C, slightly smaller than 

the 3.6 nm average observed for Pt/C. The same trend was observed after applying the Debye-

Scherrer equation to XRD spectra for the (111), (200), and (220) Pt peak from each sample, 

except with slightly higher average values of 3.4 nm for Pt/SiW11-C and 4.4 nm for Pt/C. The 

discrepancy is due to the fact that the average size obtained from XRD is a volume-averaged 

size, which gives more weight to the larger particles, whereas the average obtained from 

measuring particles in TEM images is truly an average diameter with no weighting. Further, the 

larger discrepancy between the 2 values for Pt/C is indicative of Pt/C having a broader 

distribution of particle sizes, which can also be observed in TEM as illustrated by the histograms 

shown in Figure 3.4. As the synthesis procedures were identical other than the addition of the 

SiW11 to functionalize the carbon, the smaller Pt particles of narrow size distribution must be 

accredited to a stabilizing or attractive effect of the SiW11.  
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Figure 3.3 - SEM image and corresponding EDX spectrum of a Pt/SiW11-C catalyst 

Figure 3.4 - TEM images of Pt/C (top left) and Pt/SiW11-C (bottom left) catalysts and 

accompanying histograms showing distribution of Pt particle size based on measuring at least 

150 particles for Pt/C (top right) and Pt/SiW11-C (bottom right). The dark black spots are Pt and 

the blurry mass holding the Pt is the support carbon. 
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Z-contrast STEM imaging of the Pt/SiW11-C catalyst shown in Figure 3.5 indicates that 

SiW11 molecules (small gray spots ~1 nm in diameter, confirmed by EDX) are well distributed 

on the carbon surface. Thus, we would expect the stability provided by HPA that has been 

observed by others [54, 57, 61,69] to also aid in the uniform spatial distribution of Pt in this case, 

due to the support functionalization. This can be seen to some extent in the lower magnification 

TEM images shown in Figure 3.6, but the argument is fairly subjective. However, an improved 

spatial distribution could also have implications on durability, as will be discussed in Section 3.3.   

 

 

Figure 3.5 - Z-contrast STEM image of Pt/SiW11-C showing spatial distribution of Pt (bright 

white spots ~3–5 nm) and SiW11 (~1 nm dull grey spots) 



32 
 

 

 
 

 
Figure 3.6 - Lower magnification TEM of Pt/C (top) and Pt/SiW11-C (bottom) 

 

Electrochemical measurements were performed on catalysts for all loadings of SiW11 to 

evaluate and quantify the impact of the observed particle size control on ECA and activity. For 

consistency, the same amount of colloid and same weight of support material was used for the 

synthesis of each catalyst, and ICP-AES measurements confirmed that the weight percent of Pt 

was equal (within error) for all catalysts at 13.3%. Cyclic voltammograms shown in Figure 3.7 
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show the same shape for all 4 samples, but with a larger HUPD area for SiW11 containing 

catalysts, indicating an increase in the ECA. 

 

 

Figure 3.7 - Cyclic voltammograms for Pt/SiW11-C catalysts with various loadings of SiW11 

measured in nitrogen saturated 0.1 M HClO4. Scan rate: 20 mV/s. 

 
 

Since HUPD is known to give error in samples containing tungsten due to the formation 

of tungsten bronzes, CO stripping voltammetry was also used to measure the ECA. Further, Pt 

crystallite size was obtained as the average value calculated from applying the Debye-Scherrer 

formula for line broadening to the (111), (200), and (220) Pt peaks from the XRD spectra. Figure 

3.8 shows that CO stripping tended to show slightly higher ECA values than HUPD, and the 

results of both methods trended inversely with crystallite size, as one would expect.  

CO stripping is sometimes considered more accurate due to the lack of hydrogen 

intercalation, but if hydrogen were intercalating into the support we would expect that to result in 
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higher ECA values for HUPD. Since higher ECA values were observed for CO stripping instead, 

it is unlikely that hydrogen intercalation is significant in this case. 

 

 
Figure 3.8 - Comparison of acquired ECA values for Pt/SiW11-C catalysts as a function of SiW11 

loading measured by HUPD (solid black line, diamonds), CO stripping (dashed black line, 

triangles), and theoretical ECA calculated from particle size measured by XRD (dotted black 

line, stars). Pt crystallite size is also provided for reference (solid gray line, squares). 

 

A theoretical surface area based on XRD crystallite size (also shown in Figure 3.8) was 

also calculated assuming uniformly sized spherical particles, and resulted in values comparable 

to the ECAs obtained from CO stripping, except in the case of 15.9wt% SiW11 in which the 

measured ECA is significantly lower than the theoretical value. The deviation at a high loading 

of SiW11 likely indicates that SiW11 is starting to block active Pt sites, which would translate to a 

lower mass activity at high SiW11 loadings as well. The relation between ECA from CO stripping 

and theoretical values from XRD may seem almost unfeasibly close, but one should keep in 
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mind that the theoretical value is based on a volume averaged particle size which tends to favor 

larger particles. Further, the higher values for CO stripping relative to HUPD area agree with that 

observed by Mayrhofer et al. [70] in which the lower ECA values from HUPD are attributed to 

the flawed assumption of a constant double layer capacity for high surface area catalysts (such as 

are used in this work). Regardless of which method is more accurate, the ECA increased with 

SiW11 loading up to a maximum for the 7.1 wt% SiW11 catalyst in both cases, and then decreased 

at higher loadings. 

Linear sweep voltammetry was then performed to evaluate the ORR activity. Tafel plots 

for each catalyst are shown in Figure 3.9, however even over the narrow range of potential 

analyzed the tafel slope does not appear completely linear which makes analysis both difficult 

and subjective. 

 

 

Figure 3.9 - Plot of E (V) vs. log (i) where i has units of (A/cm
2
) for Pt/SiW11-C catalysts with 

various loadings of SiW11 
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 For a more objective analysis, the activity of each catalyst was calculated at 900 mV. 

Figure 3.10 shows that a maximum in the ORR mass activity of 373 mA/mgPt occurred with the 

3.2 wt% SiW11catalyst, which is 18% higher than that obtained from Pt/C. Further, the catalysts’ 

mass activity was at least as high as Pt/C for all loadings of SiW11 tested. While this 

improvement is small, it does appear to be reproducible with each reported mass activity being 

the average of at least 3 electrodes and only about a 10% deviation between electrodes. 

 

 

Figure 3.10 - ORR mass activity measured at 900 mV of Pt/SiW11-C catalysts as a function of 

SiW11 loading, measured in 0.1 M HClO4 electrolyte 

 
 

An improved ECA due to smaller Pt particle size can certainly be credited for part of the 

increase, but there is also an intrinsic effect which is less clear. The intrinsic activity of Pt would 

normally be associated with the specific activity of the catalyst (A/cm
2

Pt), but that would be an 

over-simplification in this case for 2 reasons. First, the uncertainty in ECA (discussed earlier) 
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leads to a significant uncertainty in specific activity. Second, there is a debated effect of particle 

size on specific activity with many authors observing an increase in specific activity with 

increasing particle size [71-73] while others observe specific activity as nearly constant for 

particles in the 2–5 nm range [74, 75]. Finally, some authors have observed a combination of the 

two scenarios in which there is a strong particle size effect up to a size of approximately 2 nm, 

after which activity appears to either be near constant [19] or can even decrease again with 

particle size [18]. However, in the case decreasing activity with particle large particle size seen 

in the work by Sheng et al. [18], it should be noted that the larger particle sizes were obtained via 

a 900 °C heat treatment which could also alter the structure of the support. Thus, the unusual 

behavior observed in this case could simply be an anomaly of the heat treatment. Regardless, 

with these 2 complications at play it would be impossible to give a fair assessment of the impact 

SiW11 is having on the intrinsic activity of Pt using specific activity. Therefore, the activity of 

catalysts in this study will be evaluated only in terms of their mass activity, a parameter which is 

independent of the measured value for ECA. 

The catalysts were further evaluated in terms of lattice strain. To evaluate the lattice 

strain, the position of the (111) Pt peak maximum and the associated d-spacing was obtained for 

each catalyst from the XRD spectra, and is expressed as “Pt (111) βmax” and “d-spacing” in Table 

3.1. If a change in the lattice strain of Pt was contributing to the increases in mass activity, it 

would be noted by a shift in the Pt (111) peak position and a change in the lattice strain could be 

calculated from the change in d-spacing. In this case, the location of each peak is approximately 

equal with a maximum difference of only 0.12 °2θ between peak positions. All calculated d-

spacings are within +/-0.15%, which doesn’t appear to be large enough to cause any noticeable 

change in reactivity when compared to Mavrikakis et al. (Fig. 1) in which a range of +/-2% was 
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used to elucidate the effects [23]. Note that the 4 significant figures shown in the d-spacing 

measurement is unrealistically precise, and are only shown to indicate that the 4 measurements 

were not identical. Further, the small differences that are observed between the peak positions 

and d-spacings appear to be random, not correlating with any trend in ORR activity, ECA, or 

SiW11 loading. Thus, we conclude that the addition of SiW11 has negligible impact on the lattice 

strain of Pt in these catalysts and that lattice strain does not play a role in the observed trends in 

activity.  

 

Table 3.1 - Evaluation of lattice strain using Pt peak position measured by XRD 

Loading 

SiW11 

(wt% of 

support) 

Pt(111) 

βmax 

(°2θ) 

d-spacing 

(Angstroms) 

δPt- XRD 

(nm) 

 

im 

(mA/mgPt) 

0 39.62 2.275 4.4 316 

3.2 39.55 2.278 3.9 373 

7.1 39.67 2.272 3.4 334 

15.9 39.64 2.274 3.8 312 

 

 

 XPS experiments were performed on the Pt/C and Pt/SiW11-C to help elucidate the effect 

of SiW11 addition, and the corresponding Pt 4f peaks are shown in Figure 3.11. An increase in 

the intensity of the Pt 4f7/2 peak relative to the Pt 4f5/2 peak is observed for the SiW11 containing 

sample, similar to that observed by Parkinson et al in which clean (oxygen-free) or highly 

annealed Pt showed a higher Pt 4f7/2 peak intensity [76]. A slightly lowered concentration of 

surface oxides could explain the small improvements observed in activity, as well as having 

impacts on the durability.  

 In the interest of being thorough, the CV and LSV experiments performed using 0.1 M 

HClO4 electrolyte were repeated using 0.5 M H2SO4 electrolyte. Perchloric acid was chosen for a 
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Figure 3.11 - Pt 4f XPS spectra for Pt/SiW11-C (a) and Pt/C (b) showing the different relative 

intensities of the Pt 4f5/2 and Pt 4f7/2 peaks 

 

 

majority of the experiments, rather than sulfuric acid, because the strongly adsorbing sulfate 

anions present in sulfuric acid significantly hinder catalytic activity toward oxygen reduction 

[11, 21, 77]. However, 0.5 M H2SO4 is often used by other researchers, as it is more convenient 

(stability and lack of Cl
-
 impurities), and may be more representative of the anionic groups in a 

perfluorosulfonic acid ionomer. So that the data can be compared to other work, the experiments 

were repeated here with a sulfuric acid electrolyte and are shown in Table 3.2 along with a few 

of said comparisons. The same increases in ECA (HUPD) and mass activity are observed, again 

with the improvement in mass activity being greatest at low loadings of SiW11. The improvement 

in ORR mass activity was actually slightly greater in this case with a 24% increase compared to 
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Pt/C, though it should be noted that the error associated with that value is also greater. 

Comparison to other works (see Table 3.2) shows that the mass activity improvements are 

against a strong baseline, resulting in comparatively high absolute values for mass activity as 

well [11, 40, 51]. 

 

Table 3.2 - ECA and ORR mass activity (at 900 mV) measured in 0.5 M H2SO4 

Catalyst 

 

ECA 

(m
2
/gPt) 

im 

(mA/mgPt) 

Reference 

13%Pt/C 46 49 This work 

13%Pt/3%SiW11/C 62 61 This work 

13%Pt/7%SiW11/C 65 61 This work 

13%Pt/16%SiW11/C 58 50 This work 

Pt-PMo12 - 19* [51] 

Pt-PW12 - 29* [51] 

8%Pt/C 44 29
#
 [40] 

8%Pt/5%TiO2/C 38 44
#
 [40] 

46%Pt/C (TKK) 100 56 [11] 

All percentages shown are weight percents.  

* Estimated from Figure 6 of the reference and corrected for rotation rate.  

# Calculated from given specific activity, electrochemically active surface area, and Pt loading 

and corrected for rotation rate.  

 

 

3.3 Impact of Silicotungstic Acid Loading on Durability 

 
 Durability experiments in the two relevant automotive potential cycling ranges (discussed 

earlier) were performed on a Pt/C and a Pt/SiW11-C catalyst. The 7.1wt% SiW11 catalyst was 

chosen as a representative Pt/SiW11-C sample instead of the 3.2wt% catalyst because it had an 

activity that was still slightly higher than Pt/C but the additional SiW11 was expected to make the 

impact on durability more evident. For each experiment, electrodes with each catalyst were 

prepared and their ECA (HUPD) and activity measured as described above.  The electrodes were 
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then subjected to a potential cycling procedure designed to test durability, after which the ECA 

and activity of those same electrodes were re-measured.  

 The cycling procedure used for the first experiment was 30,000 cycles from 0.6–1.0 V at 

500 mV/s. The potential range 0.6–1.0 V is used because Pt dissolution is known to occur in this 

range during the load cycling of typical fuel cell operation. Figure 3.12 shows how the ORR 

mass activity changed as a result of this cycling. 

 

 

Figure 3.12 - ORR mass activity measured at 900 mV of Pt/C and Pt/SiW11-C catalysts before 

and after 0.6–1.0 V cycling (left) and 1.0–1.6 V cycling (right) 

 

 In addition to having a slightly higher initial activity, the Pt/SiW11-C catalyst showed a 

smaller, 31% loss in activity from the durability cycling compared to the 45% activity loss for 
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Pt/C; a factor of 1.4 improvement. The higher retention of mass activity results from a better 

retention of ECA, which is reflected in the HUPD area of the cyclic voltammograms shown in 

Figure 3.13. 

 

 

Figure 3.13 - Cyclic voltammograms of Pt/C and Pt/SiW11-C before and after 30,000 cycles 

from 0.6-1.0 V at 500 mV/s. Measured in 0.1 M HClO4 at a scan rate of 20 mV/s. 

 

 

Although HUPD area could be debated due to the presence of SiW11 in the samples as 

discussed earlier, the improved ECA retention is also reflected by the TEM images shown in 

Figure 3.14 which shows not only a smaller increase in Pt particle size (3.13.6 nm for 

Pt/SiW11-C vs. 3.64.5 nm for Pt/C) but also a more narrow distribution of Pt particle sizes as 

shown by the adjacent histograms. 
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Figure 3.14 - TEM images of Pt/C and Pt/SiW11-C before durability testing (a and b 

respectively), after 30,000 cycles from 0.6–1.0 V (c and d respectively), and after 6,000 cycles 

from 1.0–1.6 V (e and f respectively). Corresponding histograms are shown to the right of each 

image. Average particle sizes with standard deviation are: a) 3.6 ± 0.9 nm, b) 3.1 ± 0.6 nm, c) 4.5 

± 1.3 nm, d) 3.6 ± 0.9 nm, e) 4.5 ± 1.1 nm, and f) 3.9 ± 0.9 nm. All scale bars are 20 nm, and all 

histograms have equivalent 0.5 nm increments.  
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Figure 3.14 cont. - TEM images of Pt/C and Pt/SiW11-C before durability testing (a and b 

respectively), after 30,000 cycles from 0.6–1.0 V (c and d respectively), and after 6,000 cycles 

from 1.0–1.6 V (e and f respectively). Corresponding histograms are shown to the right of each 

image. Average particle sizes with standard deviation are: a) 3.6 ± 0.9 nm, b) 3.1 ± 0.6 nm, c) 4.5 

± 1.3 nm, d) 3.6 ± 0.9 nm, e) 4.5 ± 1.1 nm, and f) 3.9 ± 0.9 nm. All scale bars are 20 nm, and all 

histograms have equivalent 0.5 nm increments. 
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Recall the earlier observation that a good distribution of SiW11 on the carbon surface 

appeared to aid in a more uniform spatial distribution of Pt particles. An improved spatial 

distribution of Pt particles would imply an increased distance to a ‘nearest neighbor’ Pt particle, 

and therefore an increased distance that a dissolved Pt particle would have to travel for Ostwald 

ripening to occur. Further, the attractive and/or stabilizing effect of SiW11 on Pt observed earlier 

could easily reduce Pt mobility. Combine these two effects and a dissolved Pt particle becomes 

much more likely to re-deposit in the same place from which it dissolved than to migrate to 

another particle to cause particle growth. Not only would this mechanism explain the higher 

retained mass activity of Pt/SiW11-C, but it also agrees with the larger particle growth and wider 

particle size distribution observed in the TEM images in Figure 3.14. 

A separate durability test on fresh electrodes was conducted in the potential range of 1.0–

1.6 V at 100 mV/s for 6,000 cycles. The high potentials experienced during this cycling protocol, 

established by the Durability Working Group [67], are designed to test support corrosion. In 

particular, carbon is known to oxidize to CO2 at these high potentials [15]. Several groups have 

used various corrosion resistant metal oxides in place of a carbon support, but these materials 

suffer from a low conductivity and therefore lower activity [39, 43, 47]. Silicotungstic acid 

(SiW11) is analogous to 1 nm balls of tungsten oxide, which we have dispersed on carbon. Like 

tungsten oxide, SiW11 should provide a corrosion resistant barrier between carbon and Pt, which 

is known to catalyze carbon corrosion [28]. However, the carbon support is still in place to 

provide excellent conductivity. In the worst case, an electron would only have 1 nm of higher 

resistance material to conduct through before reaching the highly conductive carbon. Thus, we 

would expect the Pt/SiW11-C catalyst to provide some of the corrosion resistance seen in metal 

oxides while maintaining the high activity associated with Pt/C. 



46 
 

We’ve already shown that the Pt/SiW11-C catalysts have as good or better activity than 

Pt/C, so it is confirmed that the presence of SiW11 has not created a deleterious conductivity 

issue. In Figure 3.15, a much larger growth of the double layer is shown for the Pt/C catalyst 

indicating a larger increase in carbon capacitance. When carbon corrodes, the creation of new 

pores increases the carbon surface area, which would cause the observed increase in carbon 

capacitance. Thus, the larger double layer growth is most likely an indication that the Pt/C 

catalyst experienced a faster rate of carbon corrosion, as predicted. 

 

 

Figure 3.15 - Cyclic voltammograms of Pt/C and Pt/SiW11-C before and after 6,000 cycles from 

1.0–1.6 V at 100 mV/s. Measured in 0.1 M HClO4 at a scan rate of 20 mV/s. 
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 When carbon corrosion occurs, a number of associated problems could arise including 

loss of Pt, agglomeration of Pt particles from corroded carbon sites, and loss of electronic 

pathways, all of which would lower the mass activity of the catalyst. Not surprisingly then, 

Figure 3.12 shows that Pt/SiW11-C experienced only a 19% mass activity loss from the cycling 

procedure; a factor of 2 improvement compared to Pt/C which suffered a 38% reduction in mass 

activity. Figure 3.14 shows a more similar particle size growth between the 2 catalysts than for 

low potential cycling, but since the Pt/SiW11-C catalyst started with smaller particles we would 

actually expect more particle growth for it, everything else being equal. Further, a more narrow 

Pt particle size distribution is again observed for the Pt/SiW11-C (Figure 3.14 histograms), 

perhaps due to a more uniform spatial distribution or stabilization by SiW11. Loss of active Pt 

and electronic pathways are harder to measure, but likely also contribute to the activity loss, 

though the relative magnitude of said contribution is unknown. 

 An alternative explanation for the differing rates of carbon corrosion could be an 

interaction between SiW11 and C. However, a high potential sweep shown in Figure 3.16 of the 2 

bare support materials shows that the onset potential is approximately equal when no Pt is 

present. If an interaction between SiW11 and C was the cause of the reduced corrosion, we would 

expect a shift to higher potentials which is not observed, implying that the cause is related to the 

interaction of SiW11 with Pt instead. Regardless, carbon (or more generally, support) corrosion 

reduces catalyst activity and appears to be mitigated when the carbon support is functionalized 

with SiW11. We thus conclude that the durability of Pt/SiW11-C is enhanced relative to Pt/C due 

to the support functionalization. 
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Figure 3.16 - High potential sweep for catalyst support materials measured in 0.1 M HClO4. 

Scan rate: 20 mV/s. 

 

3.4 Scale-up from Half-Cell to Complete Fuel Cell 

 
 In order to test our in-house catalysts in a fuel cell, the catalyst materials first had to be 

scaled up to larger quantities. Wet electrochemical tests only require the coverage of a 0.196 cm
2
 

electrode, while the fuel cell will be tested with 5 cm
2
 MEAs. Further, with overspray the actual 

area being sprayed is closer to 8 cm
2
, and there are additional losses in the syringe and tubing. 

Thus, while 100 mg was sufficient to complete a number of wet electrochemical tests, the 

catalysts first had to be scaled up to at least 1 g quantities for MEA testing. Many researchers 

actually use 25 or 50 cm
2
 cells instead of 5 cm

2
, which can reduce edge effects and provide 

results that may be more realistic to what would be seen in an actual automotive application. 

However, supply limitations prevented the use of such cells at the time of these experiments. No 
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changes in the synthesis procedure were necessary for this scale-up, only an increase in all 

quantities.  

 After sufficient quantities of each catalyst had been synthesized, MEA tests could be 

completed according to the procedure outlined in Section 2.5 of this work. Building from the 

data previously obtained in the wet electrochemical cell, 2 catalysts were made into MEAs and 

tested in a fuel cell: the in-house Pt/C and Pt/3%SiW11-C catalysts. ECA of each catalyst was 

measured while nitrogen flowed on the cathode and hydrogen on the anode, which served as the 

counter and reference electrodes. Specific and mass activity were calculated based on the 

average current obtained during the last 5 minutes of a 15 minute hold at 900 mV during the 

polarization curve with oxygen flowing on the cathode and hydrogen on the anode. The results 

are shown in Table 3.3. For comparison, the equivalent data obtained from a wet electrochemical 

half cell is reproduced in Table 3.4.  

 

Table 3.3 - ECA and ORR activity of Pt/C and Pt/SiW11-C catalysts tested in a 5 cm
2
 cell. The 

anode catalyst is Pt/HSC. Anode/Cathode gases are H2/O2. Activity was measured at 900 mV. 

Catalyst 

 

Cathode Loading 

(mgPt/cm
2
) 

ECA 

(m
2
/gPt) 

im 

(mA/mgPt) 

is 

(A/cm
2

Pt) 

Pt/C 0.192 55 120 210 

Pt/3%SiW11/C 0.136 62 140 220 

Pt/HSC* 0.2 53 130 250 

*Obtained from reference [78] for a 50 cm
2
 cell.  

 

Table 3.4 – ECA and ORR activity of Pt/C and Pt/SiW11-C catalysts tested using a rotating disk 

electrode set-up as in Section 3.3 of this work. 

Catalyst 

 

ECA 

(m
2
/gPt) 

im 

(mA/mgPt) 

is 

(A/cm
2

Pt) 

Pt/C 45 310 710 

Pt/3%SiW11/C 61 370 610 

Pt/HSC 100 270 270 
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 The same improvement in ECA and mass activity for low loadings of SiW11 that was 

seen in the half cell set-up was maintained during MEA testing. The in-house catalysts also again 

appear to be comparable to the industry standard Pt/HSC (TKK) catalyst, although it should be 

noted that colleagues obtained that data and used a 50 cm
2
 cell instead of a 5 cm

2
 cell [78]. 

Nonetheless, the relative improvement compared to Pt/C confirms that the addition of low 

loading of SiW11 can provide an improvement in mass activity, which may ultimately result in 

lower catalyst costs.  

 Further MEA testing is highly recommended as it could give greater insight into the 

mechanism of activity enhancement as well as confirm or reject the possibility of enhanced 

catalyst durability in a fuel cell. It should also be noted that no optimization specific to fuel cells 

was done in this work; all optimization occurred at the half cell level. Use of a larger cell such as 

the commonly used 25 or 50 cm
2
 cells could reduce edge effects and show a higher activity for 

both catalysts. Further, optimization of the loading and ionomer to carbon ratio, as well as other 

parameters, could increase the activity further. The parameters chosen were known to work well 

with current state-of-the-art Pt/C catalysts, but may not necessarily be ideal for the novel 

catalysts used in this work. Performing these changes and optimizations would be time 

consuming, but should allow for the activity levels close to that observed in the wet 

electrochemical half cell to be obtained in a fuel cell, ideally resulting in a significant 

improvement to the state-of –the-art fuel cell catalyst. While such tests are outside the scope of 

this work, they are discussed as possible Future Work in Chapter 5.  
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CHAPTER 4 

CONCLUSIONS 

 

 

 Colloidal platinum nano-particles were successfully synthesized with a sufficient size 

distribution to be competitive with the commercially available state-of-the-art catalysts. An 

ethylene glycol reduction method was used to maintain the small and narrow size distribution 

while depositing the Pt onto Ketjen carbon supports, both with and without varying levels of 

functionalization by silicotungstic acid. TEM imaging and XRD analysis showed that less 

platinum particle growth occurred on the samples with silicotungstic acid present, however there 

was a minimum implying that too much silicotungstic acid could induce deleterious effects.  

 This observation was further supported by the wet electrochemical half cell testing, in 

which a maximum in the ORR mass activity of platinum of 373 mA/mgPt was observed for the 

3.2% SiW11 catalyst. Compared to the Pt/C catalyst made under identical conditions with the 

exception of the addition of silicotungstic acid, this represents an 18% average increase in mass 

activity. The increase can largely be attributed to an increase in ECA, which resulted from 

improved control in particle size due to the silicotungstic acid.  

 Several different heating times were also used during the catalyst synthesis, however the 

final heating time used was the one that provided a maximum in activity for the Pt/C catalyst. 

Therefore, no argument could be made that the improved activity was an artifact of the heating 

time in the event that silicotungstic acid had a significantly different heat capacitance or heat 
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conductance from the other materials that might potentially lead to it requiring a different 

amount of heating to achieve equivalent results.  

 The Pt/SiW11-C catalyst also showed an improvement in durability relative to an 

equivalent Pt/C. After cycling from 0.6–1.0 V, the potential range in which Pt dissolution is 

known to occur, the loss in mass activity was 1.4 times higher for Pt/C than Pt/SiW11-C. TEM 

imaging supports the view that these improvements for Pt/SiW11-C result from a reduction in Pt 

particle growth, which is also reflected as a smaller loss of ECA as measured by HUPD. After 

high potential cycling from 1.0–1.6 V, Pt/SiW11-C showed a factor of 2 improvement in mass 

activity retention due to a slower rate of carbon corrosion. Since this is the potential regime 

experienced during start-stop automotive cycling, a factor of 2 improvement here could represent 

a significant increase in the overall life of the catalyst. For both potential regimes, mechanisms 

for the improvements in durability are discussed in detail in Section 3.3 of this work.  

 While wet electrochemical half cell testing can be a great screening tool for potential fuel 

cell catalysts, testing in an MEA is ultimately required to confirm the effectiveness of any new 

materials. Although the key reaction occurring and being evaluated is identical in both cases, 

namely the oxygen reduction reaction, the wet electrochemical test can overlook other important 

aspects of the catalyst. For example, if a catalyst was significantly better or worse at water 

transport there would be no change in the wet electrochemical study due to the use of a liquid 

electrolyte, while the MEAs built with those same materials could behave significantly different. 

Similarly, any differences in proton transport are masked in the half cell due to the abundance of 

available protons from the acidic electrolyte. In our case, there is evidence to suggest that 

silicotungstic acid acts as an excellent proton conductor and we don’t expect it to create any 

problems with water transport, but it is still best to confirm with a single cell test. Such a test was 
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completed and showed a similar 15-20% increase in mass activity for the Pt/SiW11-C catalyst 

relative to Pt/C as was observed in the wet electrochemical test. The overall magnitude of mass 

activity was lower, but this is expected due to significant edge effects present in the 5 cm
2
 cell 

used, and a lack of optimization for fuel cell testing. Moving to a 25 or 50 cm
2
 cell will make the 

edge effects less significant and increase the activity, as could optimizing the loading, ionomer to 

carbon ratio, or any number of countless other parameters.  

 Overall, the addition of small loadings of SiW11 to the carbon support appears to provide 

a non-negligible increase to both activity and durability of Pt/C catalysts for use in a PEMFC. 

Although durability has not yet been tested in a fuel cell, it is highly recommended as Future 

Work and is discussed alongside many other noteworthy experiments in Chapter 5.  
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Chapter 5 

FUTURE WORK 

 

 

 The Pt/SiW11-C catalysts synthesized in this work have shown to provide improved 

activity and durability in a wet electrochemical half cell, as well as preliminarily showing 

improved activity in a fuel cell. The first logical step in the continuation of this work would be to 

optimize the catalyst for use in an MEA as well as test the durability of MEAs with the new 

catalyst.  

25 or 50 cm
2
 hardware should be used instead of the 5 cm

2
 cell used in this work. The 

choice of cell size in this work was based solely on availability of materials at the time of testing, 

and does not reflect ideal conditions. In addition to being less representative of what would be 

used in an actual automotive application, the 5 cm
2
 cell uses a single serpentine flow field which 

could create significant pressure gradients across the flow field, particularly at adjacent but not 

directly connected corners. The larger cells typically use a triple or quadruple serpentine flow 

field in which such pressure gradients would be much less significant. Further, any edge effects 

(i.e. altered gas transport or imperfect alignment) present in the cells would be much less 

significant in the larger cells due to the increase area to perimeter ratio.  

The cell should also further be optimized for the new catalyst. The preliminary tests done 

in this work used parameters that are known to be effective for current state-of-the-art catalysts, 

but are not necessarily ideal for the novel catalysts used in this work. For example, an ionomer to 

carbon ratio of 0.8 was used in this work. However, Nafion
®
 is known to hinder the 
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electrochemical activity of platinum [13]. Since heteropoly acids are known to improve proton 

transport [52, 62], a key function of the Nafion
®
 ionomer, a lower ionomer to carbon ratio may 

provide better activity for our Pt/SiW11-C catalysts. For this reason, higher loadings of SiW11 

could also be considered for testing in an MEA despite their lower activity observed in a wet 

electrochemical half cell. Studies have shown that as much as a factor of 2 improvement in ORR 

mass activity can be obtained simply by reducing or eliminating the Nafion
®
 ionomer [13]. If the 

higher loadings of SiW11 could allow for anywhere close to this factor of 2 improvement, the 

difference would be far more significant than the slightly lower activity observed via RDE. 

Next, the optimized cell should be tested for durability using similar procedures to that 

used in the wet electrochemical half cell. A procedure for performing a stability test has already 

been put in place by the Florida Solar Energy Center [79]. However, for a more rigorous 

durability test it is recommended to use a more strenuous protocol. Several of these protocols 

have already been developed and a summary and comparison has been completed by Perry in the 

DOE Hydrogen and Fuel Cells Program FY 2012 Annual Progress Report [80]. For carbon 

corrosion and Pt dissolution, the protocols in place by Nissan are perhaps a little less robust than 

those used by the Fuel Cell Tech Team (FCTT), but are significantly faster to perform and 

therefore potentially more useful. A summary of the Nissan protocols (recommended) is: for 

carbon corrosion, 1,000 triangle wave cycles from 1.0–1.5 V at 500 mV/s; for Pt dissolution, 

10,000 square wave cycles with a 3 second hold at 0.95 V and a 3 second hold at 0.6 V. Both 

tests are performed at 80 °C and 100% RH. Protocols for chemical stability and mechanical 

durability are also listed, but are extremely time consuming and are not recommended at this 

time.  
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After the aforementioned work has been completed, this work could be extended in many 

possible directions. One option would be to do a support study. All the work presented thus far 

has been performed solely on Ketjen carbon. Ketjen carbon is desirable for its high surface area, 

but its amorphous nature overlooks any geometry-based effects that could be seen by using 

carbons with well-defined morphologies. Thus, it would be logical to extend the work to include 

carbons of strategically chosen and well characterized morphologies. Good options include heat-

treated Vulcan XC-72, carbon nanotubes, highly ordered pyrolytic graphite (HOPG), and Black 

Pearls. More specialized carbons such as graphene or carbon nano-spheres could also be 

investigated later if the preceding results deem logical.  

Research on these materials could begin much like the research done in this work with 

the covalent attachment of various loadings of silicotungstic acid to each support, followed by 

the colloidal addition of Pt. While our previous work proved that low loadings of silicotungstic 

acid are optimal, the different morphologies and lower surface area of these supports prevents us 

from knowing the exact weight percent desired. ESEM with EDS could be used to image the 

support materials and confirm that any impurities are below detection limits. TEM and XRD 

could then be used on the platinized materials to evaluate the uniformity of Pt coverage and Pt 

particle sizes. HR-TEM would be required in order to see the ~1 nm silicotungstic acid 

molecules, but no interfacial information has been obtainable by this method in the past when 

using Ketjen carbon. Thus, other techniques such as Extended X-ray Absorption Fine Structure 

(EXAFS), Anomalous Small Angle X-ray Scattering (ASAXS), Nuclear Magnetic Resonance 

(NMR), Fourier Transform Infrared Spectroscopy (FTIR), or Raman Spectroscopy should be 

used to probe the interfacial interactions.  
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Once synthesized and characterized, these materials could be screened for activity and 

durability using an RDE setup and following the same protocols as used in this work. This would 

allow for the optimal silicotungstic acid loading for each support to be found, as well as provide 

a way to quantitatively compare the different supports. Rotating ring disc electrode (RRDE) 

experiments could also be performed to probe the rate of peroxide formation using a procedure 

similar to that used Sethuraman et al. [81]. The information gained from these studies should 

determine which materials are optimal, and a complete fuel cell study similar to that described 

above should then be completed for said materials. The complete study should investigate the 

materials’ impact on numerous fuel cell performance parameters including carbon corrosion, Pt 

activity, Pt migration, HPA migration, proton transport, water transport, and peroxide levels. 

Alternatively, or in parallel, similar studies could be done using different heteropoly 

acids, which would also be a nice extension to the work previously completed by Stanis et al. 

[59]. Silicotungstic acid was chosen for this work largely to avoid the controversial use of 

phosphorous in the catalyst, but there is no reason to believe silicotungstic acid is optimal. On 

the contrary, several of the phosphomolybdic acids have given better performance than the 

silicotungstic acids [59].  

Finally, the work could be extended to include platinum alloys instead of just platinum. 

As discussed in Chapter 1, platinum alloys are often used by other researchers to improve the 

specific activity of platinum toward oxygen reduction [10, 24-26]. It is also possible that HPA 

could reduce the amount of particle growth that occurs during the annealing step, and thus help 

maintain ECA which is typically low in these type catalysts. If the same improvements in 

specific activity that are commonly seen in Pt alloys could be achieved with reduced loss of 

ECA, it could mean large improvements in the catalyst’s ORR mass activity. Combine this with 
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the optimal support and choice of HPA and it could easily lead the creation of a catalyst which is 

both significantly more effective and less expensive than today’s state-of-the-art catalysts.  
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