
1 

New Electrocatalysts for Proton Exchange Membrane Fuel Cells 
Based on Heteropoly Acids (HPA). 

 

 
 
 
 

Final Report, for the performance period 07/01/02 to 12/31/07 
Submitted: 5/22/08 

  
 

by 
 
 

Andrew M. Herring, Principle Investigator 
CSM Project No. 50040-13000-1200 

(FRS No. 4-49902) 
 

Department of Chemical Engineering 
Colorado School of Mines 
Golden, CO 80401-1887 

 
 

Prepared for 
 

Xcel Energy 
Renewable Development Fund 

Project No. CB07 



2 

Table of Contents 
 
Table of Contents.......................................................................................................... 2 
Justification................................................................................................................... 5 
Executive Summary ...................................................................................................... 6 
Section I: Electrocatalyst Materials for Fuel Cells Based on the Polyoxometalates 

[PMo(12-n)VnO40](3+n)- (n= 0-3)............................................................................................. 7 
Abstract ..................................................................................................................... 7 
Introduction............................................................................................................... 8 
Experimental ............................................................................................................. 9 
Results  and Discussion .......................................................................................... 10 
Conclusions............................................................................................................. 14 
Reference ................................................................................................................ 15 

Section II:  Electrocatalyst Materials for Fuel Cells Based on the Polyoxometalates – 
K7 or H7[(P2W17O61)FeIII(H2O)] and Na12 or H12[(P2W15O56)2FeIII

4(H2O)2]. ................... 28 
Abstract ................................................................................................................... 28 
1. Introduction......................................................................................................... 29 
2. Experimental ....................................................................................................... 30 

2.1 Materials ....................................................................................................... 30 
2.2 Membrane electrode assembly (MEA) Fabrication...................................... 31 
2.3 Characterization ............................................................................................ 31 
2.4 Electrochemical Measurements .................................................................... 31 

3. Results................................................................................................................. 32 
3.1 HPA characterization and solution cyclic voltammetry ............................... 32 
3.2 Catalyst stability and loading........................................................................ 33 
3.3 Activity of K7[(P2W17O61)FeIII(H2O)] on the fuel cell anode. ...................... 33 
3.4 Activity of iron substituted HPA on the fuel cell cathode. ........................... 35 

Conclusions............................................................................................................. 38 
Acknowledgements................................................................................................. 39 
Tables...................................................................................................................... 39 
References............................................................................................................... 40 

Section III: The Use of the Heteropoly Acids, H5PMo10V2O40, 
H7[P2W17O61(FeIII.OH2)] or H12[(P2W15O56)2FeIII

4(H2O)2], in the Anode Catalyst Layer of 
a Proton Exchange Membrane Fuel Cell. ......................................................................... 53 

Abstract ................................................................................................................... 53 
1. Introduction......................................................................................................... 54 
2. Experimental ....................................................................................................... 55 

2.1 Materials ....................................................................................................... 55 
2.2 Preparation of split anode MEA ................................................................... 55 
2.3 Measurements ............................................................................................... 56 

3 Results and Discussion ........................................................................................ 56 
3.1 Error analysis ................................................................................................ 56 
3.2 MEAs without added Nafion® ionomer........................................................ 57 
3.3 Enhancements to MEAs with added Nafion® ionomer................................. 57 

Conclusions............................................................................................................. 59 



3 

Acknowledgments................................................................................................... 60 
References............................................................................................................... 60 
Tables...................................................................................................................... 62 

Section IV: Investigation into the Activity of Heteropolyacids Towards the Oxygen 
Reduction Reaction on PEMFC Cathodes........................................................................ 71 

Abstract ................................................................................................................... 71 
1. Introduction......................................................................................................... 72 
2. Experimental ....................................................................................................... 74 

2.1 Materials ....................................................................................................... 74 
2.2 Electrodes and MEAs ................................................................................... 75 
2.3 Fuel Cell Testing........................................................................................... 75 
2.4 F- emission rate ............................................................................................. 76 

3. Results and Discussion ....................................................................................... 76 
3.1 Fuel cell screening of different HPAs........................................................... 76 
3.2 Increased HPA loading via bonding to carbon ............................................. 80 

Conclusions............................................................................................................. 83 
Acknowledgments................................................................................................... 84 
References............................................................................................................... 84 
Tables...................................................................................................................... 87 
Figures..................................................................................................................... 88 

Section V:  Use of W, Mo, and V Substituted Heteropolyacids for CO Mitigation in 
PEM Fuel Cells. ................................................................................................................ 96 

Abstract ................................................................................................................... 96 
Introduction............................................................................................................. 97 
Experimental ........................................................................................................... 99 

Materials. ............................................................................................................ 99 
Catalyst preparation. ........................................................................................... 99 
Electrode and MEA fabrication. ....................................................................... 100 
Testing equipment and conditions. ................................................................... 100 

Results and Discussion ......................................................................................... 101 
Conclusions........................................................................................................... 106 
Acknowledgments................................................................................................. 107 
References............................................................................................................. 107 
Tables.................................................................................................................... 109 
Figures................................................................................................................... 110 

Section VI:  Effect of increased anode heteropolyacid loading on fuel cell 
performance under pure H2 and CO poisoned conditions. ............................................. 121 

Introduction........................................................................................................... 122 
Experimental ......................................................................................................... 122 

Materials ........................................................................................................... 122 
Catalyst Preparation. ......................................................................................... 122 
Electrode and MEA Fabrication ....................................................................... 123 
Testing Equipment and Conditions................................................................... 123 

Results and Discussion ......................................................................................... 124 
References............................................................................................................. 127 
Tables.................................................................................................................... 128 



4 

Figures................................................................................................................... 129 
Section VII: The use of the heteropoly acids, H3PMo12O40 and H3PW12O40, for the 

enhanced electrochemical oxidation of methanol for direct methanol fuel cells............ 138 
Abstract ................................................................................................................. 138 
1.0 Introduction..................................................................................................... 139 
2.0 Experimental ................................................................................................... 140 

2.1 Materials ..................................................................................................... 140 
2.2 MEA fabrication ......................................................................................... 140 
2.3 Electrochemical Measurements .................................................................. 140 

3.0 Results and Discussion ................................................................................... 141 
3.1 Polarization Experiments ............................................................................ 141 
3.2 Impedance Experiments.............................................................................. 142 

4.0 Conclusions..................................................................................................... 145 
Acknowledgements............................................................................................... 146 
Tables.................................................................................................................... 147 
References............................................................................................................. 148 
Figures................................................................................................................... 150 

Appendix:  Publications and Presentations acknowledging the support of Xcel Energy
......................................................................................................................................... 158 

Publications........................................................................................................... 158 
Presentations ......................................................................................................... 159 



5 

 

Justification 
 
As conventional fossil energy sources become scarcer and their environmental 

impacts more apparent the use of renewable energy becomes more desirable.  Renewable 
energy includes solar, wind and wave, and biomass.   All of these renewable energy 
sources have inherent disadvantages in an energy economy based on electricity and liquid 
transportation fuels.  This is because both solar, only available during the day, and wind 
and wave, only available when the wind blows or seas are not calm, are intermittent 
energy sources and biomass is a solid.  One solution is to convert all of these renewable 
energy sources into a common energy carrier such as hydrogen that can be easily stored 
and used on demand. In the ideal energy scheme a fuel cell is used to maximize the 
efficiency of the conversion of hydrogen to electric power.  Fuel cells are chosen over 
internal combustion engines as they are more efficient under practical operating 
conditions.  Of all the available fuel cells, the proton exchange membrane (PEM) fuel cell 
is the most attractive as it can achieve very high current densities >1 A/cm2 and operates 
at moderate temperatures.  Unfortunately the PEM fuel cell uses expensive Pt (2500 $/oz) 
for both fuel oxidizing anode and oxygen reducing cathode.  While the amount of Pt used 
in the anode is economically small it is easily poisoned by small molecules such as 
carbon monoxide which are formed during the reforming of biomass to the hydrogen 
fuel.  This necessitates that the hydrogen for fuel cells be more expensive as it must be 
very pure to allow the fuel cell to work.  On the cathode the oxygen reduction reaction is 
very slow necessitating an uneconomic loading of platinum.  If PEM fuel cells are going 
to be used to maximize the efficiency of the conversion of the stored renewable hydrogen 
to electricity there will need to be improvements to both the catalysis of the oxidation of 
the fuel hydrogen and the reduction of the oxidant air oxygen.  
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Executive Summary 
In this work we use a class of inorganic superacids called heteropoly acids (HPAs) to 

improve the catalysis of reactions on both the fuel cell anode (fuel side) and cathode (oxygen/air 
side).  In section I we describe the electrochemistry of vanadium substituted HPAs.  These were 
found to only have activity on the fuel cell cathode and are interesting as non-Pt cathode 
catalysts.  In section II we describe the electrochemistry of iron substituted HPAs and again these 
have interseing properties on the fule cell cathode.  In section III we show that the iron doped 
HPA can act as the ionomer in fuel cell anodes.  In section IV we show that the HPAs can be 
optimized as non-platinum catalysts and demonstrate some of the highest curremt densities used 
to date.  In section V we show that vanadium substituted HPA can increase Pt tolerance for CO.  
In section VI the CO tolerant electrodes are optimixed.  In section VII we also showthat we can 
improve the oxidation of methanol on a fuel cell anode. 
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Abstract 
We report on the use of the polyoxometalate acids of the series [PMo(12-n)VnO40](3+n)- (n= 0-3)  

as electro-catalysts in both the anode and the cathode of polymer-electrolyte membrane (PEM) 
fuel cells.  The heteropolyacids were incorporated as catalysts in a commercial gas diffusion 
electrodes based on Vulcan XC-72 carbon which strongly adsorbed a low loading of the catalyst, 
ca.  0.1 mg cm-2.  The moderate activity observed was independent of the number of vanadium 
atoms in the polyoxometalate. In the anode the electrochemistry is dominated by the V3+/4+ 
couple.  With a platinum reference wire in contact with the anode, polarization curves are 
obtained with Voc of 650 mV and current densities of 10 mA cm-2 at 100 mV at 80 °C.  These 
catalysts showed an order of magnitude more activity on the cathode after moderate heat 
treatment than on the anode, Voc = 750 mV, current densities of 140 mA cm-2 at 100 mV. The 
temperature dependence of the catalysts was also investigated and showed increasing current 
densities could be achieved on the anode up to 139 °C and the cathode to 100 °C showing the 
potential for these materials to work at elevated temperatures. 

 
Keywords: Heteropoly Acid, Vanadium, PEM fuel cell, hydrogen oxidation, oxygen 

reduction. 
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Introduction 
One of the barriers to the commercialization of proton exchange membrane (PEM) fuel 

cells fed with hydrogen as the fuel is the need for high loadings of expensive precious metal 
catalysts on both sides of the membrane, especially on the cathode where the oxygen reduction 
reaction (ORR) is sluggish [1, 2].   Whilst acceptable loadings of platinum and platinum alloy 
catalysts have been achieved on the PEM fuel cell anode these electrodes can only be used with 
relatively pure hydrogen; carbon monoxide poisoning of the electrode remains a problem for 
hydrogen produced by the reforming of hydrocarbon fuels [3].  The discovery of a catalyst that 
performs as well as the platinum based catalysts at low temperatures, <100 ºC, will be extremely 
challenging. There is an ongoing research effort to operate PEM cells at elevated temperatures, 
>100 ºC [2].  At these higher temperatures it maybe possible to substitute the platinum catalysts 
with other less expensive catalysts that perform adequately for commercial PEM fuel cell 
operation.  Much research has been performed in the use tungsten carbides as anode catalysts[4] 
and pyrolyzed iron porphyrins as cathode catalysts [5] as possible non-platinum fuel cell 
electrode materials. 

Polyoxometalates, a large class of inorganic transition metal oxygen cluster compounds 
including the heteropolyacids (HPA’s), have attracted increasing interest in the past couple of 
decades for their catalytic applications [6, 7].  HPA’s with the Keggin structure, and in particular 
the compounds H3PMo12O40 and H3PW12O40, have received particular attention due to their 
acidic and redox properties, stability at elevated temperatures, commercial availability and 
relative ease of synthesis [6, 7].  HPA’s are known proton conductors, which may be exploited in 
the design of the membrane electrode assembly (MEA).  Depending on their chemical 
environment not all HPA loose all their bound water molecules below 100 °C, allowing the real 
possibility of proton conduction at elevated temperatures.  These materials have even been 
investigated as possible electrocatalysts for fuel cell applications with limited success, [8, 9] and 
have been shown to increase the tolerance of a platinum containing anode to deactivation by 
carbon monoxide [10].  There are many HPAs that are easily synthesized that have not been 
investigated as PEM fuel cell electro-catalysts.  In surveying various HPAs for candidates as 
anode electrocatalysts, and as vanadium oxides have been demonstrated in partial oxidations [11, 
12] and some work has been done reduction of O2 by reduced H5PMo10V2O40 [36], we alighted 
upon the series of compounds [PMo(12-n)VnO40](3+n)- (n= 0-3)  as likely candidates.   In addition 
Mo HPA are more susceptible to reduction making them more likely to act as mixed 
electronic/protonic conductors facilitating te fuel cell three phase boundary. These vanadium 
substituted polyoxometalates have been used as selective oxidation catalysts for a variety of 
organic reactions [13] from ambient [14] up to temperatures of 300 °C [15]. Of particular interest to 
us, is their ability to oxidize molecular hydrogen and methanol [16].  The electrochemistry of 
vanadium substituted HPAs in acidic solution has been extensively studied [17, 18, 19, 20].  HPAs 
are easily immobilized from aqueous solution by use of the appropriate carbon [21].  There are 
relatively few reports of non-metallic catalysts tested as fuel cell catalysts in an actual PEM fuel 
cell, i.e. where the catalyst is in contact with a solid polymer electrolyte [5, 22].  As the vanadium 
substituted catalysts could potentially act as a solid state proton conducting catalyst, with the 
added possibility of electronic conduction on the fuel cell anode, we decided that it would be 
very informative to actually evaluate these catalysts in the MEA of a PEM fuel cell and this is 
the subject of this work.  
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Experimental 
 Materials: The acids of the [PMo(12-n)VnO40](3+n)- (n= 1-3)  series were prepared by 

literature methods [23].  H3PMo12O40 was supplied by Mallinkrocdt and was used as is.  
 Cloth gas diffusion electrodes (GDE’s) and gas diffusion layers (GDL’s) were supplied 

by E-Tek (De Nora, N.A.).  The GDE was a single sided ELAT loaded at 0.35 mg/cm2 Pt (20% 
Pt on Vulcan XC-72 carbon).  The GDL was the same structure with an uncatalyzed carbon 
layer, A-10 ELAT/Development GDL/type V2.02 very thin. In some experiments a very thick 
GDL of similar construction was employed to increase the area loading of HPA, A-10 
ELAT/Development/V2.33, in which case the platinized GDE used was of the same structure 
with a Pt loading of 0.5 mg cm-2. A 5% Nafion® solution was supplied by Electro-Chem.  
Nafion® 117 membrane was supplied by Ion Power.  The Nafion® 117 membrane was pre-
treated by boiling in 3% H2O2 for one hour, followed by boiling in DI water for one hour, 
followed by boiling in 1 N H2SO4 for one hour, followed by one hour in boiling DI water.  It was 
then stored in DI water in the dark prior to use [24].  

 Catalyst Loading: Unless otherwise noted, the catalyst was added to the GDL in the 
following manner.  Approximately 0.5 g of the appropriate catalyst was dissolved in 15-20 mL 
H2O in an ehrlenmeyer flask fitted with a condensing cap to prevent evaporation.  The solution 
was stirred with a magnetic stir bar at low reflux.  A 5 cm2 piece of GDL was floated on the 
surface of the solution [25].  The solution was stirred for 24 hours, the GDL was removed, rinsed 
with DI water and dried in an oven at 80 °C for 24 hours.  HPA loading was typically 0.1-0.2 
mg/cm2, as measured on a standard four place analytical balance on the very thin GDL and 0.1 
mg /cm2 on the thick GDL [26]. 

Solution cyclic voltammetry was performed on the PAR VersaStat II.  A single compartment 
cell was used with a Pt working electrode, Pt wire counter electrode and a saturated calomel 
electrode as the reference.  The electrolyte was 1 M HClO4.  The scan rate was 50 mV/s. 

 MEA Fabrication: The MEA was composed of one GDE fabricated as above and one 
platinum catalyzed GDE with a loading of 0.35 mg/cm2 of 20% Pt on Vulcan XC-72 carbon (E-
Tek).  Both electrodes were hand painted with Nafion® solution (approx. loading: 0.6 mg/cm2) 
and allowed to dry.  The electrodes were pressed into Nafion® 117 with a Carver hydraulic press 
with heated platens at 130 °C and 75-100 psi for 90 sec.  The membrane of the MEA using the 
very thin GDE was not “conditioned”, as proton conduction across the membrane was not 
considered the limiting factor in the performance of our MEA’s and no difference in 
performance was observed.  The MEA with the very thick GDE were conditioned until steady 
state performance was achieved. 

 Equipment:  The two test stands described below were used alternately to collect data on 
various (and occasionally the same) MEA’s.  The choice of stands was made purely on the sake 
of convenience and the two stands produced equivalent results. 

 The first stand is located at NREL and consists of a Globetech Compucell GT Fuel Cell 
Test Stand.  This model has bubble humidifiers and custom made heated gas transfer lines.  The 
backpressure is manually regulated.  For  the MEA’s with the very thin GDE which  only 
generated small currents, data was collected using a Princeton Applied Research VersaStat II 
potentiostat.  For the MEA with the very thick GDE a Scribner load box was employed.  The 
polarization curve was scanned from open circuit to short circuit at 10 mV/s unless otherwise 
noted. 
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 The second stand, located at CSM, consists of Lynntech Industry’s modular gas handling 
and bubble humidifier units with heated gas transfer lines.  The back pressure is manually 
regulated.  Electrochemical data was collected using an Arbin Industries MSTAT4+ multi-
potentiostat. The potentials were stepped 50 mV from open circuit to short circuit with a step 
time of 60 s and data collected from the end of the step (to simulate steady state conditions). 

Raw data was collected on the respective manufacturer’s software and imported into MS 
Excel for final workup.  The polarization curves are uncorrected for IR losses. 

The test cells for both stands are made by Fuel Cell Industries and are of a single cell design 
with 5 cm2 serpentine flow fields.  The cell was operated at 80 °C under 30 psi back pressure 
with humidifier water temperatures at 80 °C and gas flows at 0.05 slpm for both H2 and O2 
unless otherwise noted.   With the very thin GDE this condition produced the most consistent 
results, although some periodicity in maximum current densities produced was observed in the 
polarization curves as the electrodes are not optimized for Nafion® 117 MEAs, resulting in some 
flooding, the maximum polarization curves are reported.  For the thick GDE this periodicity was 
completely removed by running the humidifiers at 90 °C, when the cell was at 80 °C, although 
this would appear counterintuitive, i.e. would produce flooding, these conditions allow multiple 
polarization curves, >20, to be observed with near perfect reproducibility and no adverse water 
management effects.  All MEAs using the very thick GDEs were run at each new condition until 
at least 5-15 near identical polarization curves had been obtained. 

 

Results  and Discussion 
Catalyst Loading 
To achieve a meaningful control and to avoid the pitfalls of attaching the catalyst via the 

decal method we chose to impregnate a commercial GDE, rather than a carbon known to have a 
large capacity for polyoxometallates [21].   This commercial GDE is based on the carbon, 
Vulcan XC-72 and as a result the catalyst loadings we achieved were quite small, 0.1-0.2 
mg/cm2, but the catalyst that we did adsorb did not leach out during fuel cell testing.  Efforts 
were undertaken to increase the loading by 1) drying several successive layers of saturated 
catalyst solution onto a GDE previously prepared as above; or 2) physically grinding the catalyst 
into the GDE.  Both methods caused extensive leeching of the catalyst out of the GDE during 
MEA fabrication, and further leeching during cell operation.  The latter is noticeable by the dark 
blue-black water in our exit lines, the color arising from the reduced catalyst as it corrodes the 
down stream brass fittings.  Absolute loadings in these GDE’s are therefore unavailable, though 
they should be considerably higher.  Nevertheless, neither method shows an improvement in 
GDE performance for either the cathode or the anode in the MEA.  Whether this is due to a 
limited number of favorable sites within the carbon support at which the conditions are favorable 
for the hydrogen oxidation reaction (HOR) and/or ORR to proceed with these catalysts; or to the 
effective leeching of the catalyst out of the MEA to affect low loading levels; or to some other 
cause, remains unclear. More important than the loading, which as can be seen can vary by as 
much as a  factor of two, is the nature of the carbon support and the interaction between the HPA 
and the carbon support, similar loadings of HPA, as will be seen below give dramatically 
improved results on a thick GDE as oppsed to a very thin GDE. 
It should be pointed out that the loadings we have achieved for these catalysts are very low 0.1-
0.2 mg/cm2 compared to 0.35 or 0.5 mg/cm2 for the platinum catalyzed electrodes that we 
employed.  On a molar basis these weight loadings correspond to 0.06 - 0.12 μmol/cm2 for the 
HPA and 1.8 μmol/cm2 for the platinum catalyst layer.  The acids of the [PMo(12-n)VnO40](3+n)- 



 

11 

(n= 0-3)  series show some slight activity as catalysts for both the oxidation of hydrogen and 
reduction of oxygen in fuel cells.  In both cases the activity was independent of the number of 
vanadium atoms in the polyoxometalate.  This possibly could be due to a combination of low 
loading levels and small currents masking the effects of varying the vanadium content of the 
catalyst. 

Anode 
Figure 1 shows a typical polarization curve for H5PMo10V2O40. as the anode catalyst on the 

very thin GDE. Polarization curves for the series [PMo(12-n)VnO40](3+n)-  (n= 0-3)  are 
characterized by a low open circuit potential (VOC), 610 mV, and poor overall performance.  
Short circuit currents (ISC) were at best 1-3 mA/cm2, only slightly better than the performance of 
uncatalyzed GDE’s which achieved ISC’s of 0.1-0.2 mA/cm2.   Increasing vanadium content in 
the catalyst made no observable difference in the polarization curves.  The unsubstituted parent 
HPA, 12-Phosphomolybdic acid (n= 0) gave the worst results with an average VOC of <100 mV 
and negligible current, showing that a vanadium redox couple is important to the oxidation of 
hydrogen in this system. 

 The open circuit potentials were troublesome on the very thin GDE.  The values ranged 
from 400-700 mV and varied by several tens of mV for a single MEA over time.  We suspected 
the redox couples which appear in the range of our polarization scan to be playing a part in this 
behavior [27, 28].  This is further evidenced by increasing the scan rate of the polarization curve as 
shown in Figure 2.  As the scan rate increases, a prominent wave is observed at 100-250 mV.  
This wave was extremely sensitive to the operating conditions of the cell and could vary as much 
as 100 mV in a given MEA. However,  a plot of square root of scan rate against peak current, not 
shown, is linear over the range 50 – 400 mV s-1, standard “Randles-Sevcik” behaviour for a 
diffusion limited reversible redox couple.   The solution cyclic voltammograms of the HPA 
series [PMo(12-n)VnO40](3+n)-  (n= 0-3)  in 1 M HClO4, Figure 3, are all similar showing a 
prominent reversible wave at 200 mV which corresponds to the V3+/4+ couple the wave 
superimposed on the polarization curves in Figures 1 and  2, and a smaller wave at 400 mV 
which corresponds to the V4+/5+.  The reverse waves are not observed for the MEA under fuel 
cell conditions because the excess hydrogen only allows a transient formation of the oxidized 
HPA.  The size of the wave is doubled when the more optimized very thick GDE is employed in 
a MEA and Voc also improve to 950 mV.  One of our Fuel Cell Technologies cells is fitted with 
a Pt wire reference electrode.  Using this to control the potential in the polarization scan, we find 
a very different shape to our curve, Figure 4.  The performance of the MEA substantially 
improves at potentials lower than that of the anode redox couple; the ISC is now 22 mA cm-2.   
Interestingly a small wave can now be discerned on the polarization curve at ca. 0.4 V which 
corresponds to the smaller, broad reversible wave observed in the CV, Figure 3.  The Tafel plot 
obtained, Figure 5, when the MEA is exposed to H2 on both sides and the anode is driven with a 
potentiostat shows very slow Tafel kinetics with an exchange current density, io, derived from 
the intercept of Figure 5, only of ca. 10 mA cm-2, an order of magnitude lower than for a 
comparable Pt electrode, and a value for the charge transfer coefficient,  α, derived from the 
slope of Figure 5, of ca. 0.07, compared to a typical value of 0.5 for most electrode materials.29 

 In the anode, the appearance of redox waves in the polarization scans adds complexity to 
an already non-trivial system.  From the data, there appears to be a dynamic equilibrium set up 
between competing pathways in the anode.  This is not all that surprising when one considers 
how the polarization test scans are performed and the nature of the polyoxometalate.  The fully 
oxidized polyoxometalate contains Mo6+ and V5+ ions in an octahedral environment of oxygen 
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atoms.  They are easily reduced, with the first reduction(s) associated with the V4+/5+ couple [35].  
When an MEA is tested, there is a period of time in which fuel and oxidant are flowing through 
the cell and the cell is pressurized and allowed to come to temperature.  The hydrogen can reduce 
the accessible polyoxometalate, most likely reducing the vanadium to the V3+ state, hence the 
larger wave superimposed on the polarization curve at 200 mV, Figures 1 and 3, and possibly 
reducing the molybdenum to its Mo4+ state.  The polyoxometalate probably remains intact at this 
point, as it is known that unsubstituted Keggin anions can be reduced by 6e- without any 
structural changes [30].   Interestingly, our results indicate that it is the V3+/4+couples that are 
ultimately important to any current being generated, as the phosphomolybdic acid did not 
generate a significant VOC or any current. 

 The MEA is then scanned, usually from open circuit to short circuit (i.e. maximum 
potential to zero potential).  As soon as current is being passed, the metal ions of the 
polyoxometalate will try to reach their maximum oxidation, all the while, being chemically 
reduced by the hydrogen.  As the polarization curve is scanned through the first redox wave, the 
picture becomes even more complicated by the metal ions being both chemically and 
electrochemically reduced.  It is small wonder that the wave seen in the polarization curves 
should be ill defined, and very sensitive to scan speed, backpressure in the cell and hydrogen 
flow rates.  This peak is itself insignificant to fuel cell operation, as it would not arise under 
steady state conditions. 

 Even when one monitors the VOC with respect to the anode potential and the reference 
potential, the difference between the two is not constant over time.  The difference fluctuates 
wildly when one performs a polarization scan, belying the limits of our instrumentation.  Figure 
4 also indicates that there are significant activation losses at the anode.  As mentioned above, 
open circuit potentials were generally in the 400-700 mV range.  When the potential was 
controlled through the reference electrode, the VOC was in 700-800 mV range.  For these 
catalysts, though, the actual losses due to anode overpotential are small when compared to the 
loss in potential due to the redox chemistry.  

One of our primary goals is to seek out catalysts that can operate at elevated temperatures.  
To this end, we monitored MEA performance vs. temperature  with decreasing relative humidity, 
as the humidifies were kept at 80 °C, as shown in Figure 6.  To make these measurements with 
the very thin GDE, the temperature was ramped relatively quickly (~1 °C/min) to reduce the time 
at temperature.  We see slow increase in the performance of the MEA as the temperature is 
increased from 30 °C to 100 °C.  The performance and the shape of the polarization curve both 
improve at temperatures over 100 °C.  Control experiments using the very thick GDE in which 
the cell was heated to 100 °C, at which point limiting currents >50 mA cm-2 were observed, and 
cooled back to 80 °C, showed a slow return to the original current densities, 20 mA cm-2. 
Although, the Nafion® 117 membrane starts to lose performance at temperatures above 100 °C 
due to water loss [31], they will only operate at elevated temperatures for periods of time long 
enough for catalyst evaluation.  At some temperature >139 °C, the VOC fell to <100 mV and no 
current was passed.  The MEA at this point was “dead” and no longer operated even if restored 
to lower temperatures.  Unfortunately, even if these improvements were extrapolated linearly [32] 
to even higher temperatures, say 300 °C, the performance would still be poor.  This trend to 
increasing activity with higher temperature may seem contradictory as it is generally true for the 
four commercially available HPAs that have been studied extensively that proton conduction 
decreases with lowering water content,33 this is a generalization that can not be fairly applied to 
all HPA structures.   Two important points should be made, one that many HPAs retain water to 



 

13 

quite high temperatures, >200 °C, and that proton diffusion coefficients, as measured by pulse 
field gradient NMR, can actually increase in value at higher temperatures.34  So the improvement 
in anode performance with temperature could be explained in terms of increasing not decreasing 
proton conductivity.  

If one plots the open circuit potential versus cell temperature for the above experiment, 
Figure 7,  we see a drop in VOC at around 50 °C, which returns to near starting values at 
temperatures over 100 °C.  This gives us hope that polyoxometalates will act as stable catalysts 
at temperatures over 100 °C. As noted below in relation to the cathodic performance, 
polyoxometalate properties can be sensitive to hydration state.  

The trend in Voc reported with temperature is, we believe related to the proton conduction 
properties of the catalyst, which presumably undergoes a change in mechanism with a phase 
change of the hydration state of the HPA as it is heated.  Waters lost below 100 °C may decrease 
the ability of the HPA to conduct protons via a vehicle mechanism but above 100 °C the 
Grotthus mechanism becomes viable with the remaining protons and water molecules, if 
anything this improves the catalytic behavior of the anode as can be seen by the increasing 
current densities obtained above 115 °C, Figure 6. 

As anode catalysts, this series proves interesting from a chemical point of view, but fails 
from a practical standpoint, only generating a few milliamps per square centimeter at short 
circuit under PEM fuel cell conditions.  This does not preclude them, however, from use in 
higher temperature fuel cells, where they may be used to oxidize methanol.   The continued rise 
in performance at temperatures over 100 °C is encouraging.   

Cathode 
The design of the MEA makes testing of the catalyst in each electrode trivial, as all one must 

do is to flip the MEA over to switch the GDE from the anode to the cathode.  We have 
demonstrated that after a series of experiments there is no difference in performance between 
HPA run on the anode or cathode irrespective of which test is run first.  Figure 8 shows a 
polarization curve with H6PMo9V3O40 as the cathode catalyst on the very thin GDE.  Polarization 
curves for the series [PMo(12-n)VnO40](3+n)- (n= 0-3)  generally had VOC’s in the 600-800 mV 
range and ISC’s from 20-25 mA/cm2.  The precipitous drop in potential at low currents is 
primarily caused by the activation losses at the cathode [1].  With Pt as a catalyst, this loss is 
usually on the order of tens of millivolts.  In our system, regardless of the initial VOC, this drop 
continued to ~450 mV before appreciable currents were generated.  Open circuit voltage is lost 
over time with these complexes, and when a polarization curve is run, one must wait 
approximately 20 minutes for the VOC to return to near pre-scan values.  As in the anode, 
changing the vanadium content in the catalyst had no observable affect on the polarization 
curves. 

 Figure 9 shows the performance versus temperature for H5PMo10V2O40 as a cathode 
catalyst on the very thin GDE.  The complex shows slight improvement in catalytic behavior 
with increased temperature up to 100 °C, at which point the MEA fails. Very much more 
promising data is obtained with the higher loading of the thick GDE.   At 80 °C  and humidifiers 
at 90 °C  reproducible polarization curves can be run, Figure 10, with an Voc of 0.6 V and >100 
mA cm-2 at 0.1 V.  A Tafel plot, not shown,  of this data gives an initial slope of 60 mV/decade.  
At 100 °C, humidifiers at 100 °C , again a series of reproducible polarization curves give 
improved performance of Voc 0.75 V and an improved current density.  On return to 80 °C the 
steady state reproducible performance of the MEA is dramatically improved over the initial 
values with an Voc of 0.75 V and a current density at 0.1 V of 140 mA cm-2.  Over subsequent 
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cycles the performance at 100 °C is duplicated with the performance at 80 °C returning to the 
newer higher value, the catalyst has obviously been changed for the better by this treatment.  
Tafel plots of the polarization of the cathode catalyst under identical conditions but changing 
oxygen for air are shown in Figure 11 and show a much steeper slope than for the original HPA 
catalyst showing that the transformed catalyst is now operating under a different reaction 
mechanism.  A Tafel slope of 133 mV/decade is observed.  The cathode is under kinetic control 
under air only at < 1.8 mA cm-2. 

These results are partially explained by the prevalent views on the mechanism of reduction of 
elemental oxygen by these complexes.  The proposed mechanism involves the breaking of a V-O 
bond, specifically the bridging, skeletal μ-oxygen,V-O-Mo,  that binds the vanadium center to 
the lacunary HPA structure [35].  The chemical reoxidation of the HPA is probably the slow step 
in the electrochemical reduction of oxygen, as shown in the cartoon below.  

[-O-Mo-O-V-O-Mo-]  + 2H+ + 2e- → [-O-Mo-   -V-O-Mo-] +H2O 
[-O-Mo-   -V-OMo-] + ½ O2 → [-O-Mo-O-V-O-Mo-]  
Such a mechanism could lead to degradation of the polyoxometalates’ primary structure and 

would be favored at higher temperatures, where loss of protons would occur with skeletal 
oxygen atoms to form water and a partially neutralized HPA [36,37]. That is to say the first step 
illustrated in the cartoon occurs but the oxygen deficient structure reorganizes to a configuration 
unfavorable to oxygen incorporation.   It is therefore likely that the structure of the very thick 
GDE favors the partial reduction of the HPA, which could lead to the formation of nano-particles 
of mixed metal oxides.  This is a similar in concept to the metal centers that are formed on the 
pyrolysis of iron porphyrins which also show promise as non-platinum cathodes for PEM fuel 
cells [38, 39], although rather higher current densities have been obtained at 600 mV [22].  The 
slow step in the proposed mechanism of reduction of oxygen by the unmodified HPA is the 
chemical reoxidation of the catalyst, obviously, if one could find an HPA in which this was fast a 
practical fuel cell cathodic catalyst might be discovered. As the chemical reoxidation is not fast 
the HPA is unstable at >100 °C which leads to a modified HPA catalyst that shows much greater 
promise.  It should be pointed out that this chemistry would never be observed in solution as it 
relies on the HPA being somewhat dehydrated, i.e. being susceptible to loosing water.  These 
complexes generated an order of magnitude more current as cathode catalysts than anode 
catalysts.  Importantly, we have shown that polyoxometalates may be viable candidates as 
cathode catalysts. 

Conclusions 
Electro-catalysis at both the anode and the cathode of a PEM fuel cell has been demonstrated 

using very small but stable loadings of the heteropoly acids, [PMo(12-n)VnO40](3+n)- (n= 0-3).   
These materials could be practical anode catalysts at dramatically higher loadings and at elevated 
temperatures.  There is also an increase in current seen at potentials lower than the anode, Figure 
4, that could possibly be exploited.    Surprisingly these materials may also be potential practical 
cathode catalysts again at much higher loadings and after electrochemical or chemical 
modification.  Future work will be aimed at fully characterizing the cathode electrodes created, 
the investigation of the use of carbons more suited to the adsorption of much higher loadings of 
HPA such as Ambersorb A-572 [21]; the use of higher temperatures as well as methanol 
oxidation; and co-catalysis with platinum to lower the anode potentials back to NHE.  Ongoing 
work will also investigate a wide range of HPA’s that may be more suitable towards catalysis at 
each electrode. 
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Figure 1: Polarization Curve of H5PMo10V2O40 supported on a very thin ELAT GDE as an anode catalyst, cathode is 0.35 mg/cm2 

Pt (20% Pt on Vulcan XC-72 carbon), and the membrane is Nafion® 117.  
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Figure 2: Scan rate dependence on the polarization curve of H5PMo10V2O40 on a very thin GDE. A) 10 mV/s; B) 50 mV/s; C) 100 

mV/s; D) 200 mV/s; E) 400 mV/s. 
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Figure 3: Solution cyclic voltammetry (Pt vs. SCE) of the HPA at a scan rate of 50 mV/s, V1) H4PMo11VO40; V2) H5PMo10V2O40; 

and V3) H6PMo9V3O40. 
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Figure 4: Polarization Curve of H6PMo9V3O40 as an anode catalyst on a very thin GDE.  The potential is controlled through a Pt 

wire reference electrode (see text). 
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Figure 5:  Tafel plot of H6PMo9V3O40 as an anode catalyst on a very thick GDE, H2 on both sides of MEA at 5 mV s-1. 
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Figure 6: Temperature dependence of H5PMo10V2O40 as an anode catalyst on a very thin GDE. 
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Figure 7: Open circuit vs. temperature for H5PMo10V2O40 as an anode catalyst on a very thin GDE. 
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Figure 8: Polarization Curve of H6PMo9V3O40 as a cathode catalyst on the very thin GDE.  
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Figure 9: Temperature dependence of H5PMo10V2O40 as a cathode catalyst on the very thin GDE. 
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Figure 10: H5PMo10V2O40 as a cathode catalyst on the very thick GDE, □ – initially at 80 °C, humidifiers at 90 °C, ◊ - at 100 °C, 

humidifies at 100 °C,  - at 80 °C after 100 °C, , humidifiers at 90 °C, flow rates for H2 and oxygen 0.1 slpm, scan rate 20 mV s-1. 
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Figure 11:  Tafel plots of the polarization curves for H5PMo10V2O40 as a cathode catalyst on the very thick GDE at 80 °C, □ – 

under oxygen, ◊ - under air, flow rates for H2 and oxidant 0.1 slpm, 20 mV s-1.
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Abstract 
Free acids of the iron substituted heteropoly acids (HPA), H7[(P2W17O61)FeIII(H2O)]  

(HFe1) and H18[(P2W15O56)2FeIII
2(H2O)2]  (HFe2) were prepared from the salts 

K7[(P2W17O61)FeIII(H2O)]  (KFe1) and Na12[(P2W15O56)2FeIII
4(H2O)2] (NaFe4)  

respectively.  The iron-substituted HPA were adsorbed on to XC-72 carbon based GDLs 
to form HPA doped GDEs after water washing with HPA loadings of ca. 1 μmol.  The 
HPA was detected throughout the GDL by EDX.    Solution electrochemistry of the free 
acids are reported for the first time in sulfate buffer, pH 1 - 3.  The hydrogen oxidation 
reaction was catalyzed by KFe1 at 0.33 V , with an exchange current density of 38 
mA/cm2.  Moderate activity for the oxygen reduction reaction was observed for the iron 
substituted HPA which was dramatically improved by selectively removing oxygen 
atoms from the HPA by cycling the fuel cell cathode under N2 followed by reoxidation to 
give a restructured oxide catalyst.  The nanostructured oxide achieved an OCV of 0.7 V 
with a Tafel slope of 115 mV/decade.   Cycling the same catalysts in oxygen resulted in 
an improved catalyst/ionomer/carbon configuration with a slightly higher Tafel slope, 
128 mV/decade but a respectable current density of 100 mA/cm2 at 0.2V. 

 
Keywords: Heteropoly Acid; Iron; PEM fuel cell; hydrogen oxidation; oxygen 

reduction 
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1. Introduction 
The proton exchange membrane (PEM) fuel cell has much promise and represents an 

extremely versatile efficient energy conversion device.  However, before the PEM fuel 
cell can achieve widespread commercial use, improvements in unit cost, fuel cell 
durability and fuel versatility must be achieved [1].   The cost of the PEM fuel cell is high 
and efficiencies reduced in part because the oxygen reduction reaction (ORR) is slow 
necessitating high loadings of an expensive platinum catalyst at the cathode.   Whereas, it 
is desirable that O2 be efficiently reduced directly to H2O in a 4e- process, Eqn. 1, this 
process is not 100% complete on the platinum catalyst and peroxide is released from the 
hydroxyl intermediate formed in Eqn. 2, by a 2e- reduction. Hydroxyl or peroxyl radicals 
produced from hydrogen peroxide can attack the fuel cell PEM causing degradation and 
ultimately failure of the cell. This highly oxidizing environment necessitates that the fuel 
cell PEM must be constructed from an expensive perfluorosulfonic acid (PFSA) 
iononmer such as Nafion®.  It is, therefore, desirable that O2 be efficiently reduced to 
H2O by a direct 4e- process, E0 = 1.229 V, or that the hydroxyl intermediate produced by 
the 2e- reduction, E0 = 0.695 V, is rapidly further reduced to H2O, Eqn. 3. 
O2 +4e- + 4H+  2H2O        (1) 
O2 +2e- + 2H+  2HO         (2) 
2HO  +2e- + 2H+  2H2O        (3) 

In general the PFSA ionomer must be fully hydrated to achieve practical 
conductivities for useful fuel cell operation.  PEM fuel cells are, therefore, currently 
limited to operating temperatures of ca. 80 °C.  The hydrogen fuel must be virtually free 
of CO which would otherwise poison the platinum catalyst at the anode at these low 
operating temperatures.   There is, therefore, a need to discover an efficient 4e- non-
platinum ORR catalyst for the cathode which would dramatically increase fuel cell 
efficiency and allow the PEM to be constructed from a hydrocarbon material. This 
increased variety in available ionomers would facilitate the discovery of a PEM that 
could operate at higher temperatures.  There is also the need for a CO tolerant hydrogen 
oxidation reaction (HOR) catalyst system for the anode that would facilitate the use of H2 
derived from hydrocarbons. 

The heteropoly acids (HPA) are a large and diverse class of oxidatively stable 
inorganic oxides [2, 3] that have attracted a great deal of interest as electrocatalysts for a 
variety of reactions[4] including those pertinent to a fuel cell namely the HOR[5-8] and 
the ORR [5, 9-17].  The HPA are, therefore, an important group of materials that may be 
considered as a replacement for or as co-catalysts with precious metal fuel cell catalysts 
to decrease catalyst expense, to increase the fuel cell versatility, and performance of the 
fuel cell.   To be useful in fuel cell applications the water soluble HPA need to be 
immobilized,  Whilst much is known about HPA electrochemistry in solution their 
electrochemistry is little studied in the solid state, particularly in a fuel cell environment.  
The HPA may be immobilized on an electrode by a number of approaches; a) by dipping 
an electrode in an HPA solution, as a small amount of HPA is adsorbed strongly on many 
electrode materials, b) by encapsulation in a proton or electronically conducting polymer, 
although many of the electronically conducting polymers used to date would not be stable 
in the generally oxidizing conditions of a fuel cell, or c) by electrodeposition, in which 
the HPA structure is often modified. The problem with this latter approach is that often a 
Pt counter electrode is used and trace amounts of platinum are suspected as being the 
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electrochemically active species [4].   In this study, the HPAs were adsorbed on to 
commercial fuel cell gas diffusion layers, GDL, composed of the carbon Vulcan XC-72. 
This approach proved to be robust enough to achieve repeatable and steady state results 
over the time scales studied in this work.   However, this is probably not suitable for 
practical fuel cell use as the amount of HPA strongly adsorbed is small.  Our attempts to 
immobilize HPA with more robust linkages will be reported in a subsequent paper. 

The most commonly studied HPA consist of either the well known Keggin or the 
Wells-Dawson structures.  The Keggin ion, [X+nM12O40](8-n)- (where M commonly = W or 
Mo), has a structure with Td symmetry and is composed of a central heteroatom 
surrounded by four groups of three M-O octahedra.  The related Wells-Dawson structure 
[(X+n)2M12O40](16-2n)- (M = W or Mo) is closely related to the Keggin ion and may be 
imagined to consist of two Keggin ions with one face of three M-O octahedra removed 
and then joined together.   1, 2, or 3 M-O octahedral may be removed from either ion (but 
not two for the Wells-Dawson structure) to give the so called lacunary HPA where the 
vacancies can act as ligands for a transition metal center.  In the case of the trivacant 
lacunary Wells-Dawson ion the resulting transition metal substituted HPA is often a 
Wells-Dawson sandwich HPA consisting of two trivacant Wells Dawson units 
sandwiching four metal centers.   

The iron substituted HPA are of particular interest as they may be regarded as metal 
porphyrine analogues, act as oxidation catalysts, and are active electrocatalysts for 
reductions [4].  Following our previously reported study of a series of vanadium 
substituted molybdenum Keggin HPA [5] we turned our attention to iron substituted 
HPA.  In this study we investigated the solid state electrochemistry of the iron 
monosubstituted Wells-Dawson HPA, [(P2W17O61)FeIII(H2O)]7-, and the Wells-Dawson 
iron sandwich, [(P2W15O56)2FeIII

4(H2O)2]12-, as both their sodium salts and the free acids.  
The free acid of the Wells-Dawson iron sandwich, prepared without cooling, only has 
two iron atom centers and so we presume it has a structure related to the HPA 
[FeIII

2(NaOH)2(P2W15O56)2]16- [18].  This 2 Fe material was used rather than the 4 Fe 
substituted free acid, prepared under ice cold conditions, as we wanted use a material in 
which the substituent Fe atoms would have some chance of surviving the 80 °C 
temperatures of the operating PEM fuel cell.  The electrocatalytic reduction of O2 to 
water at pH = 5 has been demonstrated by the related more active arsenic Well-Dawson 
HPA anion, [(FeIIIOH2)2FeIII

2(As2W15O56)2]12- [17]. In addition the electrochemistry and 
redox chemistry of both a monsosubstituted iron Keggin ion, [FeIIISiW11O39]5- at low pH,  
the monosubstituted Wells-Dawson, at pH 2, and the sandwich iron substituted Wells-
Dawson, at pH 5, ions have been studied in the presence of H2O2 [19-21].  The 
mechanism for reduction of H2O2 by all three substituted iron HPA based on the initial 
study of the iron substituted Keggin ion, is considered to be inner sphere electron transfer 
in which the iron centers are the pathway of electron transfer [19].  It seemed reasonable, 
therefore, to incorporate these iron substituted Wells-Dawson HPA into a gas diffusion 
electrode, GDE, of a PEM fuel cell and to conduct a study of their electrochemical 
activity under the operating condition of a PEM fuel cell. 

2. Experimental  
2.1 Materials 
The salts, K7[(P2W17O61)FeIII(H2O)] (KFe1) and Na12[(P2W15O56)2FeIII

4(H2O)2] 
(NaFe4) were synthesized by literature methods and characterized by IR spectroscopy as 
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KBr pellets, 31P NMR, and cyclic voltammetery [22, 23].  The salts were converted into 
the free acids by ether extraction from HCl solutions [24] and also characterized by IR 
spectroscopy by the same methods.   The potassium salt of the mono-iron HPA KFe1 
converted cleanly into the free acid, H7[(P2W17O61)FeIII(H2O)] (HFe1), but the sodium 
salt of the tetra-iron sandwich HPA, NaFe4,  gave an HPA that had only two equivalents 
of iron which we designate, HFe2 (calculated: W, 0.703; Fe, : 0.014Found: W, 0.677; Fe, 
0.014).   Hydrogen (UHP, 99.999%) oxygen, nitrogen (both Industrial Grade), and air 
(breathing) were supplied by General Air Corporation. 

 The cloth gas diffusion layer (GDL) (E-Tek, De Nora, N.A.) had an uncatalyzed 
carbon layer, A-10 ELAT/Development/V2.33. The gas diffusion electrode (GDE) (E-
Tek, De Nora, N.A.)  was a single sided electrode Los Alamos type (ELAT) loaded at 0.5 
mg/cm2 Pt (20% Pt on Vulcan XC-72 carbon).  GDLs were cleaned with boiling DI water 
before they were doped with HPA solution.  The resulting GDEs were cleaned with 3% 
H2O2 solution before use. Nafion® 117 (Ion Power) was washed in successive boiling 
solutions of 3% H2O2, DI water, 0.5M H2SO4, and DI water each for one hour. 

2.2 Membrane electrode assembly (MEA) Fabrication 
HPA doped GDE were prepared by floating an undoped GDL on a stirred refluxing 

aqueous solution of HPA (ca. 1 g HPA in 20 mL deionized water) for at least 48 hours.   
The pH of the unbuffered imbibing solutions was 2 - 3.  The HPA doped GDE was 
removed, rinsed with DI water, and dried in an oven at 80 °C.  The HPA loading 
achieved was typically 0.04 mg/cm2 of GDL, as measured on a standard four-digit 
analytical balance.   

The MEA was composed of one HPA doped GDE and one platinum catalyzed GDE.  
Both electrodes were hand painted with Nafion® solution (approx. loading: 1.8 mg/cm2) 
and allowed to dry in the air.  The electrodes were pressed onto the cleaned Nafion® 117 
membrane with a digital combo multi-purpose press, DC14 (GEO Knight & Co. Inc.) 
with heated platens at 115 °C and 80 psi for 90 sec.   

2.3 Characterization 
Infrared spectra were recorded on a Thermo-Nicolet Nexus 670 FT-IR spectrometer 

using a liquid N2 cooled MCT detector either in transmission mode or using a Specac 
multiple bounce ATR attachment equipped with a KRS-5 crystal.  NMR spectra were 
recorded on a two-channel Chemagnetics CMX Infinity 400 NMR spectrometer 
operating at 161.8 MHz for 31P.  ESEM images were recorded on a FEI Quanta 600 
Environmental Scanning Electron Microscope with Energy Dispersive X-Ray Analysis 
(EDX).  The elemental analyzes were obtained using inductively coupled plasma (ICP) 
analysis with a Perkin Elmer Dual View ICP-AES in a 1% NH4OH matrix.   

2.4 Electrochemical Measurements 
Solution cyclic voltammetry was performed using a PAR VersaStat II using a 0.071 

cm2 glassy carbon working electrode, Pt wire counter and Ag/AgCl reference electrode in 
1M NaHSO4 adjusted to pH 3 with H2SO4 in deionized water. 

Fuel cell measurements were performed as follow: Gases are metered by the modular 
gas handling system, set with 30 psi back pressure, (Lynntech Industry, Inc, GMET/H) 
and are humidified with a bubble humidifier, set point 90°C (Lynntech Industry, Inc, 
BH), and are fed via heated transfer lines to the single fuel cell hardware.  The fuel cell 
hardware (Fuel Cell Technologies, Inc. 5SCH) has an active area of 5 cm2 as serpentine 
flow fields in Poco carbon blocks, and is heated typically to 80 °C.  Polarization curves 
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were measured with a MSTAT4+ multi-potentiostat (Arbin Instruments, Austin, TX, BT 
4+) and scanned from OCV to lower potentials and back and the entire system was 
controlled with FC Power software (Lynntech Industry Inc.).  H2/N2 or H2/H2 Cyclic 
voltammetrey on the MEA was performed using the multi-potentiostat. MEAS were 
conditioned to steady state by cycling between 350 and 500 mV for 1h each over 24 h 
prior to testing. Data reported are always derived from 3 independent MEAs and are the 
average polarization curves for steady state conditions; in general the error was ±1.2% in 
measured current density. 

3. Results  
3.1 HPA characterization and solution cyclic voltammetry  
The operating conditions of a PEM fuel cell can be considered to be highly acidic.   

The pH of imbibing solutions used in this study was always measured as between pH 2 - 
3.   Both the HPA salts KFe1 and NaFe4 are reported to be unstable at pH <2 over several 
hours[19-21].  It is possible, therefore, that the materials studied in the solid state may be 
transformed at the low pH conditions of the operating fuel cell, although it would be hard 
to speculate what the real pH experienced by the HPA would be and how the solid state 
chemistry would differ from the solution state chemistry.   Although, it is desirable to 
know the exact structure of the HPA used in a fuel cell there are plenty of example of 
materials derived from HPA used in catalytic applications which are excellent catalysts 
but the structure is not known.  For this study the precursor HPA were thoroughly 
characterized to ensure their purity prior to adsorption on the catalyst layer.  We also 
converted these materials in to the free acids at pH <1, to obtain a material that had 
effectively been washed in acid and also a material that would now also act as a proton 
conductor. 

The HPA salts synthesized were characterized by FTIR and NMR spectroscopy and 
showed identical spectra to the literature values for the salts of the iron substituted 
Dawson HPA, KFe1 and NaFe4 [22, 23].  Similar spectroscopy was observed for the free 
acids HFe1 and HFe2.  The NMR is invariant between salt and free acid as the P peak 
nearest to the Fe atoms is too broad to be of any use in structural characterization, and the 
other P peak is insensitive to the environment of the Fe atoms.  ICP elemental analysis 
revealed that the free acid of the iron substituted Dawson sandwich retained only 2 iron 
atoms after the preparation of the free acid.  This is not altogether unexpected as it is 
necessary to prepare the free acid under ice-cold conditions to retain all 4 Fe atoms, but 
as catalyst stability is an issue in fuel cells we deliberately opted to work with the 2Fe 
material as the acid formation procedure is analogous to boiling in acid; a standard 
method of preparing robust fuel cell catalysts. 

The following discussion of solution cyclic voltammetry is based on results for the 
free acids of the iron substituted Dawson molecules, HFe1,Figure 13, and HFe2, Figure 
14, and the data is tabulated in Table 1.  The CVs of the precursor sodium salts have been 
previously reported, [20, 21].  In general the aqueous cyclic voltammetry data for the 
HPA studied in sulfate buffer resembled the literature CV data recorded in acetate 
buffer[20, 21], with some important deviations.  For the HFe1 HPA the CV, Figure 13 
and Table 1, in sulfate buffer resembles the CV in acetate buffer [20] The waves are 
assigned as follows:  -0.02 V (1e- HPA bound FeIII/FeII), -0.15 V (2e- nWVI/nWV), and -
0.50 V (2e- nWVI/nWV), and -0.75 V(2e- nWVI/nWV).  For the Dawson sandwich HFe2 
HPA the CV in sulfate buffer, Figure 14, and Table 1, it can be argued that the CV has 
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similar features to the literature CV in acetate buffer [21] but that these features show 
significant differences.  A quasireversible 1e- FeIII/FeII couple is observed at -0.16 V.  
The 4 e- nWVI/nWV wave in acetate buffer is now replaced with 2 2e- nWVI/nWV waves at 
-0.32 V and -0.40 V with another 1e- nWVI/nWV at -0.71 V. 

The electrocatalytic reduction of oxygen is observed for all the HPA studied at 
similar potentials, results for the salts KFe1 and NaFe4 not shown, Figure 13 and Figure 
14.  On the sparging of O2 through the solution, we observe current enhancements of the 
waves attributed to reduction of W framework atoms past -0.5 V; this unfortunately still 
represents a significant over potential for the ORR versus the performance from a Pt 
electrode.  Interestingly we also observe electrocatalytic reduction of H2O2 with the onset 
of the electrocatalytic wave beginning at -0.45 V for the HFe1 HPA and -0.3 V for the 
HFe2 HPA, Figure 13 and Figure 14.  This wave is not observed for H2O2 in solutions 
purged with N2, only those purged with O2, either indicating that H2O2 is an intermediate 
in the ORR with these catalysts or that the catalyst structure is changed under these 
conditions. 

3.2 Catalyst stability and loading 
It has been reported that HPA of the Keggin structure will strongly adsorb to a carbon 

based electrode [25].   We also attempted to adsorb these much larger HPA onto carbon, 
Vulcan XC-72, based GDLs.   To ensure that we only studied the adsorbed material the 
electrodes were thoroughly washed after the HPA was adsorbed. Very little HPA is 
strongly adsorbed on the Vulcan XC-72 carbon.  The strongly adsorbed HPA that is not 
removed by washing also survives 24 h of fuel cell conditioning and importantly allows 
steady state results to be reported and shows consistent results after many hours of fuel 
cell testing.  We do concede however that more robust immobilization techniques 
allowing higher HPA loadings will need to be developed before HPA electrocatalysis can 
be used in practical applications.  Work is proceeding on this in our laboratory, however 
for the purposes of evaluating the HPA as electrocatalysts this approach is adequate. 

Loadings of ca. 0.04 mg/cm2 represent molar loadings of ca. 1 μmol/cm2. EDX 
analysis of an HPA doped GDL by SEM revealed the elemental signatures of the 
materials throughout.   Some crystallites of 2-10 μm diameter were observed at a density 
of ca. 2 - 5 crystallites in a 0.0001 cm2 area and we speculate that these were not washed 
out due to the hydrophobic properties of the GDL. 

3.3 Activity of K7[(P2W17O61)FeIII(H2O)] on the fuel cell anode. 
It is not expected that an HPA would approach the activity of platinum for the HOR, 

but it is instructive to examine the behavior of one of the HPAs of interest on the fuel cell 
anode.  The polarization curve for K7[(P2W17O61)FeIII(H2O)], KFe1, on the fuel cell 
anode with a Pt cathode scanned from OCV to the limiting current density (LCD) at 
various scan rates, v,  is shown in Figure 15 and shows an electrochemical wave which 
has a peak current, ip, and peak potential, Ep, dependant on scan rate.   Note that as the 
kinetics at the HPA anode are now substantially slower than for the Pt cathode, the 
polarization is now dominated by the anode, the reverse of a totally platinized fuel cell in 
which the cathode dominates.  Current still only flows when protons and electrons are 
produced by the HOR at the anode, but the over-potential for this is far too high for a 
practical fuel cell.  The reduction of HPA by H+ and e- from the HOR is 
thermodynamically favored but kinetically sluggish in the absence of a catalyst such as 
Pt.  Once the overpotential on this electrode is overcome the HOR occurs producing H+ 
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and e- and a current is observed but as the potential becomes more negative, the HPA 
becomes more reduced and eventually protons can no-longer leave the HPA and the 
current diminishes.  This chemistry is even more evident when the scan is reversed and a 
much larger current is observed as the additional protons and electrons are liberated.  
This phenomenon will be the subject of a future paper concerning a survey of a large 
number of 1st row transition metal substituted HPA. 

Examination of the current at 0.6 V shows a linear relationship with v up to 40 mV/s 
after which the current levels off at higher scan rates, plot not shown.  If we assume that 
this current is a charging current, ic and that 
  
 ic  = ACdv          (4) 
 
where A is the surface area of the electrode and Cd is the differential capacitance of the 
double layer [26] then as A is 5cm2, Cd is calculated to be an unremarkable 20 μF/cm2 
which indicates that this electrode does not have excessive double layer charging.   A plot 
of ip versus the v½ , Figure 16, up to 100 mV/s is linear indicating that the electrode is 
operating under diffusion control [26].   If one extrapolates a plot of Ep versus v, not 
shown, one obtains an approximate value of the formal potential, E0′ of 0.33 V.  This 
potential does not appear to correspond to any waves observed in the solution CV for this 
HPA, KFe1 or the free acid HFe1, Figure 13.  This difference between solution and solid 
state chemistry may be due to the solid state transformation of the HPA molecule to a 
tightly bound nanostructured oxide material for example.  Knowledge of E0′ allows us to 
construct a plot of In ip versus Ep - E0′, Figure 17 which is linear as expected for an 
irreversible system  [26] such as a fuel cell.   Similar behavior is observed for the HPA 
HP5Mo10V2O40, which we previously erroneously reported as showing a reversible wave 
[5].  From the slope and intercept of Figure 17 we obtain a value for the charge transfer 
coefficient,α, of 0.2, and as α<1 then we can state that the rate limiting step involves a 
transfer of 1 e- and a value for the exchange current density, i0 of 27 mA/cm2.  

The Tafel plot obtained when the MEA is exposed to H2 on both sides and a 
potentiosat drives the HPA doped GDL as the anode is shown in Figure 18.  The Tafel 
slope of this plot shows somewhat slower kinetics than would be observed for a Pt 
catalyzed anode with i0 = 38 mA/cm2, derived from the intercept, and  α = 0.2, derived 
from the slope.  The values for i0 and α show reasonable agreement with those obtained 
from the fuel cell polarization curve discussed above.  This evidence indicates further  
that the rate determining step of this multi-electron transfer process must involve an 
irreversible one-electron transfer, otherwise we would not have been able to treat the 
polarization curve data with such a simple approach [26].  Table 2 shows the i0 for a 
series of related HPA on GDLs of the same composition calculated from Tafel slopes 
from repeated H2/H2 CV experiments.  The variation in the data may be due to the 
orientation and or the solid state structure of the HPA that adsorbed on the carbon.   The 
parent HPA, H6P2W40O62, of the Dawson structure shows a baseline i0 of 10 mA/cm2, as 
does the vanadium substituted HPA, H5PMo10V2O40 [5],  we studied previously,  but two 
HPA KFe1 and HFe2 show at least twice the activity of the Dawson parent HPA.  These 
electrodes are far from having optimized structures and it is not clear why these two 
HPA, KFe1 and HFe2, are in better chemical configurations than the others. 
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3.4 Activity of iron substituted HPA on the fuel cell cathode. 
We first examined the performance of the iron substituted HPA doped on GDLs after 

conditioning the MEA in the cell between 350 and 500 mV for 1h over 24 h prior to 
testing.  The data shown in Figure 19 are the average of the first 5 polarization curves 
obtained after this conditioning.   The data is remarkably consistent with small deviations 
of the order of 1% between scans; see for example Figure 21(a).  The polarization curves 
were further analyzed by a nonlinear least square fitting procedure[27] using Eqn. 5 of 
the form 
E =E0 – b logi – Rii         (5) 
Where 
E0 = EOCV +blogi0         (6) 
which is effectively the cell potential at 1mA and is a quantitative measure of the cathode 
electrode kinetics, b is the Tafel slope, and Ri is the differential resistance of the cell.   

The data is presented in Figure 19 and Table 3 tabulates the parameters obtained from 
Eqns 5 and 6 together with the current density obtained at 200 mV.  It should be noted 
that the un-doped GDL has some activity, achieving a LCD of 20 mA/cm2, but it is 
clearly a poor catalyst with a very poor E0 of 370 mV and a very steep Tafel slope, 271 
mV/decade.  We believe that the observed activity is due to impurity metals in the GDL 
as extremely pure carbon substrates would be prohibitively expensive for GDL 
construction.  The currents observed are at low potentials and so we do not believe we are 
observing carbon corrosion under these fully humidified conditions. 

The control data for the undoped parent HPA of the Dawson structure, H6P2W18O62, 
is most revealing.  On first examination of the comparison of polarization curves, Figure 
19, the Dawson HPA doped GDL has one of the best LCDs, 180 mA/cm2.  Closer 
examination of the data reveals that the Dawson HPA is the poorest catalyst by 
comparison of E0, 525 mV, Table 3, however the Tafel slope obtained, 100mV/decade 
lower than the blank GDL is not the worst observed.   It is the Ri value, 0.42 Ω cm2, for 
the Dawson HPA that sets it apart from the other HPAs tested.  So the Dawson HPA is a 
poor catalyst for the ORR but dramatically improves the interfacial resistance of the 
cathode electrode to the membrane, resulting in increased ohmic losses in the MEA. 

All the Fe substituted HPA are better catalysts than the control unsubstituted Dawson 
HPA as judged by E0 values, Table 3, with the mono-Fe substituted HPA, KFe1 and 
HFe1, 595 and 624 mV, out-performing the multi-Fe substituted HPA, NaFe4 and HFe2, 
587 and 577 mV respectively.  The Tafel slopes are all within 10 mV/decade of the 
Dawson control ranging from 159 – 189 mV/decade, Table 3, but the Ri values are all 
worse ranging from 1 – 7 Ω cm2.  The result is that only the Dawson sandwich HFe2 
HPA out-performs the Dawson HPA control over the whole polarization curve, Figure 
19.  Whilst we have demonstrated that the Fe substituted HPA are better catalysts than 
the Dawson HPA control, it is clear that the protonic transport of the catalyst must be 
optimized to realize an improvement in all the losses, activation, ohmic and transport, 
associated with operation of a PEM MEA. 

We speculate that the mechanism of these catalysts involves the oxygen atoms 
associated with the Fe atom and it’s bonding to the HPA structure.  The E0 values that we 
observe are lower than would be observed for Pt and probably correspond to the 
overpotentials observed for oxygen reduction in solution, Figure 13 and Figure 14, but 
we also observe a strong relationship between Fe substitution and catalytic activity in the 
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solid state.  A simplified cartoon of the mechanism of the reaction could be the following 
electrochemical reaction, Eqn. 7 followed by the chemical reoxidation, Eqn 8, 
>WVI-O-FeII<  + 2H+ + 2e-   →   H2O   +    >WV     FeII<      (7) 
>WV    FeII<      +    ½O2       →                    >WVI-O-FeII<      (8) 
This catalytic utilization of skeletal μ-O atoms via selective oxidation of a substrate and 
subsequent reoxidation of the HPA is well established in homogeneous electron transfer 
chemistry [28].  The reaction occurs at a low enough potential that the FeIII is already 
reduced to FeII before the reaction occurs and this lowering of the oxidation state of the 
Fe presumably activates the oxygen so that the framework oxygen in the W-O-Fe bond is 
selectively attacked by the incoming H+ and e- which would result in a formally reduced 
W atom and a vacancy in the HPA framework.   On exposure to O2 the framework O is 
restored and the catalyst regenerated. 

To test this hypothesis we cycled both the NaFe4 and HFe2 HPA doped GDL in N2 
whilst still maintaining H2 to the platinized ELAT anode of the MEA.   On the first cycle 
a polarization curve was still observed even though there was no O2 on the cathode as the 
H+ and e- continued to react with the framework of the HPA leaving an oxygen deficient 
HPA.  Figure 20 shows a succession of repeated polarization curves run every 3minutes 
from OCV to 0 V at 3mV/s represented as the current/time response for the di-iron 
substituted HFe2 HPA.  Note that these stoichiometric current densities observed in N2 
are much lower than for the catalytic current densities observed under O2.  At an 
approximate catalyst loading of 1μmol/cm2 we would expect to observe a total current of 
ca. 1.5 A/cm2 for the cleavage of all 8O associated with the 2Fe atoms.  Through the first 
90 minutes there is a rapid decreases in the LCD obtained from 25 mA/cm2 to 6 mA/cm2 
after which the rate of LCD decrease is much slower, approaching 1 mA/cm2 after nearly 
2 h.  We propose that during the rapid decrease in LCD that the more facilely removed 
oxygen’s binding the Fe to the HPA are removed, which should be reversible according 
to the above mechanism.  During the later slower decrease in LCD the framework 
oxygen’s between W atoms are removed, which should be irreversible as it would now be 
hard to reassemble the parent HPA from this point of the reaction. 

The reversible removal of the W-O-Fe O atoms is demonstrated in Figure 21 for the 
tetra-iron substituted HPA salt NaFe4.   The average steady state polarization curve for 
the catalytic ORR after conditioning with the HPA doped cathode under O2 is shown in 
Figure 21(a) and has a LCD of 95 mA/cm2.   The O2 is then replaced with N2 and 
polarization curves are scanned at 3mv/s every 3 minutes, Figure 21(b).   The current 
density immediately drops (note that it is ca. twice that for HFe2 as there are twice as 
many Fe atoms and O atoms associated with them) as the reaction is now the 
stoichiometric removal of W-O-Fe O atoms and continues to drop as each subsequent 
polarization is scanned.  In this experiment, before the current density drops too low 
when the rate of current density decay would slow and the reaction becomes irreversible, 
O2 is re-supplied to the cathode, Figure 21(c).  For this reversible case the LCD rapidly 
increases to 100 mA/cm2 and interestingly, it is obvious that as more polarization curve 
scans are performed that the shape of the polarization curves change becoming steeper in 
the kinetic region at high E but with gradually improving ohmic losses until a curve close 
to the original, Figure 21(a) is obtained. 

As might be expected when the Fe substituted HPA cathodes are driven down to 
current densities below which we might expect the O removal to be reversible, very low 
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current densities occur.   After exposure of these degraded HPA cathodes cycled in N2 to 
air overnight the observed recovered performance actually improved, over the steady 
state performance obtained after the initial conditioning, by as much as 33% as measured 
by the current density at 200 mV, Table 3.  For the NaFe4 salt the E0 value improves 
from 595 to 621 mV, and the Tafel slope improves from 159 to 133 mV/decade, Table 3, 
showing an improved activity for the ORR for this tetra-substituted iron HPA cathode.  
The Ri of the MEA, however, becomes dramatically worse, 13 Ω cm2, which may in part 
be due to the sodium cations ion-exchanging with the Nafion® in the electrode and 
reducing the proton conductivity of the electrode.  For the disubstituted HPA HFe2 doped 
GDL after the same cycling and recovery we observed the best performance of any of the 
HPA doped GDLs for the ORR, with an E0 of 694 mV, a 100 mV improvement over 
almost all the other HPA doped GDLs a respectable Tafel slope of 115 mV/decade and a 
current density at 200mV of 75 mA/cm2.  In this case the Ri of the MEA is actually 
lowered to 5 Ω cm2.  Clearly the structure of the HPA in the doped GDL has been 
modified by cycling the HPA in N2 under a reactive flux of H+ and e-.  We propose that 
we have selectively degraded the HPA to an uncharacterized nano-structured or tightly 
bound oxide.   This is similar to the behavior we observed for H5PMo10V2O40 after 
subjecting a  GDL doped with this HPA to a moderate rise in temperature, 100°C [5], but,  
moderate temperature cycles did not affect the iron substituted HPA doped GDLs.  When 
sufficient O atoms are removed from the HPA that the original structure is unobtainable 
by reoxidation the reduced components may be reoxidized in to a new configuration 
resulting in nanostructured oxide particles which still must have labile oxygen atoms.  
The increase in Ri implies that either these oxide particles may not be charged or as carry 
as much charge and so ionic conductivity in the electrode is decreased, or that fragment 
ions of the HPA have ion-exchanged with the Nafion® in the electrode to reduce proton 
conductivity. 

The low OCV of these catalysts, ca. 0.7 V, occurs either because the over-potential 
required by these materials to catalyze the 4e- ORR, Eqn. 1, is high or because these 
catalysts are only reducing the O2 by 2e- to H2O2, Eqn. 2.   If the latter were true these 
catalysts would represent very efficient 2e- ORR catalysts and the electrode and MEA 
would be subject to a large flux of H2O2 in the presence of an Fe catalyst, i.e. effectively 
subjecting the MEA to an in situ Fenton’s reagent and we would expect to see rapid 
degradation of the performance of the MEA.   All of the MEAs discussed above were 
conditioned for 24h tested for a day and then run at a constant voltage for at least a 
further 24h and no appreciable degradation was observed.  We, therefore, tentatively 
suggest that the Fe substituted HPA are not predominantly catalyzing a 2e- ORR and that 
we are observing a non-Pt catalyst with an expected over potential for the 4e- or a mixed 
2/4e- ORR.  Clearly further experiments will be needed to elucidate the mechanism of the 
observed ORR.   

We can not totally rule out that the improved performance in our MEAs is not due to 
the cross over of infinitesimal amounts of Pt from the anodes to these HPA cathodes, but, 
we can argue that it is highly unlikely.  Pt is known to dissolve at high potentials >0.75 
V, higher than the OCV that we observe in our cells at the cathode and deposits in the 
membrane at a point at which the [H2] is high enough to reduce the mobile Pt cations to 
Pt0 [29].  The MEAs in our fuel cell measurements are never cycled above 0.8 V and the 
Pt is on the anode.   Figure 22 shows an SEM with back scattering of a MEA with a Pt 
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anode and a NaFe4 doped cathode that has been conditioned for 24 h, tested under H2/O2, 
cycled under N2, tested under H2/O2 and run at steady state for 24 h.  The back-scattering, 
which highlights heavy elements, clearly shows the platinized anode on the left of the 
MEA, there is no evidence here of Pt migration from the anode towards the cathode 
which would have shown up as further brightness in the image.  Note that the cathode on 
the right of the back scattering image is not bright (as would be expected for a high heavy 
metal loading), as there is so little HPA adsorbed on the GDL, even though EDX 
confirmed its presence and the absence of Pt. 

To further test the catalyst stability, the conditioned HPA doped MEAs were cycled 
through successive polarization curves from OCV to 200mV until steady state 
performance was obtained.   Interestingly, for all the HPA doped GDLs, improved Tafel 
slopes were observed after this test.  Under these conditions the blank carbon GDL on the 
cathode gave improved performance as well, E0 = 566 mV and a Tafel slope of 162 
mV/decade, but the Ri degraded to 5 Ω cm2, Table 3 and Figure 23.  Again we suspect 
that the modest catalytic activity observed is due to impurity transition metals in the 
carbon and presumably the degradation in the Ri can be attributed to some of these ion-
exchanging with the Nafion® in the electrode or some of the carbon burning off to expose 
a catalytically active metallic particle.  A control MEA was constructed with an iron 
nitrate doped GDL on the cathode; this Fe doped GDL had comparable catalytic 
performance to both the NaFe4 and HFe2 HPA doped GDLs, Table 3 and Figure 23, E0 = 
566 - 585 mV,  Tafel slopes of 135 - 145 mV/decade.  Here the Ri values were twice as 
large for the Fe substituted HPAs, 3 and 4 Ω cm2, than the iron nitrate doped GDL, Table 
3.    It should be pointed out that the mass loadings of the iron nitrate on the GDL were 
larger than the HPA, which would result in a molar loading of iron nitrate more than ca. 
50 times larger than the HPA. So on a molar basis the HPA is dramatically more active 
than the iron nitrate doped GDL.  The best ORR catalyst obtained under these conditions 
were derived from the mono-Fe substituted HPAs KFe1 and HFe1.  For the mono-Fe 
substituted salt, KFe1, the E0 of 534 mV does not represent an improvement over the as 
conditioned KFe1 MEA described above, but the third best Tafel slope is obtained, 128 
mV/decade, and the lowered Ri of 2 Ω cm2 gives the MEA a current density of 99 
mA/cm2 at 0.2 V.   The best catalysis produced by this method is the mono-Fe substituted 
HPA free acid, HFe1, which matches the E0 of the cycled HFe4, 694 mV, with the second 
best Tafel slope, 125 mV/decade, and an improved Ri of 2 Ω cm2 and so this MEA gave 
the highest current density at 0.2 V, 107 mA/cm2.  As the molar loadings of these catalyst 
is an order of magnitude lower than for Pt we presume that if we could correctly place 10 
times as much HPA in an electroactive configuration current densities of  >1 A/cm2 
would be obtainable which would be a comparable current density to a platinized 
cathode.   We speculate that these catalysts probably do not degrade in the way that the 
catalysts cycled in N2 do, the Tafel sloes are in general higher, but that the major 
improvement observed here are due to an improved catalyst/support/ionomer 
configuration resulting in a lower differential resistance of the MEA. 

Conclusions 
Very small amounts of HPA may be strongly adsorbed onto carbon from aqueous 

solution.  We have investigated the electrochemistry of some of the Fe substituted HPA 
adsorbed onto carbon in the solid state on both a fuel cell anode and cathode.   The anode 
measurements show that the electrodes are not mass-transport limited, but the activity of 
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the HPA is not sufficiently high to be of interest as a fuel cell anode catalyst.   However, 
the HOR occurs at a potential that does not correspond to a redox wave observed in 
solution and is shut down at very low potentials as the attraction of the HPA for protons 
increases. 

These Fe substituted HPAs show much more interesting electrochemistry on the 
cathode and the Tafel slope of 115 mV/decade obtained for the cycled di-Fe-substituted 
HPA, HFe2 is the lowest observed for any HPA in a fuel cell.  However, the OCV 
obtained with these MEAs is low, 0.7 V and whilst we tentatively propose a  4e- 
reduction we can not rule out an efficient 2e- reduction process.  The HPA can have an 
adverse effect on the differential resistance of the fuel cell.  Clearly structural 
rearrangement of the HPA to possibly form nano-structured oxides and configurationally 
rearrangement of the HPA/ionomer/carbon are important factors that need to be 
thoroughly understood.   

Because the loadings of the HPA studied here are too low, for either enough activity 
to be observed for a practical fuel cell, or for a more detailed mechanistic study involving 
spectroscopic techniques future work in our laboratory is focusing on increasing the 
loadings of electroactive HPA in the fuel cell electrode.  
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Tables 
Compound pH Wave 1 

FeIII/FeII  
Wave 2 
WVI/WV 

Wave 3 
WVI/WV 

Wave 4 
WVI/WV 

HFe1 3 23(1) -146(2) -504(2) -754(2) 
 1 43(1) -117(2) -402(2) -643(2) 
HFe2 3 -164(1) -320(2) -402(2) -714(1) 
 1 -45(1) -224(2) -402(2) -643(1) 

Table 1.   E½ data in mV (No of electrons) for the free acids of the iron substituted 
HPA, HFeP2W17O61 and HFe2P4W30O112 in sulfate buffer at pH 1 and 3. 

HPA H6P2W40O62 KFeP2W17O61 HFeP2W17O61 NaFe4P4W30O112 HFe2P4W30O112 

0i (mA/cm2) 10 ± 1 38 ± 1 2 ± 1 6 ± 1  24 ± 1 

Table 2.  Summary of H2/H2 CV results for non-platinum catalyst on the anode 
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Catalyst Condition E0 

mV 
Tafel Slope 

mV/dec 
Ri 

Ω cm2 
i200mV 

mA cm-2 
Blank 24 ha 379 271 0.75 4 

Dawson 24 ha 525 174 0.42 44 
KFe1 24 ha 595 189 7.52 18 
HFe1 24 ha 624 163 6.89 44 
NaFe4 24 ha 587 159 6.85 27 
HFe2 24 ha 577 179 1.06 56 
NaFe4 1.24 h 2.N2 3.O2

b 621 133 13.06 34 
HFe2 1.24 h 2.N2 3.O2

b 694 115 4.97 75 
Blank 24 h/to maxc 566 162 4.57 33 

Fe nitrate 24 h/to maxc 570 145 1.63 66 
KFe1 24 h/to maxc 534 128 1.93 99 
HFe1 24 h/to maxc 694 125 2.53 107 
NaFe4 24 h/to maxc 585 146 3.32 67 
HFe2 24 h/to maxc 567 135 3.93 57 

Table 3. MEA Parameters (±1.2%) obtained by least squares fitting of polarization 
curves and current density measured at 200mV at a cell temperature of 80°C, humidifiers 
at 90°C and 30psi of back pressure using a Pt ELAT anode under H2. a – initial steady 
state performance after conditioning between 350 and 500 mV for 1h over 24 h prior to 
testing under O2.b – as a but followed by cycling the MEA between OCV and 0V with 
the cathode under N2 and reoxidation with air overnight.  C – as a but cycling the MEA 
between OCV and 0V until maximum performance was obtained. 
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Figure 12.  Stylized representation of left, [(P2W17O61)FeIII(H2O)]7- (KFe1 or HFe1) 
in which one W-O octahedron from the crystal structure of the [P2W18O62]6- [30] has been 
replaced by an FeIII(OH2) moiety and crystal structure of [(P2W15O56)2FeIII

4(H2O)2]12- 
(NaFe4 or with 2 Fe removed HFe2) [31]. 
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Figure 13.  Cyclic voltammograms for 1mM H7[(P2W17O61)FeIII(H2O)] at pH = 3 (Na2SO4), scan rate 100 mV s-1, with the solution 

degassed with:    N2,    O2, and …. O2/1 mM H2O2. 
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Figure 14.  Cyclic voltammograms for 1mM H12[(P2W15O56)2FeIII

4(H2O)2] at pH = 3 (Na2SO4), scan rate 100 mV s-1, with the 
solution degassed with:    N2,    O2, and …. O2/1 mM H2O2. x = minor impurity. 
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Figure 15.  Scan Rate dependence on the polarization of K7[(P2W17O61)FeIII(H2O)] on a V2.33 GDL as the anode under H2 and a 

Pt ELAT as the cathode under O2: () 1; (B) 5; (C) 10; (D) 20; (E) 40; (F) 80;  (G) 100 mV/s, cathode is Pt ELAT V2.33 cell is at 80°C 
with 30psi back pressure, humidifiers at 90°C. 
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Figure 16.  Plot of peak current, ip versus the square root of the scan rate, v, for K7[(P2W17O61)FeIII(H2O)] on a V2.33 GDL as the 

anode under H2 and a Pt ELAT as the cathode under O2. 
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Figure 17.  Plot of In peak current, ip, versus Ep-E0′ for K7[(P2W17O61)FeIII(H2O)] on a V2.33 GDL as the anode under H2 and a Pt 

ELAT as the cathode under O2. 
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Figure 18.  Tafel plot of the linear sweep voltammetry of  K7[(P2W17O61)FeIII(H2O)] on a V2.33 GDL as an anode catalyst and a Pt 

ELAT as the cathode both under H2, cell is at 80°C with 30psi back pressure, humidifiers at 90°C. 
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Figure 19.  Average of 5 steady state polarization curves for GDLs on the cathode under O2 after conditioning between 350 and 

500 mV for 1h over 24 h prior to testing: , blank; ○, H6P2W18O62; ■, KFe1; □, HFe1; ▲, NaFe4; , HFe2; and after cycling the cell 
between OCV and the limiting current until minimum current density attained followed by regeneration of the electrode under O2, , 
NaFe4; and , HFe4, anode is a PT ELAT V2.33 under H2, cell is at 80°C with 30psi back pressure, humidifiers at 90°C. 
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Figure 20.  Repeat polarization curves, at 3mV/s, 3 minutes between polarization curves, represented by current time response 
when cycling a poorly doped HFe2 GDL as the cathode between OCV and limiting current under N2, anode Pt ELAT V2.33 under H2, 
cell is at 80°C with 30psi back pressure, humidifiers at 90°C. 
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Figure 21.  (a) Average polarization curve with error bars for a NaFe4 doped GDL on 

the cathode with O2 with a Pt ELAT on the anode under H2 at 80°C, with humidifiers at 
90 °C, after conditioning the cell after conditioning between 350 and 500 mV for 1h over 
24 h prior to testing, (b) repeat polarization curves for the same MEA under the same 
conditions, except that N2 is now on the cathode, (c) repeat polarization curves for the 
same MEA under the same conditions, except that O2 is restored to the cathode. 
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 Figure 22.  SEM image with back scattering of a MEA with a Pt ELAT on the left, 
Nafion® 117 membrane, and a NaFe4 doped GDL on the right.  The MEA was 
conditioned in the fuel cell, tested under O2/H2, cycled under N2, retested under O2/H2 
and further subjected to a 24 h stability test. 
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Figure 23.  Maximum polarization curves obtained for GDLs on the cathode under O2 after conditioning between 350 and 500 mV 
for 1h over 24 h and cycling the cell for 1-2 days under O2 between OCV and 200 mV: , blank; ●, FeIIInitrate; ■, KFe1; □, HFe1; 
▲, NaFe4; , HFe2; anode is a PT ELAT V2.33 under H2, cell is at 80°C with 30psi back pressure, humidifiers at 90°C. 
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Section III: The Use of the Heteropoly Acids, H5PMo10V2O40, 
H7[P2W17O61(FeIII.OH2)] or H12[(P2W15O56)2FeIII
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Abstract 
The use of Heteropoly Acids (HPAs) in PEM fuel cell anode catalyst layers was 

studied. To compare the doped electrodes with a control electrode in a meaningful way 
Membrane Electrode assemblies (MEAs) were prepared with two ½ anodes, one the 
undoped control and one the test electrode.  This ensured that both the control and test 
electrode were subject to the same thermal and electrochemical history.  After curve 
fitting the data using a least squares method the error was found to be 1% in Eo, 25% in 
the Tafel slope and 15% in the area specific resistance.  The electrodes used were 
commercial electrodes of the Los Alamos type (ELATs). Doping a fuel cell anode with 
H5PMo10V2O40 resulted in a 4 fold increase in the area specific resistance of the MEA, 
but the performance was not equivalent to that of an anode incorporating Nafion®. 
Doping H5PMo10V2O40 in Nafion® painted ELATs resulted in negligible improvements 
in the performance compared to  ELATs incorporating only Nafion®.  Much more 
impressive was the improvement in maximum power from doping the Nafion® painted 
ELAT with H7[P2W17O61(FeIII.OH2)] or H12[(P2W15O56)2FeIII

4(H2O)2].  85% 
improvements in maximum power and 100% improvements in area specific resistance 
were observed from this HPA doped ELAT. 

 
Keywords: PEM fuel cell; gas diffusion electrode; Heteropoly Acid; Interfacial 
Resistance; anode. 

                                                 
* Corresponding author, email: aherring@mines.edu 



 

54 

1. Introduction 
The proton exchange membrane (PEM) fuel cell holds much promise as an efficient 

and versatile energy conversion device.    However, in order for the PEM fuel cell to 
achieve widespread usage a number of key technical hurdles need to be overcome.  These 
include the discovery of an efficient 4e- oxygen reduction reaction (ORR) electrocatalyst, 
an anode catalyst that is at least as efficient as Pt for the hydrogen oxidation reaction 
(HOR) and is not easily poisoned by small molecules such as carbon monoxide, and a 
fuel cell membrane that can be operated at elevated temperatures without the need for 
external humidification for adequate proton conduction.  For any or all of these 
approaches to succeed the catalyst/ionomer/electron conducting three phase boundary 
must be engineered for maximum performance.  The optimal design of the catalyst layer 
in the electrode is, therefore crucial, to the performance of the fuel cell.   

In a conventional PEM fuel cell the perflourosulfonic acid (PFSA) PEM is attached to 
a platinum catalyzed anode on the hydrogen (fuel) side of the cell and a platinum 
catalyzed cathode on the oxygen (air) side of the cell.  The platinum is supported on an 
electrically conductive high surface area carbon which is coated with the ionomer to 
fabricate a three phase boundary, between proton conductor (ionomer), electron 
conductor and reactant gases.   The standard ionomer in use in PEM fuel cells is a PFSA 
polymer such as Nafion®.[1]  While much is known about the effect of PFSA ionomer 
loading and equivalent weight on the electrode performance in terms of ionic 
conductivity and porosity,[2-4] very little is known about the use of other proton 
conducting materials in the PEM fuel cell catalyst layer.[5]  In fact most catalyst layers 
with new membranes contain Nafion® as the sole ionomer, although a patent proposing 
inorganic proton conducting materials has been granted.[6]  The use of zircoinium 
hydrogen phosphate in fuel cell electrodes has been shown to be beneficial to high 
temperature operation [7].Such studies are important because they shed light on transport 
phenomena in the catalyst layer and point to new materials for enhanced performance.  It 
will also be necessary to develop new ionomers for the catalyst layers in PEM fuel cells 
to utilize many of the promising novel proton conducting polymers[8] and composite 
materials [9]currently being developed.  A thorough understanding of transport in the 
catalyst layer and proton transport from the catalyst layer to the PEM is essential to avoid 
large interfacial resistances in the fuel cell. 

The heteropoly acids (HPAs) represent a class of inorganic proton conductors that 
also have interesting redox properties.   The HPA and the zirconyly phosphates have been 
proposed as the proton conductor in PEM fuel cell catalyst layers[6, 7].  Some HPAs 
have proton conductivities as high as 0.2 S cm-1 representing some of the highest known 
proton conductivities measured in the solid state[10, 11].  When reduced, the HPAs also 
become capable of electron conduction giving rise to a mixed electronic/protonic 
conductor.  Such a material could dramatically improve electronic and protonic 
conduction in the fuel cell anode.  We have been studying a number of different HPA in 
the solid state and their impact on the performance of the fuel cell membrane electrode 
assembly (MEA) in the absence of platinum.[12, 13]  In this paper we now report on the 
use of HPAs in the anode layer of the PEM fuel cell MEA as a mixed protonic/electronic 
conducting additive in the PFSA platinum containing catalyst layer. 

For this study we focused on a series of iron substituted HPA based on the Wells-
Dawson structure [14].  The iron substituted HPA are interesting catalysts[15, 16] and 
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electro-catalysts[17, 18].  Our original thought was that they would enhance the hydrogen 
oxidation reaction (HOR), but as the HOR on Pt is extremely rapid[19] it is much more 
likely that the observed effects are on proton and electron transport away from the 
catalyst and into the ionomer and current collector of the electrode layer. The Wells- 
Dawson HPA [(Xn+)2M18O62]2n-16, where Xn+ represents a central atom such as, P5+, As5+, 
or S6+;  surrounded by a cage of M addenda atoms, such as W6+ or Mo6+, arranged in 
MO6 octahedral units.  The structure, of the α isomer, possesses two identical “half units” 
with the central atom surrounded by nine octahedral units XM9O31 linked through oxygen 
atoms.[20]  Non-saturated compounds such as, XW11O39

n-12 and X2W17O61
2n-, called 

“lacunary” species are synthesized through the degradation of the Wells-Dawson anions 
in controlled basic media.[20]   Iron may be substituted in the mono-lacunary HPA to 
yield [P2W17O61(FeIII.OH2)]7- but when substitution in the tri-lacunary HPA, the Wells-
Dawson sandwich compound [(P2W15O56)2FeIII

4(H2O)2]12- is obtained, Figure 12.  Both of 
these HPA were isolated as the sodium salt and converted to the free acid by extraction 
from acid solution as the ether adduct.   As the ether was not cooled the Wells-Dawson 
sandwich molecule had only two iron atoms.[12]  We also report some preliminary data 
for Keggin HPA H5PMo10V2O40, not shown. 

Small amounts of HPA are strongly adsorbed on to carbons.  Such adsorbed HPA 
survive washing with water, necessary for removal of loosely bound HPA, and are robust 
enough that an MEA containing them can be brought to steady state and thoroughly 
studied for several days.  In order to compare the HPA doped anode to the undoped 
anode control we prepared MEAs with both electrodes on the anode side.  This ensured 
that each electrode was subjected to the same fabrication history and was conditioned to 
steady state under the same conditions.  By use of a masked gasket we were able to 
independently measure each electrode to achieve a qualitative comparison. 

2. Experimental 
2.1 Materials 
The HPAs,  K7 or H7[(P2W17O61)FeIII(H2O)] (KFe1, HFe1) and Na12 or 

[(P2W15O56)2FeIII
4(H2O)2] and its disubstituted free acid analogue (NaFe4 and HFe2) 

were prepared  and characterized as described previously.[12, 16]  α-H3P2W18O62 (Wells-
Dawson) and H5PMo10V2O40 (HV2) was prepared by literature methods [21, 22].  The 
number of waters associated with each HPA was determined by thermogravimetric 
analysis using a TGA/DTA 220 analyzer (Seiko Instruments Inc.) under He at 10 psia 
from 25 ° C to 300 ° C at a rate of 5 ° C /min.   

The gas diffusion electrode (GDE) used was a single sided electrode Los Alamos type 
(ELAT) (E-Tek, De Nora, N.A.)  loaded at 0.5 mg/cm2 Pt (20% Pt on Vulcan XC-72 
carbon).  GDEs were cleaned with boiling DI water and 3% H2O2 solution before use.  
The HPA doped GDEs were prepared as described previously for a doped GDL giving a 
typical loading of typically 0.04 mg/cm2.[12]  Nafion® 117 (Ion Power) was washed in 
successive boiling solutions of 3% H2O2, DI water, 0.5M H2SO4, and DI water each for 
one hour. 

2.2 Preparation of split anode MEA 
MEAs were prepared in the configuration shown in Figure 25.  The MEA was 

fabricated with a HPA doped Pt  GDE (about 2.2 cm2),  and a Pt control GDE (about 2.2 
cm2), separated by a small gap on the anode and a larger Pt GDE (5 cm2) on the cathode.  
The electrodes were hand painted with Nafion® solution (approx. loading: 1.8 mg/cm2) 



 

56 

and allowed to dry in the air.  The electrodes were then pressed on to a Nafion® 117 
membrane with a digital combo multi-purpose press (GEO Knight & Co. Inc.) at 115°C 
and 80 psi for 90 sec. 

2.3 Measurements 
Fuel cell measurements were made in 5 cm2 active area hardware (fuel cell 

technologies) at 80°C  using saturated H2 and O2 (99.999%, General air) at 100% RH, 
humidifier (Lyntech Industries, Inc., FCTS BH) 90°C dew-point.  The gasses were 
metered at a flow rate 0.1 l/minof H2 and O2 with 30psi backpressure (Lynntech Industry, 
Inc, FCTS GMET/H).  The fuel cells were either tested against an electronic load 
(Lynntech Industries, Inc, FCTS EL,) using FC PowerTM or a potentiostat (Arbin 
Instruments, Austin, TX, BT 4+)using MITS PROTM software.  All MEAs were 
conditioned in the following manner: the potential was held at 0.6 V for 1 h, followed by 
cycling between 0.7 V and 0.5 V for ½ h at each potential until the average current 
reached steady state, normally 12 h.  The MEA was removed from the cell and the anode 
gasket was replaced with a 2.2 cm2 sized gaskets that covered one of the two half-anode 
GDEs.  The gasket provides two purposes: one is to seal the cell allowing back pressure 
of gasses, and the second is to provide electrical insulation between one of the GDEs and 
the anode graphite plate.  When the appropriate half-anode GDE has been tested, the 
MEA was removed and the half-anode gasket was rotated 180 ° to allow access to the 
other half-anode GDE.  Polarization curves were fitted using Igor Pro. 

3 Results and Discussion 
3.1 Error analysis 
The primary drawback in the study of experimental MEAs in fuel cells is that the 

reproducibility of the MEA fabrication can vary considerably between MEAs.   Because 
the history of a MEA from fabrication to steady state operation may vary, the error may 
be unacceptable.   Using fairly sophisticated MEA fabrication techniques we have 
eliminated many of these errors[23].  This paper, however, is concerned with a method to 
rapidly screen catalyst layer additives on prefabricated ELAT electrodes.  Our solution to 
the reproducibility issue was to fabricate an MEA where the control electrodes and the 
test electrode were on the same MEA, Figure 25.  This approach ensured that both 
electrodes were subject to the same fabrication and conditioning conditions. A direct 
comparison of the control and test electrodes is then possible. For each additive tested, 
enough MEAs were fabricated so that least two MEAs with acceptable performance 
could be used for the purposes of data reporting.  The errors reported for Voc, I @ 0.2 V 
and ΔP are from these duplicate measurements.   

It would be expected that the polarization curves for all the controls should be 
identical.  In fact they are not and this reflects the variability in MEA fabrication and 
conditioning.  To further analyze the variability of these MEAS we fit the polarization 
curves by a nonlinear least square fitting procedure[2] using Eqn. 5 of the form 
E =E0 – b logi – Rii         (1) 
Where 
E0 = EVoc + blogi0         (2) 
which is effectively the cell potential at 1mA and is a quantitative measure of the cathode 
electrode kinetics, b is the Tafel slope, and Ri is the differential resistance of the cell.  
From this analysis we get the following values for the control data; Eo = 0.95 ± 0.01 V, b 
= 80 ± 10 mV decade-1, and Ri = 0.35 ± 0.05 mΩ cm-2.  Even though the error in Eo was 
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only 1% all the test MEAs were within this error and so Eo was not affected.  For the 
Tafel slope, the error was 25%, but, with only two exceptions was an improvement 
greater than this observed.   A 15% error was observed in Ri .  Table 1 lists the values of 
Ri for all of the experimental MEAs as improvements greater than 15% in Ri were 
observed for almost all of the HPA anode doped MEA.   

3.2 MEAs without added Nafion® ionomer 
Initial investigations focused on replacing the Nafion® ionomer with the small 

amounts of HPA that can be strongly adsorbed on the ELAT. As expected the 
performance of the Pt control with no ionomer in the anode catalyst layer, Figure 26, is 
rather poor.  At 0.2 V the current density is only 350 mAcm-2 and the maximum power 
obtained is 0.14 Wcm-2.  We can compare this to a typical MEA with Nafion® painted on 
to both catalyst layers, Figure 31.  For this MEA, at 0.2 V the current density is 1.1 Acm-2 
and the maximum power obtained is 0.35 Wcm-2.   Some of this performance can be 
recovered by the use of an HPA adsorbed on to the carbon of the ELAT.   The data for 
the ½ anode doped with the divandium substituted HPA HV2 on the same MEA is also 
shown in Figure 26.  For this HV2 doped MEA at 0.2 V the current density is 500 mAcm-

2 and the maximum power obtained is 0.31 Wcm-2, close to that of the half anode with 
added Nafion®.  Curve fitting of the polarization curves revealed no difference in E0 and 
the Tafel slope within the experimental error.  A factor of 4.3 improvement was observed 
in Ri from  0.9 mΩ cm-2 in the undoped Pt control ELAT to 0.22 ± 0.03 mΩ cm-2 in the 
HV2 doped Pt ELAT.  This is a somewhat remarkable result considering that the typical 
loading of HPA that we obtain on an ELAT is ca. 0.04 mg/cm2 which represents a  molar 
loading of ca. 1 μmol/cm2 [12, 13].   We postulate that proton transport in this system is 
through the liquid water on the surface of the carbon as the anode gases are saturated with 
water vapor.   The HPA obviously lowers the activation barrier for proton transport 
which is manifested in a dramatically improved area specific resistance of the cell.  The 
HPA on the anode is almost certainly in a reduced form and so an additional effect on 
electronic transport is also possible.   Additionally, as there is no added Nafion® in this 
electrode it is possible that gas transport is also facilitated.  No attempt was made to 
separate these effects, but all are probably in play.  Even though impressive 
improvements in the interfacial resistance of the fuel cell can be achieved solely with 
HPAs, the performance does not match that of the Nafion® coated electrode.  We 
therefore decided to see if we could improve an electrode with added Nafion®. 

3.3 Enhancements to MEAs with added Nafion® ionomer 
The improvements seen in the performance of an MEA using Nafion® doped 

electrodes with HV2 were not statistically greater than the controls.   This was not true 
for some Fe substituted HPAs. The polarization and power curves for a control Pt anode 
and a HFe2 doped Pt anode with Nafion® are shown in Figure 31.   

The performance of the control MEA with Nafion® added to both electrodes is quite 
impressive, with 1.13 A cm-2 at 0.2 V and a maximum power of 0.367 W cm-2, Table 4. 
This is comparable to reported values for MEAs using Nafion® 117 as the membrane 
[24].  However the MEAs and fuel cells in this study were not fully optimized [25, 26], 
but importantly were measured under the same conditions to ensure that the results were 
reproducible.  The intent was that MEA optimization would occur with candidate 
materials identified by the study at a later time.  What is interesting is the dramatic 
improvement in the performance of the MEA when the anode is doped with the Wells-
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Dawson sandwich HPA HFe2.   For this HPA doped MEA the current improves to 1.98 
A cm-2 at 0.2 V and the maximum power observed is 0.679 W cm-2, Table 4.  This 
represents an improvement in power of 85%.  When the polarization curves are fit by the 
method described above, we see that we have obtained a 100% decrease in the area 
specific resistance of the MEA by the addition of ca. 1 μm/cm2 HFe2 HPA. 

 In order to determine how these relative small amounts of HPA were improving the 
performance of the fuel cell anode layer we doped a number of MEA anodes with a series 
of related HPAs, Table 4.   The Wells-Dawson and iron substituted HPA studied here 
were all shown to be poor catalysts for the HOR.[12]  Therefore, any enhancement to the 
performance of the Pt catalyzed fuel cell anode will be because the HPA are facilitating 
the transport of reactants or products.  The control Pt and Wells-Dawson doped anode 
data and curve fits are shown in Figure 27. Doping of the fuel cell anode with the parent 
Wells-Dawson HPA showed ca. 15% improvement in power.  The fitted curve showed a 
decrease in area specific resistance. This decrease in area specific resistance is 
approximately the same as the error in the measurement and so we conclude that there 
was no change due to this HPA.  However, inspection of Figure 27 shows that the Wells-
Dawson HPA doped anode MEA has a higher current density.  The fitted Tafel slope did 
improve to 51 mV/decade.  While the polarization curve is dominated by the cathode 
polarization, the anode polarization is still a contributing factor and so the Wells-Dawson 
HPA clearly is improving the effective catalytic rate of the anode hydrogen oxidation 
reaction, and this does manifests itself in an improvement in maximum power of the 
MEA. 

Doping the anode with the mono-iron salt KFeP2W, Figure 28.  produced a 
significant improvement in the power of the MEA by 57%, Table 4.  An improvement 
was again seen in the fitted Tafel slope, 60 mV/decade, due to an improvement in the 
overall anode catalysis, but, again no significant improvement in the area specific 
resistance.  Examination of the polarization curve shows no deviation due to 
concentration limitations, which is seen for all the free acid HPAs and control Pt MEAs 
at <0.4 V.  The improvement in power observed here is, therefore, due to an 
improvement in ion transport enhanced by the HPA. 

We next doped the Nafion® painted ELAT with the free acid of the mono-iron HPA, 
HFeP2W, Figure 29, Table 4.  This doped MEA had an even larger increase in maximum 
power, 65%, but as with the other free acid HPAs there was an obvious transport loss at 
<0.4 V.  We can see this when we compare the current density of the free acid at 0.2 V, 
1.51 A cm-2, with that of the lower power potassium salt discussed above 1.52 A cm-2, 
which is the same value within experimental error.   The higher performing free acid does 
suffer a loss of transport polarization due to inadequate gaseous transport in the catalyst 
layer.  However, when we examine the parameters from the curve fit we see that there is 
no change in Tafel slope but there is a significant improvement in the area specific 
resistance of 50%. 

There appeared to be an effect on performance that correlated with the number of iron 
atoms in the HPA, so a Nafion® painted ELAT doped with the sodium salt of the tetra-
iron Wells-Dawson sandwich HPA, NaFe4P4W, Figure 30, Table 4.  This HPA showed a 
more modest improvement in maximum power of 46%, but again as with the potassium 
salt of the mono-iron HPA, KFeP2W, there was a small evident  loss in concentration 
polarization at <0.4 V, the current density at 0.2 V being an improved 1.58 A cm-2.  The 
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fitted data showed no change in Tafel slope but a 47% improvement in area specific 
resistance. 

 We prepared the free acid of NaFe4P4W at room temperature, this meant that the 
free acid of the HPA that we obtained had lost 2 Fe atoms (the tetra substituted HPA is 
available by preparing the free acid under ice cold conditions).   We decided to use 
HFe2P4W as it would presumably be more robust under fuel cell operating conditions.  
The doping of the Nafion® painted ELAT with this HPA produced the most impressive 
improvements, Table 4 and Figure 31.  The maximum power is improved by 85% and the 
current density at 0.2 V is an impressive 1.98 A cm-2.  All of this improvement is due to a 
100% increase in the area specific resistance of the MEA, there being no improvement to 
the Tafel slope from the curve fitted data. 

More detailed studies will be required to fully rationalize the trends in this data, 
however we may draw some conclusions based on structural arguments.  None of the 
HPA are present in large enough amounts to come even close to forming a monolayer or 
to be regarded as having connectivity throughout the catalyst layer.  These HPA are 
present in catalytic amounts, i.e. they are lowering the activation barrier for electrode 
processes through their interaction with the ionomer and carbon.  Statistically very small 
amounts of the HPA might be in electrochemical contact with the Pt catalyst.   

TGA analysis of the materials, Table 5, shows that all have strongly bound water 
associated with them.  The Wells-Dawson sandwich HPA, HFe2P4W and NaFe4P4W 
have significantly more water associated with them than the monosubstituted HPA.  Note 
that the water molecules observed to leave the structures above 200ºC are associated with 
loss of structural integrity of the HPA and not waters originally in the structure.  The 
HPA are known to be super acids and the salts of HPA are usually not fully 
stoichiometric.  That is to say the salts usually include some residual protons.   The IR 
data of all the HPA and their salts studied, not shown, show δ(OH) 1630 and 1710 cm-1 
associated with H3O+ and H5O2

+ respectively to temperatures >200ºC.  From this we 
conclude that there are residual protons even in the salts of the HPA.  We expect the 
inclusion of Fe atoms in the HPA to increase its ease of being reduced and so the 
possibility of mixed electronic and protonic conductivity. 

Conclusions 
In Table 4 we summarize the dominant effect of each of the HPA dopants on the 

performance of the MEA.  The first point to make is that none of the HPAs poison the 
anode catalyst, and in fact the Wells-Dawson parent and the mono-iron salt, KFeP2W, 
show a slight increase in improving the anode catalysis.  The HOR is very fast [19] and it 
is unlikely that these HPA are actually increasing the rate of the HOR, rather the HPA are 
increasing the effective diffusion coefficient of species to the catalyst particle.  Three of 
the HPA dramatically improve the area specific resistance of the MEA.   HFeP2W, 
NaFe4P4W, and HFe2P2W appear to improve the protonic and by inference the 
electronic conduction in the catalyst layer.  The improvements in maximum power scale 
in the order of increasing protons associated with the HPA, i.e. 
NaFe4P4W<HFeP2W<HFe2P2W.  This is not surprising as HPA dopants are known to 
improve the proton conductivity of Nafion® [27-31].  This is clearly the dominant effect 
as the greatest improvement is seen with HFe2P2W which acts to increase interfacial 
protonic conduction.  Finally the two HPA salts KFeP2W and NaFe4P4W also appear to 
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improve transport in the MEA as little concentration polarization is observed in the 
polarization curves of these HPA at low V. 
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Tables 
Compound Voc  

(mV) 
I @ 0.2 V 
(mA/cm2) 

P 
(W/cm2) 

ΔP 
(%) 

Area 
Resistance 

(Ω/cm2) 

ΔArea 
Resistance 

(%) 

Dominant 
Effect 

Wells-
Dawson 944 ± 15 1460 ± 2% 0.45 0.32 Anode 

Pt 926 ± 17 1320 ± 3% 0.387 

 
16 ± 3 0.27 

 
-17  

KFeP2W 943 ± 19 1520 ± 1% 0.42 0.31 Anode 
/Transport 

Pt 959 ± 25 951 ± 5% 0.267 

 
57 ± 6 0.36 

 
14  

HFeP2W 961 ± 14 1510 ±2% 0.536 0.25 IR 
Pt 925 ± 11 1100 ± 1% 0.324 

 
65 ± 1 0.38 

 
50  

NaFe4P4W 969 ± 21 1580 ± 4% 0.505 0.28 IR/Transport 
Pt 938 ± 19 1050 ± 3% 0.346 

 
46 ± 3 0.41 

 
47  

HFe2P4W 958 ± 16 1980 ±3% 0.679 0.17 IR 
Pt 923 ± 18 1130 ± 1% 0.367 

 
85 ± 2 0.25 

 
100  

Table 4.  Data for the Pt control and HPA doped Pt test half MEAs. 

Compound ≤ 100 °C 100 – 200 °C ≥ 200 °C 
K7FeP2W17O61 8 6 1 
H7FeP2W17O61 7 7 2 

Na12Fe4P4W30O112 26 8 4 
HFe2P4W 23 10 6 

Table 5.  TGA data in equivalents of water lost with temperature for the HPA studied. 
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Figure 24.  Stylized representation of left, [(P2W17O61)FeIII(H2O)]7- (KFe1 or HFe1) in 
which one W-O octahedron from the crystal structure of the [P2W18O62]6- [14] has been 
replaced by an FeIII(OH2) moiety and crystal structure of [(P2W15O56)2FeIII

4(H2O)2]12- 
(NaFe4 or with 2 Fe removed HFe2).[16] 
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Figure 25.  Schematic diagram of split anode MEA configuration and gasket design. 
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Figure 26.  Polarization and power curves for + (lower) Pt control anode and - H5PMo10V2O40 doped Pt anode with no added Nafion® 
in anode electrode layers. 
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Figure 27.  Polarization curves and curve fit lines for + (lower) Pt control anode and – Wells-Dawson doped Pt anode with added 
Nafion® in anode electrode layers. 
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Figure 28.  Polarization curve for – KFeP2W doped Pt anode with added Nafion® in anode electrode layers. 

 



 

68 

1.0

0.8

0.6

0.4

0.2

0.0

E(
V

)

1400120010008006004002000

I(mA cm2)  
Figure 29.  Polarization curve for – HFeP2W doped Pt anode with added Nafion® in anode electrode layers. 
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Figure 30.  Polarization curve for – NaFe4P4W doped Pt anode with added Nafion® in anode electrode layers. 
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Figure 31.  Polarization and power curves for + (lower) Pt control anode and - HFe2 doped Pt anode with added Nafion® in anode 
electrode layers. 
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Abstract 
 A total of 18 heteropoly acids (HPAs) were investigated to determine their 

activity as non-Pt oxygen reduction reaction (ORR) catalysts in polymer electrolyte 
membrane fuel cell cathodes (PEMFCs).  Polarization curves, cyclic voltammetry and 
impedance spectroscopy determined that, of the HPAs tested, only molybdenum based 
HPAs are active for the ORR and that vanadium substitutions improved the activity.  The 
reduction potentials of the HPAs in the fuel cell environment were determined by cyclic 
voltammetry. This showed that no activity is seen above 0.55V, as the catalysts must first 
be reduced insitu by 4 e- before the HPA can reduce oxygen.  The potential at which the 
HPA can be reduced has been determined to be the limiting factor when using these 
catalysts for ORR in PEMFCs. Power densities of 67mW/cm2 at 0.2V were obtained 
using H5PMo10V2O40.  Molybdenum based HPAs were covalently bonded to the carbon 
achieving mass loadings ~3x that obtained through adsorption.  Using this approach 
catalyst, performance was improved to 86mW/cm2 at 0.2V.  The increased loadings did 
not significantly increase the potentials at which the HPA becomes active for the ORR.  
We were able to show that MEA degradation, as measured by F- emission rates, using 
these catalysts are reduced during accelerated testing protocols.           
Keywords: Heteropoly acid; oxygen reduction reaction, non-precious metal catalyst; 
proton exchange membrane fuel cell; fuel cell cathode catalyst  
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1. Introduction 
 Polymer electrolyte membrane fuel cells (PEMFC) operating on pure hydrogen 

are currently receiving much interest as a future power source for automobiles and in 
stationary applications.  However, the current state-of-the-art material for the oxygen 
reduction reaction (ORR) on the cathode is platinum, or a platinum-alloy nanoparticle 
catalyst supported on a heat-treated, high surface area carbon. The use of high loadings of 
precious metal catalysts is one of the primary causes for the present day unacceptably 
high manufacturing expense of the fuel cell.  In fact Pt based catalysts suffer from three 
major shortcomings.  The first is that the loading of Pt required for practical power 
densities on the cathode (~0.4 mg/cm2) contributes greatly to the cost per kW of the fuel 
cell [1].  The second shortcoming is that the kinetics of the ORR on Pt are sluggish and 
not 100% efficient in reducing oxygen to water [2-4]. The performance at high voltages 
is greatly reduced because a large overpotential is required for the reaction to occur.  The 
less than 100% reaction efficiency results in the release of hydroxyl and peroxyl reaction 
intermediates suspected of causing the degradation of the polymer ionomer in both the 
membrane and the catalyst layers [1, 5].  The third shortcoming of using Pt-based 
catalysts in the cathode of the fuel cell is that they are known to be unstable at low pH 
and high voltages which can occur during cell cycling at startup and shut down.  This 
results in Pt dissolution, leading to loss of Pt surface area, decreased performance, and Pt 
deposition into the membrane [6].    

 At the present time, Pt-alloy catalysts are still the catalyst of choice for fuel cell 
cathodes and are steadily being improved by on-going research efforts [7].  The problem 
of hydroxyl and peroxyl attack of the perfluorinated membranes has been greatly reduced 
by chemically modifying the polymer to eliminate carboxyl end groups, which are 
unstable to radical attack,  resulting in a significantly lowered membrane degradation rate 
[8].  However, peroxide can still attack these membranes at the ether linkages in the 
polymer side chains.  Recent results indicate that the peroxide generated at the cathode is 
insignificant and that the major cause for membrane failure comes from peroxide 
generated in the membrane from molecular H2 and O2 reacting at the Pt catalyst that has 
dissolved from the catalyst layer and redeposited in the membrane [9, 10]. It would be 
highly desirable to discover a non-precious metal catalyst that is inexpensive, has high 
oxygen reduction activity, is stable for thousands of hours, and produces only water with 
zero peroxide, which could also allows an increase in fuel cell membrane durability.  The 
search for such a catalyst while challenging, remains one of the most significant areas in 
PEM fuel cell research.  This paper focuses on the potential of heteropoly acids (HPAs) 
to be a non-Pt catalyst for the ORR. 

 Heteropoly acids are a synthetically versatile sub-class of the inorganic oxides 
known as the polyoxometallates.  The HPAs are good solid state proton conductors and 
can act as catalysts for a number of reactions and are in fact used as commercial catalysts 
in some industrial applications [11, 12].  The catalytic and proton conductivity properties 
of HPAs vary with structure and composition, and some HPAs are known to be stable 
under the high voltages and low pH conditions which occur in a fuel cell [13-17].  HPAs 
are attractive as fuel cell catalysts because they could simplify the ionomer needs of the 
electrode and could theoretically reduce the complexity of the three phase boundary.  In a 
fuel cell electrode the three phase boundary is region of the catalyst layer where the 
ionomer, electronic conductor, and catalyst are adjacent to each other in a configuration 
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accessible for the transport of gas phase products and reactants [18].    The HPAs 
potentially satisfy two of these electrode requirements, catalysis and proton conductivity 
in one moiety. 

 Heteropoly acids can undergo multiple reversible 1 or 2 e- reductions while still 
retaining their structure.  These reductions can be detected through cyclic voltammetry 
and are potential and pH dependent [12, 13, 15-17, 19].  For example, 12-
phosphomolybdic acid, H3PMo12O40 is easier to reduce than 12-phosphotungstic acid, 
H3PW12O40 and for this reason H3PMo12O40 is usually considered a better redox catalyst.  
On the other hand H3PW12O40 has a higher acid strength which contributes to greater 
proton conductivity and can make it a better catalyst in acidic media.  Since the ORR 
involves both electron and proton transfer, we thought it would be interesting to explore 
the relative activities of these HPAs.  The experiments described below investigated the 
potential of HPAs to work as cyclical catalysts which can be oxidized and reduced while 
immobilized in the cathode according to the general mechanism:  

  Anode (Pt):  2H2   4H+ + 4e-    [1] 
  Cathode:  HPA + 4H+ + 4e-   H4HPA   [2] 
  Cathode:  H4HPA + O2   HPA + 2H2O  [3] 
The second and third step in this reaction would require the HPA to become reduced 

by four electrons and acquire four protons and then become oxidized by reacting with O2.    
This cyclical four electron reduction of the HPA and subsequent oxidation by O2 to form 
water has already been established in the literature [17], but has not been demonstrated in 
a membrane electrode assembly (MEA) in a fuel cell. It is known that each electron 
reduction can happen sequentially at different required overpotentials [13].  The 
equilibrium potential for reaction 2, which will determine the maximum attainable cell 
voltage, with 12-phophomolybdic acid is 0.6 V [20].  This can be shifted more positive 
by substitution with various metals such as V.  For this reason we would expect a 
significant overpotential in the fuel cell before the ORR can occur.  The exact reduction 
potentials are heavily dependent on the identity of the solvent used and the pH of the 
system.  As the exact conditions of the solid state reaction on a fuel cell electrode in terns 
of solvation and pH are still unclear, direct experimentation sunder fuel cell operating 
conditions  is necessary to determine catalytic activity [13, 15].  

 A major challenge when utilizing HPAs as catalysts in fuel cells is their high 
water solubility.  Common immobilization techniques involve adsorbing the HPAs onto 
the surface of silica, polymers, or carbon [12, 21-29].  In this work HPAs were initially 
immobilized through adsorption on to the carbons.  We have already demonstrated 
limited activity of a limited set of HPAs as fuel cell electrocatalysts using carbons with 
low adsorption capacity on commercially available fuel cell electrodes [30, 31].  The 
method used to prepare electrodes in the current work represents a large improvement 
over the previously published methods.  Depending on the carbon support used, the 
adsorption method can produce catalysts loadings of up to 20-30 wt % HPA.  While this 
may seem high and on par with standard Pt on carbon loadings used in fuel cells, on a 
molar basis this is an order of magnitude less than the typical Pt loadings as the HPA 
have molecular weights >2500 g/mol.  The adsorption approach produces proof of 
concept data, but, it is clear that the loadings are impractically low.  We point out, 
though, that the cost of these HPAs is expected to be significantly lower than Pt, so 
accordingly much higher loadings are economically feasible. 
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 A variety of different HPAs were tested as ORR catalysts in PEM fuel cell 
cathodes, including HPAs of the Keggin, Wells-Dawson, and Wells-Dawson Sandwich 
structural families.  Table 6 gives a full list of the HPAs tested.  HPAs of the Keggin 
structure H4SiW12O40, H3PW12O40, or H3PMo12O40 were tested to show the influence of 
the heteroatom (Si vs. P) or addenda atoms (W vs. Mo) on the catalytic activity.  It is 
known that removing several W or Mo addenda atoms from these structures and 
substituting them with vanadium atoms can dramatically improve the catalytic activity 
for reactions such as CO oxidation or oxygen reduction.  So each Keggin structure, based 
on either W or Mo was also tested with a variable number of vanadium substitutions [14-
17, 19, 28, 32-35]. The Wells-Dawson structured HPAs were based on H6P2Mo18O62 or 
H6P2W18O62.  Substitutions of one Fe or one Mn atoms for the addenda atoms were 
performed using the tungstate Wells-Dawson HPAs only.  Any further substitutions yield 
a structure of two Wells-Dawsons sharing a total of four substituted metals.  The 
resulting structure is referred to as the Wells-Dawson sandwich structure and was made 
by substituting Ni, Zn, Cu, Co, and Fe.  The performance of the catalysts was then 
compared to how an HPA’s structure and composition can impact its proton conductivity 
and catalytic activity.   It has also been established that the addition of these metals into 
tungstate HPA structures increased the catalytic activity towards the hydrogen evolution 
reaction [36].   

 Here we  chose to perform experiments in the solid state using memebrane 
electrode assemblies (MEAs) rather than using solution techniques in water based 
solutions for three very important reasons:   1. Much of the aqueous solution 
electrochemistry of relevance to the HPAs has already been assessed, and is referenced 
by us, and so it is now logical to study the HPA in the solid state,  2. The 
electrochemistry of the HPAs is often different in the solid state than in solution or in 
contact with an aqueous solution due to rearrangements or configurational changes of the 
HPA in the solid state and it’s relationship to the carbon support that are not observed in 
solution, so solution studies on HPAs are not relevant to fuel cell electrocatalysis; and 3.  
The pH has a strong effect of the HPA electrochemistry and the exact pH of the catalyst 
layer in a fuel cell is not known, so rather than guess at the pH, the experiments are 
performed using the MEA which will be at the relevant pH. 

2. Experimental 
2.1 Materials 
The HPAs H4SiW12O40, H3PW12O40, and H3PMo12O40 were all purchased (Sigma 

Aldrich) and used as received.  Modified versions of these Keggin HPAs with vanadium 
substitutions were made according to literature methods [37] [38] [39].   The Wells-
Dawson HPAs, H6P2W18O62 and H6P2Mo18O62 [40, 41] the single metal substituted 
Wells-Dawson HPAs containing Fe and Mn [42, 43] and the Wells-Dawson sandwich 
HPAs of the formula M4

II (H2O)2(P2W15O56)2
16- where M = Fe, Ni, Zn, Co and Cu were 

synthesized according to literature methods [44-47].  For a complete list of the HPAs 
tested see Table 6.  

 Ketjen Black 600JD carbon was obtained from Akzo Nobel Polymer Chemicals, 
LLC.  The carbon was acid washed with HCl and nanopure water prior to use.  
Membranes used were Nafion® 117 or 112 from Ion Power.  All but one experiment 
utilized Nafion® 117 membranes.   The Electrodes used on the anode were machine built 
Pt on Vulcan XC72 carbon cloth electrode Los Alamos Type (ELAT) with a Pt loading 
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of 0.5mgPt/cm2 obtained from E-Tek.  These electrodes contained a proprietary ionomer 
loading applied by E-Tek.  Nafion® solution (5 wt%) was obtained from Sigma Aldrich.  
Paper electrodes (10BB) from SGL Carbon containing a microporous layer but no metal 
catalyst were used to support our prepared catalysts.  The  HPA were adsorbed on to the 
carbons by boiling with the carbons, followed by filtration and drying in an oven at 
100ºC results to give a typical  loading of 22.3 wt%.   

 H7PMo11O39 was chemically bound to the carbon as follows.  First p-
aminophenyltriethoxy silane was condensed with H3PMo12O40.  The HPA amine was 
converted to a diazonium salt with isobutyl nitrate and decomposed with mild heating in 
the presence of  the carbon to form a hybrid HPA bound to the carbon (HPAbc).    The 
resulting product was 60.4 wt% HPA almost triple that obtained through adsorption.   
The HPAbc was also treated with 2 equivalents of V to produce a V substituted catalyst, 
V2HPAbc [37] [38] [39].   

2.2 Electrodes and MEAs 
The technique for electrode preparation was optimized with respect to carbon type, 

adsorption method, and Nafion® ratio.  The HPA, carbon, 5% Nafion® solution, and 
methanol were all combined to form an ink in a 5 cm3 plastic BD syringe, mixed for 5 
min. by shaking with a Wig-L-Bug amalgamator and then placed in an ultrasonic mixer 
for 30 min..  The HPA to carbon ratio was 3:5.  This is in excess of the amount of HPA 
which would adsorb onto the carbon.  It is assumed that about 40% of HPA is not 
immobilized and washes away with the water leaving the fuel cell during conditioning.  
Nafion® solution was added to be 15% of the total solids in the dried electrode.  A 
syringe pump was used to control the flow rate of the ink to a custom airbrush tip.  This 
airbrush tip was controlled by an X-Y plotter to evenly spray multiple layers of catalyst 
onto the microporous layer of the paper electrodes.  Membrane electrode assemblies 
(MEAs) using the HPA electrode as the cathode, a Pt ELAT as the anode, and a Nafion® 
117 membrane, were pressed using a GEO Knight and CO Digital Combo Multi-Purpose 
press.  The pressing conditions were 135oC, 80 psig, and 90 s.  The electrode area was 5.5 
cm2.  For the screening process Nafion® 117 membranes were used.  An additional 
experiment described below used a thinner Nafion® 112 membrane.   

2.3 Fuel Cell Testing 
The MEAs were tested in fuel cell hardware (Fuel Cell Technologies) at 80oC.  

Polarization curves and impedance spectroscopy measurements were taken using a 
Scribner 850C Compact Fuel Cell Test System using its associated Fuel Cell software.  
Reactant gases were UHP H2 and industrial grade O2 each at 0.1 lpm using 30 psig of 
backpressure and were humidified at 100% RH by setting the saturator to 90ºC (this does 
not imply that the gases were over humidified, this was simply the hummidfier set point 
to achieve 100% RH).   

 Testing involved a 6-step process.  First, five polarization curves scanning from 
open circuit voltage (OCV) to 0.2V at a scan rate of 1 mV/s were performed.  It was 
found that the currents obtained did not change with slower scan rates and were in fact 
identical to curves constructed voltage hold of several minutes.  The second step was a 
conditioning step where the voltage was alternated between holding at 0.25V and 0.35V 
for 30 min. for 16 h.  In the third step a post-conditioning set of polarization curves at the 
same rate as above.  For the fourth step, electrochemical impedance spectroscopy was 
performed.  This was done by holding the voltage constant at 0.2V for 10 min., after 
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which an AC frequency was scanned from 10,000 Hz to 0.1 Hz at 10 steps/decade.   The 
fifth step involved flipping the MEA over in the fuel cell hardware so that the HPA 
electrode was the anode and the Pt electrode was the cathode.  Cyclic voltammetry on the 
MEA was the sixth and final step. For this experiment H2 was fed to the Pt electrode, N2 
was fed to the HPA electrode and the potential was scanned from 0.1V to 1.0V then back 
to 0.1V (vs. the H2 electrode) at 25 mV/s.  The voltage was applied using an Arbin BT4+ 
potentiostat. 

2.4 F- emission rate 
 The effluent water was collected for a fresh MEA utilizing an HPAbc cathode, a 

Nafion® 112 membrane, and cloth Pt ELAT anode.  The experiment held the MEA at a 
load of 500 mA/cm2 for 30 minutes followed by 2 minutes at open circuit [48].  This load 
was repeated for 24 h.  The fuel cell operating conditions were the same H2/O2 conditions 
described above.  A control MEA was tested using a cloth Pt ELAT cathode.  The pF of 
the effluent water was measured using a Cole-Parmer Laboratory fluoride ion electrode.   
This effluent water on the cathode was tested for the presence of hydrogen peroxide 
through two methods.  The first method utilized potassium iodide starch test strips.  
These test strips have been shown to detect the presence of hydrogen peroxide in standard 
solutions of concentrations as low as 0.015wt% H2O2 in water.    The second method 
utilized a titration using 0.0017M KMnO4 [49].    

3. Results and Discussion 
3.1 Fuel cell screening of different HPAs 
The HPAs tested and their loadings and fuel cell performances are summarized in 

Table 6.  The polarization curve results for MEAs utilizing molybdenum based Keggin 
and Wells Dawson HPAs as cathode catalysts can be seen in Figure 33.    It should not be 
assumed that the Ketjen black control electrode is pure carbon.   While we did wash the 
carbon in acid and DI water, we did not wash it in base and so it still contains significant 
amounts of silica and other elements.  The MEA with Ketjen black as the anode showed 
an OCV of 0.80 V, but with a very low power at 0.2V of 5.7 mW/cm2, Table 1.  The high 
frequency resistance was comparable to all the other MEAs, implying similar H+ 
conductivity in the catalyst layer, 0.21 Ω cm2, but the maximum imaginary component of 
the resistance was 9.1 Ω cm2,  implying a large activation loss of the catalyst as expected, 
Table 1.  Figures containing polarization curves for MEAs utilizing cathodes containing 
tungsten based HPAs of all tested structures are omitted for brevity and because the 
performance of these is only slightly above that of the Ketjen black control.  
Additionally, the steady state performance for the W based HPA measured using 
polarization curves was essentially independent of the substitution of V, Fe, Mn, Zn, Ni, 
Cu or Co atoms, changes in heteroatom (Si vs P), and changes in structure (Keggin vs. 
Wells-Dawson), Table 1.  The one exception to this was the performance of the tetra-Cu 
substituted Wells-Dawson sandwich HPA which showed initial data comparable to that 
of the Mo based HPA discussed below.  The substituted Cu in this HPA are not stable in 
acid and so it was not surprising that the performance of this HPA rapidly fell off during 
fuel cell operation.  The tungsten based HPAs did not show any catalytic activity above 
0.26V generating only small currents with a linear slope from 0.26V to the cut off of 
0.2V.  For comparison, the carbon control produced a current density of 29 mA/cm2 at 
0.2V.  The cathode utilizing H3PW12O40 demonstrated a negligible improvement while 
producing a current density of 32 mA/cm2 at 0.2V.  Removing four tungsten atoms and 
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replacing them with four vanadium atoms resulted in a current density of 34 mA/cm2 at 
0.2V.  These are all negligible within the scope of this experiment and are an order of 
magnitude less than the currents obtained using the molybdenum based HPAs, which 
produced current densities of 265 to 335 mA/cm2  at 0.2V.  Based on the poor 
performance of the W based HPAs in the polarization curves it has been determined that 
they show little promise as catalysts for the ORR in PEM fuel cells.  Their behavior in 
cyclic voltammetry and in impedance spectroscopy, however, serves as good controls for 
comparison to the molybdenum based HPAs when explaining the reaction mechanism for 
ORR using HPAs.  These results will be discussed in detail below.       

 The polarization curves in Figure 33 provide evidence that significant catalytic 
activity for the ORR can be achieved through the use of molybdenum based HPAs in the 
cathodes of MEAs.  This activity is limited by the potential dependent redox 
characteristics of the HPA.  The Mo based HPAs suffered from a low open circuit voltage 
(0.646 - 0.797 V) and did not produce significant current densities until the voltage was 
below 0.45 V at which point Tafel behavior, Figure 2 insert, was observed to ~0.3V.  The 
Keggin HPA, H3PMo12O40, exhibited a Tafel slope of 145 mV/dec and the Wells-Dawson 
HPA, H6P2Mo18O40, exhibited a Tafel slope of 118 mV/dec, Figure 2 insert.  Below 0.3V 
a linear, IR, relationship between current density and cell voltage was observed.  At 0.2 V 
the Keggin Mo based HPA produced 265 mA/cm2 while the Mo based Wells-Dawson 
produced 290 mA/cm2, Figure 2 insert.   

 Although the current densities and Tafel slopes observed for the Wells-Dawson 
HPA were better than the Keggin HPA, we chose to study V substituted Keggin HPA due 
to the ease of the available synthetic procedures [37-39].  Removing Mo atoms from the 
Keggin structure and replacing them with two or three V atoms showed an improvement 
in the initial polarization curve performance.  This improvement was observed in the first 
set of polarization curves which were measured before the MEA had been conditioned.  
The performance of all of the MEAs tested improved with conditioning except for Mo 
based HPAs with V substitutions.  In the initial polarization curves, H5PMo10V2O40 and 
H6PMo9V3O40 started to produce currents when the cell voltage fell just below 0.57 V.  
This is a 0.12 V improvement compared to unsubstitued Mo Keggin.  The tri-V 
substituted HPA showed a slight improvement over the di-V substituted version, 
achieving a current density of 25 mA/cm2  at 0.56 V as compared to 0.47 V respectively.  
This is also a significant improvement over unsubstituted Mo Keggin HPA which 
achieved 25 mA/cm2 at 0.39 V.  The general initial performance improvement was only 
apparent in the potential region of 0.57 V to 0.33 V (0.37 V for H5PMo10V2O40).  In this 
region the calculated Tafel slopes were significantly steeper than when using the 
unsubstituted Mo Keggin HPA showing 318 mV/dec for H5PMo10V2O40, and 378 
mV/dec for H6PMo9V3O40, Figure 2 insert. Below this potential region the current density 
had a linear, IR, dependence on voltage that was nearly identical to the performance 
observed when using the unsubstituted Mo Keggin HPA. 

 After 16 h of conditioning the enhanced performance of the V substituted Mo 
based Keggin HPA decreased, but some small improvement remained.  The polarization 
curves using the V substituted Mo HPAs were slightly shifted to higher potentials when 
compared to the usnusbstituted Mo Keggin HPA.  A current density of 25 mA/cm2 was 
achieved at 0.42 V using both the di- and tri-V versions, only a modest 0.03 V 
improvement over the unsubstituted Mo Keggin HPA which achieved 25 mA/cm2 at 0.39 
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V.  Although the 0.03 V improvement is small it correlates exactly with the 0.03V 
positive shift in the reduction waves shown in the cyclic voltammograms discussed 
below.   After conditioning, the Tafel slopes were 152 mV/dec for H5PMo10V2O40 and 
169 mV/dec H6PMo9V3O40.  A decrease in Tafel slope usually indicates improved 
catalytic activity; however, this is not the case for the HPAs studied here because the 
current densities are obtained at much lower voltages.  Below the Tafel region (<0.3V) 
the linear, IR, relationship between voltage and current density remained.  The tri-V 
substituted HPA had a slightly steeper slope than the di-V version in this linear region, 
which resulted in worse performance at lower voltages.  At 0.2 V, H5PMo10V2O40 
produced 335 mA/cm2, and H6PMo9V3O40 produced 285 mA/cm2.  Despite the 
diminished performance, after conditioning, the V substituted Mo HPAs still 
outperformed the molybdenum HPA, H3PMo12O40, which produced 265 mA/cm2 at 0.2 
V.  

 The observation that the V substituted HPAs performance diminished with time 
indicates that the structure may not be stable in the fuel cell environment, possibly 
changing to a more stable structure which is less catalytically active at higher potentials. 
It is known from the literature that these V substituted molybdenum based Keggin HPAs 
are unstable upon heat treatments at temperatures above 190 °C but that the reorganized 
structure can still be catalytically active [50]. This temperature is much higher than the 
fuel cell testing conditions of 80 °C.  Another possible cause for degradation of the HPAs 
could be the pH conditions of the cathode.  The pH of fuel cell cathodes is not known 
with any certainty and presumably varies with fuel cell load, but, the conditions may be 
appropriate for the V species to leave the Keggin structure.   

 Cyclic voltammogarms were recorded for all the MEAs but as only the Mo based 
systems were active we will focus on these.  For these CVs, positive currents indicate that 
the HPA is being oxidized and negative currents indicate that the HPA is being reduced.  
The positive currents are observed when scanning from 0.1 V to 1 V.  The negative 
currents are observed when the scan direction is reversed at 1V.  At 1 V the HPA is in its 
normal oxidation state.  Scanning from 1 V to 0.1 V mimics the cell voltage scan in the 
polarization curves.  The Ketjen Black carbon control exhibited no oxidation or reduction 
peaks, any peaks observed in the CVs are due to the addition of the HPAs.   

 The CVs for the Mo based HPAs with and without V substitution can be seen in 
Figure 34.  Like the W based HPAs there were two reduction (negative) peaks.  Unlike 
the W based HPAs there appear to be up to four distinguishable oxidation (positive) 
peaks when using the Mo based HPAs.  In the case of H6PMo9V3O40, these peaks are 
centered at 0.2V, 0.33V, 0.46V and 0.62V.  It is known that, for the molybdates, each 
negative peak represents a two-electron reduction [51, 52].  The reduction peaks are 
centered at 0.36 V and 0.58 V for the Wells-Dawson H6P2Mo18O56, 0.38 V and 0.54 V 
for the Keggin H3PMo12O40, and 0.40 V and 0.56 V for both H5PMo10V2O40 and 
H6PMo9V3O40.  These CVs were measured after the 16 h conditioning period where the 
vanadium substituted HPAs lost most of their performance improvements over the all 
molybdenum HPA.   

 For the HPAs to behave as catalysts for the ORR according to reactions 2 and 3 
the HPA must first be reduced by 4 e- before it can reduce oxygen.  In the CVs the second 
2 e- reduction peak does not begin until the potential becomes less than 0.45 for 
H6P2Mo18O56 and H3PMo12O40.  This is the exact voltage in the polarization curves where 
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the first currents are measured when using these catalysts.  The second 2 e- reduction 
potential is shifted positive by 0.03V to 0.48V for the V substituted Keggins.  This 0.03 
V shift corresponds exactly to the 0.03 V improvement in performance apparent in the 
post conditioning polarization curves in Figure 33 when using H5PMo10V2O40 and 
H6PMo9V3O40.  The second 2 e- reduction peaks end at 0.26 V for H6P2Mo18O56 and 
H3PMo12O40 and 0.30 V for the vanadium substituted Keggins.  In the polarization 
curves, the voltage region of the Tafel behavior is 0.43-0.32 V for H6P2Mo18O56, 0.43-
0.31 V for H3PMo12O40, 0.46-0.32 V for H5PMo10V2O40, and 0.46-0.31 V for 
H6PMo9V3O40.  The Tafel region in the polarization curves in Figure 33 is roughly the 
same as the potential region of the second 2 e- peak in the CV.  Below this potential 
(~0.31 V) the HPA is reduced by 4 e- and becomes a good catalyst for the ORR.  At 
voltages below 0.31 V, the polarization curve no longer has Tafel behavior and the 
response becomes linear.  The large overpotential required for the HPA to be reduced by 
4 e- is the limiting factor in the catalytic activity for HPAs to perform the ORR in 
PEMFC cathodes.  It can then be said with a good degree of confidence that the general 
reaction mechanism in reactions 2 and 3 is applicable to the fuel cell ORR with reaction 2 
being the voltage dependent rate determining step.  Reaction 2 cannot happen at cell 
voltages higher than the onset of the 2nd two-electron reduction peak as indicated by 
cyclic voltammetry.  Throughout the potential region of this 2nd two-electron peak the 
mechanism is still limited by the complete reduction of the HPA in reaction 2.  Once the 
fuel cell is brought to a voltage low enough for a complete four-electron reduction of the 
HPA (~0.3V) the reaction seems facile but it is unclear which reaction step is limiting.       

  It is known that, within the Keggins, HPAs with Si heteroatoms are the best 
proton conductors and HPAs with Mo addenda atoms are the easiest to reduce [12, 13, 
16, 17].  The extent of reduction of the HPAs is observed in the cyclic voltammograms.  
The HPAs with Mo addenda atoms (Figure 34) have much larger peaks than the W based 
Keggin HPAs (Not shown).  It is no coincidence that the W based HPAs, which are 
difficult to reduce, performed poorly in the fuel cell while the Mo based HPAs, which are 
easily reduced, performed well in the fuel cell.  This observation supports our reaction 
mechanism in which reaction 3 requires the HPA to be reduced before O2 can be reduced.  
The cyclic voltammetry results agree with the known literature about HPAs as ORR 
catalysts.  At standard conditions the potential for the reduction of O2 is 1.23 V but the 
redox potential for Mo HPAs is about 0.7V vs the normal hydrogen electrode[17].  This 
lower redox potential could explain the observed low OCVs. 

 The results from impedance spectroscopy can be seen in Nyquist plots in Figure 
35Figure 35.  Here we will treat the impedance spectroscopy data in a purely qualitative 
fashion.  This is because we were unable to accurately model the data with a suitable 
equivalent circuit.  It is known from the fuel cell literature that a large diameter 
semicircle is characteristic of a ‘blocking electrode’ having large cathodic activation 
losses [53, 54]. A smaller semicircle in the Nyquist plots indicates lower charge transfer 
resistance to ORR and thus faster kinetics.  The maximum imaginary component of the 
impedance in the Nyquist plots serves as a good measure to compare the the kinetics for 
O2 reduction.  These values are summarized in Table 6.  The addition of H3PMo12O40 to 
Ketjen Black had a significant impact in reducing the radius of the semicircle. The 
molybdenum HPA electrode exhibited impedance results two orders of magnitude lower 
than the carbon control electrode.  The variability of the high frequency resistance was 
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small (0.16-0.20 ohm cm2) indicating that all MEAs had similar resistance for proton 
transport  [55]. 

 It was observed in the polarization curves in Figure 33 that substituting V atoms 
into Mo based HPAs increases the performance, while for the W based Keggins, due to 
their poor performance, this same trend was not observed.    This trend is observed in the 
EIS results.  In the Nyquist plot in Figure 35 it is evident that the substitution of V atoms 
decreases the radius of the semicircle from 0.24 ohm cm2 to 0.2 ohm cm2 relative to the 
parent HPA, H3PMo12O40.  This same effects are observed for the other Keggin 
structured HPAs, Table 1, based on  H4SiW12O40 and for H3PW12O40, and the Wells-
Dawson and Dawson sandwich HPAs, but these had little activity in the fuel cell.  The 
impedance observed for the W based Keggins is an order of magnitude greater than for 
the Mo based Keggins.  This suggests that molybdenum based Keggin HPAs have highly 
facile reaction kinetics as compared to the W based Keggins.  These results are consistent 
with the data observed in the polarization curves.  These results are also consistent with 
literature results suggesting that vanadium atoms are essential for HPAs to perform as 
redox catalysts [14-17, 19, 28, 32-34].    

3.2 Increased HPA loading via bonding to carbon 
From the screening of the eighteen different HPAs it is evident that only molybdenum 

based HPAs show any potential for catalytic activity for the ORR in PEMFC cathodes.  
Adsorbing these HPA on Ketjen Black through boiling overnight resulted in a material 
which was only 22.3 wt% HPA.  The HPA is subject to desorption resulting in 
performance loss with time.  We therefore attempted to bond a HPA to a carbon.  This 
limited us to unsubstituted HPA as we needed to substitute the HPA with a functionalized 
silicon moiety, rather than a first row transition metal, that could be bound to the carbon.  
The mono lacunary of the Keggin H3PMo12O40 structure, H7PMo11O39, was chosen for 
covalent bonding to increase the loading of the HPA in the electrode.  Covalently 
bonding the HPA to the carbon through diazonium salt decomposition results in a 
material which is 60.4wt% HPA, (HPAbc).  It should be pointed out that this 
immobilization method results in a HPA hybrid carbon of consistent loading but 
unknown morphology. Electrodes of variable loadings were prepared using this catalyst 
and tested in the fuel cell, subject to the same protocol as the previous tests. Nafion® 117 
membranes were used for these MEAs.   

 The polarization curve results from the HPAbc catalyst are presented in Figure 
36.  In this figure the loading of HPA was increased from 1.57 to 4.23 to 8.09 
mgHPA/cm2.  Included in the figure is H3PMo12O40 adsorbed onto the carbon at 1.23 
mg/cm2 as a reference.  The thickness of the HPAbc electrodes was determined by 
viewing cross sections of the MEAs with an ESEM, and measured to be 76, 203, and 305 
μm respectively as the loading increased.  The thickness of the Pt catalyst layer used on 
the anode was 14 μm.  Even if these catalysts could meet the activity requirements 
outlined in the literature their thickness could have significant mass transport limitations 
[1], but only if we assume they behave as conventional catalyst layers.    The current 
densities at 0.2V increased with loading giving 338, 381, and 429 mA/cm2 respectively, a 
significant improvement over the electrode with  H3PMo12O40 adsorbed which produced 
257 mA/cm2 at 0.2V.  The Tafel slopes were significantly improved over this adsorbed 
HPA electrode which had 145mV/dec,   although they became slightly steeper with 
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increasing electrode thickness and were calculated to be 60, 73 and 80 mV/dec 
respectively.      

Just as the adsorbed catalysts suffered from poor performance for catalyzing the ORR 
due to a large required overpotential, so did the HPAbc catalysts.  No currents were 
produced while the cell voltage was above 0.45V.  In the higher voltage, lower current 
region a small improvement was noticed with the increased loading.  Using 50 mA/cm2 
as a reference point, the cell voltage was slightly increased from 0.350V with the 
adsorbed HPA catalyst to 0.356, 0.366 and 0.378V respectively for the increased loadings 
using the HPAbc catalyst.  At this current density the electrode mass and thickness 
increased by a factor of five and resulted in only a 6% increase in operating voltage 
(0.022V).  This small improvement in operating voltage was also observed at the 
potentials where the first measurable current is produced.  Even though the operating 
voltage was slightly improved with increased catalyst loading, the catalyst will always be 
limited by the reduction potential of the HPA.         

 The Cyclic voltammograms shown in Figure 37 indicate that the HPAbc catalyst 
has reduction peak positions nearly identical to those of the adsorbed HPA in Figure 34.  
The peak area increased with increasing loading as would be expected, however it is 
observed that the reduction peak positions shift slightly more negative with increased 
loading.    The reduction peaks at 0.58V and 0.42V using 1.57 mg/cm2 shift to 0.54V and 
0.36V respectively when the catalyst loading is increased to 8.09 mg/cm2.  This is 
interpreted to be a mass transport effect caused by the thickness of the electrode.  The 
polarization curve performance in Figure 36 did not suffer from a negative shift in 
voltages.  As previously noted there was a positive shift in the voltage of about 0.022V.    

The impedance spectroscopy results as seen in Figure 38 show a trend of decreasing 
resistance to the ORR with increased loading of HPA.  The lowest loaded electrode (1.57 
mgHPA/cm2) had a maximum imaginary component of the impedance of 0.17 Ω cm2 
which was almost cut in half by the use of the most heavily loaded electrode having an 
impedance of 0.09 Ω cm2.  These impedances are significantly lower than the value 
measured for the adsorbed HPA which was 0.24 Ω cm2.  The observed trend of 
decreasing impedance with increased loading implies that the kinetics for the ORR are 
improved with the increased loading, but no apparent improvement is observed because 
of the impaired mass transport in the thick electrode.          

 An attempt to increase the operating voltage using the HPAbc catalyst involved 
using a thin Nafion® 112 (51 μm) membrane instead of a thick Nafion® 117 (178 μm) 
membrane.  The electrode had a very heavy loading of 8.48 mgHPA/cm2.  The polarization 
curve result is omitted for brevity but overlaps the polarization curve for 8.09 mg/cm2 in 
Figure 36 identically.  The only difference in performance is in the OCV which decreased 
from 0.607 V to 0.533 V.  This decrease can be attributed to the increase in reactant 
crossover because of the use of thinner membranes.  The resulting currents were 
independent of membrane thickness.  These results suggest that the entire polarization 
curve is kinetically limited.  As noted previously, the kinetics are limited by the potential 
at which the HPA is reduced and these potentials are not significantly changed by catalyst 
loading or by membrane thickness.  The Mo based HPA, H3PMo12O40 is challenged as a 
practical cathode catalyst for PEMFCs because it can only perform the ORR at potentials 
of less than 0.45V.  Good fuel cell performance is needed above 0.65 V to achieve the 
desired high volumetric power densities. 
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 A final attempt to improve the performance of the HPAbc catalyst involved an 
attempt to substitute two of the Mo atoms with V atoms.  The polarization curve results 
can be seen in Figure 39.  The behavior of this V substituted catalyst is identical to the 
behavior of the adsorbed catalyst given in Figure 33.  The catalyst became active for the 
ORR at 0.57V which is a 0.12V improvement over non-vanadium substituted catalyst.  
The polarization curve has an initially steep Tafel slope of 482 mV/dec until about 0.4 V 
is reached.  After 16 h of conditioning, the improvement in activity at high voltages is 
still present, but slightly reduced.  The Tafel slope after conditioning was 324 mV/dec for 
the region between 0.57 and 0.4V.  After 16 h of conditioning the measured current at 0.5 
V decreased from 17 mA/cm2 to 10 mA/cm2.   Below 0.4V the V substituted V2HPAbc 
catalyst showed no improvement over the non-substituted HPAbc.  

 The cyclic voltammogram of the V substituted V2HPAbc catalyst can be seen in 
Figure 37.  The behavior is similar to the behavior seen in the other molybdenum based 
HPAs but with some interesting differences.  The second oxidation (positive) peak 
(0.33V) is suppressed and becomes merged into the third peak which gets shifted to 
0.49V from 0.46V.  The fourth oxidation peak is also shifted more positive to 0.64V from 
0.62V.  The magnitude of this fourth peak is much larger than the fourth peak observed in 
all molybdenum based HPAs’ CVs with and without vanadium substitution.  The 
magnitude of the peaks is due to both the ease of reduction/oxidation of the HPA and to 
the concentration of the HPA in the electrode.  The magnitude of the peaks for the V 
substituted V2HPAbc catalyst having only 2.33 mgHPA/cm2 is almost equal to the 
magnitude of the peaks for the non-substituted HPAbc catalyst having 8.09 mgHPA/cm2.  
The high magnitude of the peaks for a lower loading of HPA indicates that the V 
substitutions make the HPA much easier to reduce/oxidize.  The reduction (negative) 
peaks are also slightly different when using the V substituted catalyst.  The pair of two-
electron reduction peaks are less distinguishable.  The first two-electron reduction peak is 
centered at 0.55V, which is the exact voltage where the currents are first generated on the 
polarization curve in Figure 39.  The steep Tafel slope region on the polarization curves 
is from 0.55V down to 0.4V.  This potential (0.4V) is exactly where the second two-
electron reduction peak is centered on the CV in Figure 37.     

 The low observed OCVs create concern that the reaction products may be 
dominated by hydrogen peroxide and not water.  The theoretical maximum OCV for a 2 
e- reduction forming H2O2 is calculated to be 0.742 V at 80 °C.  This value was obtained 
using a method found in the literature and the thermodynamic data for liquid H2O2 
calculated using Aspen software [56].   The theoretical maximum OCV for liquid water 
products at 80 °C is 1.18 V, however this maximum voltage is not observed in a typical 
fuel cell [57].  MEAs made in our laboratory with Pt cathodes have typical OCVs of 1.05 
V.  As it is proposed that the HPA facilitate the 4e- reduction O2 and that no peroxide 
should be produced it also follows that HPA catalysts layers should be more stable to 
oxidative degradation.  The MEA with HPAbc on the cathode was subjected to 
accelerated testing conditions to promote peroxide formation using a thinner Nafion® 112 
membrane.  Using this MEA the effluent water from both the anode and cathode was 
analyzed to compare the F- concentration of the water to the effluent water collected from 
a Pt/Pt MEA.  The effluent water was also tested for the presence of H2O2.     

Using the HPAbc catalyst with a Nafion® 112 membrane the effluent water was 
collected and analyzed.  This was the only HPA tested for H2O2 in the effluent water.  
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Both KMnO4 titration and potassium iodide starch test strips were negative for the 
presence of hydrogen peroxide in the products.  The results are consistent with the fact 
that HPAs can perform the oxygen reduction reaction with water as the only product [17].   

 The effluent water of the HPAbc MEA with a Nafion® 112 membrane, 8.48 
mg/cm2 HPA cathode and a 0.5 mg/cm2 Pt anode was also tested for F-.  Any F- present 
in the water is a result of membrane degradation by peroxyl radicals [9, 10].  To obtain a 
current density of 500 mA/cm2 the MEA had to be held at an average voltage of 0.16 V.  
The average F- emission rate for the MEA was 0.33 µmol F-/day/cm2.  An MEA with 0.5 
mgPt/cm2 on both the anode and cathode was used as a reference.  A voltage of 0.67 V 
was used for this MEA at the specified load.  This MEA had average rate F- emission rate 
of 0.50 µmol F-/day/cm2.  The total F- emission rate when using the HPAbc cathode was 
only 30% that of when a Pt cathode was used.  This result suggests that the HPAbc 
catalyst at least does not produce significantly more peroxyl reaction intermediates than a 
Pt catalyst does at the cathode.   

Conclusions 
 MEAs containing different HPAs in the cathode layer of a PEMFC were tested to 

evaluate the HPAs as possible catalysts for the ORR.  A variety of structures and 
elemental compositions were studied to determine the best properties/performance 
relationships.  Polarization curve results showed that only HPAs with Mo addenda atoms 
are able to produce steady and significant current densities.  Using only H3PMo12O40 as 
the catalyst, current densities of 256 mA/cm2 were obtained at 0.2 V.  The catalyst 
suffered from a large overpotential requirement and did not produce any current until the 
cell voltage was below 0.45V.  Below 0.45V the catalyst exhibited Tafel behavior with a 
slope of 145 mV/dec until ~0.3V, and below 0.3V there was a linear, IR, relationship 
between current and voltage.  The voltages at which the polarization curve behavior 
changes correspond well with the voltage dependent behavior of the reduction of the 
HPAs observed in cyclic voltammetry.  The results from the cyclic voltammetry support 
the hypothesis that the HPA can act as an ORR catalyst but must first be reduced by four 
electrons.   

 The potential at which the HPA catalyst can begin to show activity in the 
polarization curves was improved by substituting two or three V atoms into the HPA 
structure which shifted the reduction potential to 0.55 V.  This improvement suffered 
from a steep Tafel slope of up to 378 mV/dec.  Below the Tafel region the behavior was 
similar to the all Mo HPA with no V substitutions.  Impedance spectroscopy confirmed 
that V atoms improve the kinetics for the ORR for all the Keggin HPAs.  For the 
adsorbed V substituted HPAs, the improved performance was no longer present after 16 h 
of fuel cell performance.   

 The loading of the HPAs in the electrodes was improved using a permanent bond 
between the HPA and the carbon.  Using this technique the mass loading of the HPA on 
the total catalyst was almost tripled.   However, the catalyst suffered from the same 
required overpotential for HPA reduction that limited the potential region where the HPA 
can act as an ORR catalyst.  Using thinner membranes had no effect on the polarization 
curves.  Substituting V atoms into this improved loading catalyst did improve the voltage 
at which the HPA can start to become active to 0.45V from 0.55V.  The enhanced 
activity lasted for the 16 h of testing although the current density at 0.5V did decrease 
from 17 mA/cm2 to 10 mA/cm2.   
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 The observed low OCV causes concern that H2O2 may be one of the reaction 
products.  However, these low voltages could also be due to the large overpotential 
required to reduce the HPA.  Testing of the effluent water when H3PMo12O40 was the 
cathode catalyst did not detect any H2O2 suggesting that water is the only product.  The 
large overpotential observed in the polarization curves is dependent on the requirement of 
a potential dependent reduction of the HPA as observed in cyclic voltammetry.  This 
requirement seriously limits the HPAs’ maximum attainable performance as ORR 
catalysts in fuel cells.  Experiments in which F- was collected demonstrate that HPA 
ORR catalysts do not result in accelerated degradation of the membrane. 

 After several attempts to improve the polarization curve performance including, 
increased loading, V substitution, and utilizing thinner membranes the performance was 
still not close to the levels required for a Pt catalyst replacement.   The mechanism for the 
ORR by HPAs requires the HPA to be reduced by 4 e-.  If a stable redox catalyst could be 
reduced by 4 e- at a higher potential (preferably 0.9V) then it could potentially replace Pt 
as a cathode catalyst in PEMFCs.   
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Tables 
Cathode Catalyst Structure Initial HPA 

loading 
(mg/cm2) 

OCV after 
16 hours 

(V) 

Power 
mW/cm2 
@0.2V 

High 
Frequency 
Resistance 
(ohm cm2) 

Maximum imaginary 
component resistance    

0.2V (ohm cm2) 

Tafel Slope 
(mV/dec) 

H4SiW12O40 K 1.4 0.77     5.9 0.19 1.44 N/A 
H7SiW9V3O40 K 1.3 0.66     5.7 0.19 1.02 N/A 
H3PW12O40 K 1.3 0.84     6.3 0.18 1.50 N/A 
H5PW10V2O40 K 1.2 0.73     6.0 0.19 1.21 N/A 
H6PW9V3O40 K 1.0 0.66     6.1 0.20 1.09 N/A 
H7PW8V4O40 K 1.2 0.67     6.8 0.20 1.02 N/A 
H3PMo12O40 K 1.1 0.78 53 0.16 0.24 145 
H5PMo10V2O40 K 1.3 0.80 67 0.17 0.21 152 
H6PMo9V3O40 K 1.3 0.79 57 0.17 0.20 169 
H6P2Mo18O62 D 1.3 0.65 58 0.18 0.23 118 
H6P2W18O62 D 1.3 0.75     5.9 0.18 1.57 N/A 
H7[P2W17O61(FeIII.OH2)] D 1.3 0.68     5.8 0.19 1.54 N/A 
K7[P2W17O61(MnIII.OH2)] D 1.2 0.74     5.1 0.18 1.75 N/A 
Na16 [Ni4

II (H2O)2(P2W15O56)2] DS 1.3 0.73     5.7 0.19 1.53 N/A 
Na16 [Zn4

 II (H2O)2(P2W15O56)2] DS 1.3 0.76     5.6 0.19 1.62 N/A 
Na16 [Cu4

 II (H2O)2(P2W15O56)2] DS 1.3 0.72     6.9 0.19 1.12 N/A 
Na16 [Co4

 II (H2O)2(P2W15O56)2] DS 1.2 0.79     5.9 N/A N/A N/A 
Na16 [Fe4

 II (H2O)2(P2W15O56)2] DS 1.2 0.67 6.2 0.20 1.23 N/A 
Ketjen Black Control N/A N/A 0.80    5.7 0.21 9.10 N/A 
Hybrid H7PMo11O39 K 1.6 0.64 68 0.18 0.17 60 
Hybrid H7PMo11O39 K 4.2 0.62 76 0.19 0.12 73 
Hybrid H7PMo11O39 K 8.1 0.61 86 0.19 0.09 80 
Hybrid H9PMo9V2O39 K 2.3 0.82 66 0.16 N/A 324 
Hybrid H7PMo11O39(Nafion®112) K 8.5 0.53 86 N/A N/A 84 

Table 6. List of Heteropolyacids tested and their fuel cell performance results.  Fuel cell results are recorded for the MEAs after 
being conditioned for 16 hours.  OCV: open circuit voltage.  K=Keggin, D=Wells-Dawson, DS=Wells Dawson Sandwich.
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Figure 32.  Structures of the HPAs investigated.  Left: Keggin, Middle: Wells-Dawson, Right: Wells-Dawson Sandwich. 
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Figure 33. Steady state polarization curves for MEAs run at 80ºC, 100% RH H2/O2 at 0.1 lpm and 30 psig backpressure,  with 

cathodes containing HPAs adsorbed on to Ketjen black of the Keggin structure, ○ - H3PMo12O40, □ - H5PMo10V2O40, and  -  
H6PMo9V3O40, and the Wells-Dawson structured ◊ - H6PMo18O56.  Data is also shown for the initial performance of MEAs whose 
performance decreased with time after conditioning, filled symbols. Inset Tafel plot for activation part of the curves. 
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Figure 34. Cyclic Voltammograms using H2 on the Pt electrode, N2 on the HPA electrode at 25 mV/sec of Keggin structured 
H3PMo12O40, H5PMo10V2O40 and H6PMo9V3O40, and Wells-Dawson Structured H6PMo18O56. 
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Figure 35. Impedance spectroscopy at 0.2 V shown as a Nyquist plot of MEAs under fuel cell operating conditions of MEAs 
having cathode electrodes containing Keggin structured H3PMo12O40, H5PMo10V2O40 and H6PMo9V3O40, and Wells-Dawson 
Structured H6PMo18O56. 
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Figure 36.  Steady state polarization curves for MEAs run at 80ºC, 100% RH H2/O2 at 0.1 lpm and 30 psig backpressure of MEAs 

using cathodes utilizing a catalyst with H7PMo11O39 bonded to the carbon (HPAbc) with ○ - 1.57, □ – 4.23, and   - 8.09 mg/cm2 
loadings.  • - Data for an electrode where the HPA H3PMo12O40 is adsorbed at 1.23 mg/cm2 onto the carbon.    
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using Keggin structured H7PMo11O39 bound to the carbon (HPAbc) with various loadings (left).  Right image is of H9PMo9V2O39 
bound to the carbon (V2HPAbc). 
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Figure 38.  Impedance spectroscopy Nyquist plot of MEAs using cathodes utilizing a catalyst with H7PMo11O39 bonded to the 

carbon (HPAbc) with variable loadings.     
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Figure 39.  Steady state polarization curves for MEAs run at 80ºC, 100% RH H2/O2 at 0.1 lpm and 30 psig backpressure of of 

MEAs using cathodes made with the heteropoly acid bonded to the carbon. ○ - HPAbc:  H7PMo11O39, ■ - V2HPAbc:  H9PMo9V2O39.  
and it’s □ - Initial performance
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Abstract 
A selection of eighteen different heteropoly acids were adsorbed onto Pt-on-carbon 

catalysts and investigated for enhanced PEMFC anode CO tolerance.  Structures tested 
were Keggin, Wells-Dawson and Wells-Dawson Sandwich. Compositions were varied by 
replacing W or Mo addenda atoms with V atoms in the Keggin structures and W addenda 
atoms with Fe, Mn, Ni, Co, and Cu in the Wells-Dawson or Wells-Dawson Sandwich 
structures.  Of those tested it was found that only Keggin structured HPAs of composition 
H3+xPMo12-xVxO40 V=0, 2, and 3 had significant activity towards CO oxidation.  This 
performance increased with V content.  Using fuel poisoned with 100ppm CO the 
addition of H6PMo9V3O40 improved the current obtained at 0.5V to 525mA/cm2 from 
229mA/cm2 in fuel cell polarization experiments.  Anode polarization experiments 
showed a performance improvement of about 0.360V with the addition of this same 
HPA.  These HPAs are behaving as catalysts and are not simply improving the resistance 
of mass transport of the electrodes.   Cyclic voltammetry demonstrated that heteropoly 
acids exhibit reversible reductions and oxidations in the fuel cell electrode under PEMFC 
operating conditions.  CO tolerance increases were only noticed for HPAs which were 
reduced and oxidized at low overpotentials. 
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Introduction 
 The Proton Exchange Membrane Fuel Cell (PEMFC) has the potential to be a 

more efficient and convenient energy conversion device than the internal combustion 
engines for automotive applications. Fuel cells also have the potential to replace batteries 
in many stationary situations where rapid refueling and energy density are important.  A 
major barrier to the commercial use of these devices is that almost pure H2 fuel is 
required. To obtain pure H2 from the reforming of hydrocarbons involves a complex 
reformer that adds unnecessary complexity and expense to the production of a fuel cell 
ready fuel.  When operated at 80oC, CO molecules strongly adsorb to the PEMFC anode 
Pt catalyst and reduce the effective catalyst surface area.  This results in a severe 
performance loss.  CO concentrations as low as 10 ppm can drastically reduce fuel cell 
performance.  Typical reformate CO concentrations can vary from 0.3% (3,000 ppm) to 
0.5% (5,000) ppm CO1 ,2.  Reductions in CO concentrations require the use of a 
preferential oxidation reactor, a H2 separation membrane, or the use of H2 purification by 
pressure swing adsorption.  The discovery of an inexpensive, stable PEMFC catalyst that 
is tolerant to high levels of CO or that could preferably utilize CO would allow the use of 
a much simpler reformer, lower the price of fuel cell ready H2 and bring PEMFCs much 
closer to widespread commercial use. 

 There are currently two state-of- the-art methods which increase the CO tolerance 
of the fuel cell anode.  One method is to use a a Pt/Ru alloy catalyst.  The other method is 
to use an airbleed to oxidize CO adsorbed on the Pt catalyst.  It is believed that alloying 
Pt with Ru allows for CO to be oxidized at a lower overpotential compared to pure Pt.  
This occurs due to the adsorbed CO species being mobile enough to move to the Ru site.  
At the Ru site, hydroxide or oxide containing species react with CO to make CO2 3

  
4. 

This oxidation allows for the surface area of Pt to be recovered and available for the 
hydrogen oxidation reaction (HOR).  The rate of this reaction should be proportional to 
the concentration of CO the catalyst can tolerate before performance losses are observed.  
Alloying a rare and expensive metal catalyst with another rare and expensive metal may 
help solve the CO problem but will certainly not relieve the expensive costs of fuel cell 
materials.  Other researchers have looked extensively into alloying Pt with other metals 
such as Mo, Rh, Au and W 5, 6, 7.  The second state-of-the-art method for increasing the 
CO tolerance of PEMFCs involves the injection of a small amount of air into the fuel 
stream.  This technique is known as using an airbleed 8.  The oxygen from the air reacts 
with the adsorbed CO to make CO2, however the overall system efficiency is reduced 
because some of the H2 is burned in the presence of the injected air. 

 In previous work we have shown that heteropoly acids (HPAs)  are interesting 
materials for use in fuel cell catalyst layers 9, 10.  This paper aims to show that HPAs can 
be used to increase the CO tolerance of PEMFC anodes.  It also introduces the problem 
of selecting an appropriate HPA from the thousands of possible candidates.  HPAs are a 
sub class of a varied class of inorganic oxides known as polyoxometalates which have 
been shown in the literature to behave as both catalysts and proton conductors 11, 12.   Two 
research groups, Golodov et al. and Zhizhina et al. have shown that certain HPAs in the 
presence of Pd or Pt can oxidize CO with H2O in the presence of O2 to form CO2 and 
H2O in solution and in the solid state13-15.  These researchers proposed that the HPA 
undergoes cyclical reductions and oxidations according to the general mechanism: 
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 HPA + CO + H2O   CO2 + H2HPA                                    (1) 
 H2HPA + ½O2   HPA +  H2O                                             (2) 
 
It was determined that the oxygen was needed to re-oxidize the HPA and did not 

directly interact with CO for its oxidation.  Additionally it was concluded that the noble 
metal catalyst was needed to activate the CO and that the oxidation did not occur without 
the presence of the HPA or the noble metal catalyst.  Zhizhina et al. also showed that 
only certain HPAs assisted in the oxidation of CO, while others of the same structure but 
slightly different composition, did not.   

 Based on the results of Golodov et al. and Zhizhina et al. it has been hypothesized 
that HPAs could oxidize CO in the fuel cell anode.  The rapid oxidation of CO would 
decrease the concentration of CO that the Pt catalyst experiences.  In the fuel cell the Pt 
present could activate the CO.  Oxygen would not be necessary to for the oxidation of the 
HPA if the potentials present can drive this oxidation.  This hypothesis assumes the 
following reaction mechanism: 

 Anode        HPA + CO + H2O   CO2 + H2HPA                                    (1) 
 Anode        H2HPA    HPA + 2H+ + 2e-                                               (2a) 
 Cathode     2H+ + 2e-  + 1/2O2  H2O          (2b)   
From this hypothesis the selection of an appropriate catalyst is first necessary.  There 

are a number of different structures of HPAs to choose from.  Even a single structure can 
have a number of different variations.  

 This paper focuses on investigating how the variations in structure and 
composition of HPAs affect the CO tolerance of a fuel cell.  Keggin HPAs have the 
general formula [X+nM12O40](8-n)-.  The central heteroatom X can be taken from a wide 
variety of cations but is most often B, Zn, Si, Ge, As, or P.  The addenda atoms M are 
typically W or Mo. Using the appropriate chemistry several of the W or Mo octahedra 
can be removed to form a Lacunary HPA and replaced with a different transition metal.  
A representative model of the Keggin structure can be seen in Figure 40.  In this study the 
three commercially available HPAs: 12-silicotungstic acid, H4SiW12O40 (HSiW), 12-
phosphotungstic acid, H3PW12O40 (HPW), and 12-phosophomolybdic acid, H3PMo12O40, 
(HPMo) were compared.  The HPAs were modified such that a number of vanadium 
atoms had been substituted for some of the Mo or W addenda atoms.  The full list of 
HPAs tested can be seen in Table 7.  The parent HPAs, HPMo and HPW, were chosen 
because Zhizhina et al. had chosen these HPAs substituted with V atoms in their work 
catalyzing the oxidation of CO.  Literature suggests that HPAs based on HPMo will be 
the best catalysts and that the activity increases with up to four substituted vanadium 
atoms 12, 14.  This is due to the ease of reduction of the HPA.  HSiW is the best proton 
conductor and was not expected to be as good a catalyst for CO oxidation because it is 
does not reduce as easily as HPMo 12.  For this reason HSiW was chosen as a control to 
show that the HPAs are not simply increasing the proton conductivity of the electrode. 
This would, therefore, allow the differentiation between improved electrode performance 
and catalytic mitigation of CO under CO poisoned conditions.  If the trends from the 
literature hold true, and HPAs are acting as CO oxidation catalysts, the HPMo based 
HPAs will increase the performance under CO poisoned conditions the most, while 
HSiW based catalysts should have little to no effect.  Based on Zhizhina et al.’s results 
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the HPW series is only expected to be a good catalyst when four vanadium atoms are 
substituted for four tungsten atoms.   

In addition to the Keggin structured HPAs the related Wells-Wells-Dawson 
structured HPAs H6P2W18O62 and H6P2Mo18O62

  were also tested (Figure 40).  These 
structures are known to be even more easily reducible than the Keggin structures12, 16.  
Through the removal of one WO unit the Lacunary heteropolyanion may be formed and a 
different metal may take the place of the W.  In this study two substituted Wells-Dawson 
structured HPAs were tested in the salt form.  These substitutions were made using Fe 
and Mn. While attempting to substitute two metals the structure rearranges to form a 
“Wells-Dawson Sandwich” with a ring of four substituted metals shared between two 
Wells-Dawson structures (Figure 40).  Wells-Dawson sandwich structures M4

II 
(H2O)2(P2W15O56)2

16- were tested using tungstates substituted with M=Ni, Fe, Co, Cu, 
and Zn.  For brevity these substitutions were only made using the tungstates and not the 
molybdates.   

The experiments performed in this study use Pt on carbon catalysts to which 
HPAs have been adsorbed.  It is well known that HPAs strongly adsorb to carbon 
materials while retaining their structure and catalytic properties 17-23.  From our 
experience we have seen that this technique works well in fuel cells for demonstration 
and proof of concept 9, 10.  The loadings by adsorption are too low to produce 
commercially practical catalysts.  We are currently working on alternative techniques to 
increase the HPA loadings on carbon.  Complex chemistry is involved in these alternative 
techniques and it is therefore important to understand which HPA is the most appropriate 
for selection.  The focus of this work is to investigate the potential of HPAs to the 
increase CO tolerance of Pt fuel cell anode and determine which, if any, are the most 
active.  The focus of the current work is not to discover the true CO oxidation mechanism 
using HPAs or to optimize the electrodes for achieving maximum CO tolerance .  These 
topics will be covered in a later work.     

Experimental 
Materials. 
All membrane electrode assemblies (MEAs) tested used Nafion® 117 membranes 

purchased from Ion Power.  Nafion® solution 5wt% was purchased from Sigma Aldrich.  
Electrodes used as cathodes were machine made low temperature ELATs containing 
20%Pt on Vulcan XC-72 carbon supported on a woven web with a standard ionomer 
application (E-tek).  Anode catalysts utilized a 20%Pt on Vulcan XC-72 powder catalyst 
purchased from E-tek.  The anode catalysts were supported onto the microporous layer of 
10BB paper electrodes available from SGL carbon.   The HPAs H4SiW12O40, H3PW12O40, 
and H3PMo12O40 were all purchased from Sigma Aldrich.  Modified versions with 
vanadium substitutions were made according to literature methods 24 25 26.   The Wells-
Dawson structured HPAs H6P2W18O62 and H6P2Mo18O62 were synthesized according to 
the literature methods 27, 28.  Single metal substituted Wells-Dawson structured HPAs 
containing Fe and Mn were synthesized according to the literature 29, 30.  Wells-Dawson 
sandwich structured HPAs of the formula M4

II (H2O)2(P2W15O56)2
16- where M=Fe, Ni, 

Zn, Co and Cu were synthesized according to the literature methods 31-34 .    
Catalyst preparation. 
The HPA were adsorbed onto the powdered 20 wt% Pt on Vulcan XC72 catalyst by 

combining the two materials as a 1:3 weight ratio (HPA to catalyst) suspension in 
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nanopure water.  The solution was stirred and boiled in a flask with a condensing cap for 
24 hours.  The solution was then filtered, rinsed, and dried.  Differences in mass indicate 
that the final products had an HPA loading of 1-6 wt%.   

Electrode and MEA fabrication. 
Electrodes were made by airbrushing a catalyst ink onto paper electrodes.  The inks 

were made directly in a syringe by adding catalyst, methanol and Nafion® solution.  
Nafion® solution was added to obtain a dry electrode with a Nafion® content of 25wt% of 
the total remaining solids.  Mixing was done by shaking the syringe in a Crescent Wig-L-
Bug amalgamator for five minutes.  A syringe pump pumped the ink to an X-Y plotter 
pen that was modified to work as an airbrush.  The X-Y plotter controlled the airbrushing 
in an alternating serpentine pattern until eight coats of catalyst were applied to the 
microporous layer of the 10BB paper electrodes.  For each ink, two electrodes are made 
to ensure that the results are reproducible.  These electrodes were then placed under a 
heat lamp to bond the Nafion® in the electrode.  This technique reproducibly creates 
electrodes having 0.35 +/- 0.02 mg Pt/cm2

 without mud cracking of the catalyst layer.  An 
additional advantage to this technique is that the amount of catalyst used in the ink is 
minimized through the ‘one pot’ of the syringe.  Microscopy on cross sections of used 
MEAs indicated that the catalyst layer thickness was 22-25 microns, confirmed the 
presence of HPA elements in the catalyst layer, and showed no evidence of HPA metal 
leaching in the membrane.  The thickness of the catalyst layer in the ELATs was 
measured to be 19 microns.     

 Each electrode was hot pressed onto a Nafion® 117 membrane with a cloth ELAT 
on the opposite side.  The exact dimensions of the electrodes cut have been measured to 
be 5.5cm2.  A GEO Knight & CO Inc. Digital Combo Multi-Purpose press was used to 
press the membrane electrode assemblies (MEAs) at 135oC and 80 psig for 90 seconds.    

Testing equipment and conditions. 
MEAs were placed in fuel cell hardware (Fuel Cell Technologies Inc) with an active 

area of 5.5 cm2.  The paper electrode was always used as the anode while testing.  
Lynntech Industries’ FCPower software controlled the gas metering, gas humidification, 
and electronic loads (Lynntech Industries FCTS GMET/H fuel cell test stand package).  
The fuel cell hardware was heated to 80oC, while both fuel and oxidant humidifiers were 
heated to 90oC.  It was found that this temperature is optimal for the Lynntech Humidifier 
systems when the cell is operating at 80oC.  Fuel and oxidant gases were always fed to 
the cell at 0.1 lpm while the backpressure of both sides was held at 30 psig.    Before 
testing, the MEAs were conditioned for 24 h by feeding pure H2 to the anode and pure O2 
to the cathode.   During this time the load was held at 0.6V for one hour followed by half 
hour holds alternating between 0.7V and 0.5V.   

Following the conditioning period, polarization curves were measured by stepping 
the load from open circuit voltage to 0.2V in 75 steps holding each voltage for 15 s.  
After these polarization curves were measured the system was fully depressured and the 
fuel gas was switched to 100 ppm CO in H2.  This gas was fed to the anode at a flow rate 
of 0.3 lpm for 30 min.   The fuel cell was then brought back up to 30 psig of backpressure 
and the flow rate was reduced to 0.1 lpm.  Polarization curves were then measured again 
while the anode was exposed to CO containing fuel.  Anode polarization experiments 
were conducted while feeding 100ppm CO in H2 to the anoce and pure H2 to the cathode 
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as a reference.  An Arbin MSTAT 4+ potentiostat was used to scan the positive voltage 
region at 10 mV/sec starting from 0V.   

CO stripping voltammetry was performed on the MEAs in an effort to see if the 
CO oxidation overpotential was decreased by adding heteropolyacids.   In this test 100 
ppm CO in H2 was fed to the anode while pure N2 was fed to the cathode, each gas at 0.1 
lpm and 30 psig of backpressure.  This was held for 30 minutes and then pure N2 was fed 
to the anode while pure H2 was fed to the cathode.  After 10 minutes at this condition the 
Arbin potentiostat scanned the potential at 25mV/sec from 0.1V to 1V and then back to 
0.1V.  The scans were repeated until the shape of the curve no longer changed, usually 
about 5-10 scans.  This CO stripping experimental is consistent with other methods 
reported in the literature 5-7, 35, 36.   It was found that the electrochemistry of the 
heteropolyacids greatly influences the CO stripping voltammetry.   Cyclic 
voltammograms of the MEAs were also taken using a procedure similar to CO stripping 
except that pure H2 was used instead of poisoned H2.                            

Results and Discussion 
 The goal of this experiment was to determine which HPA most improves the 

performance of Pt anodes under CO poisoned conditions.  While it would be very time 
consuming to test every possible HPA composition it was anticipated that trends would 
be established which would lead to better predict which other HPAs would be expected to 
be good catalysts.  Rather than modeling a fuel cell environment using solution 
electrochemistry, experiments were performed in an actual fuel cell to ensure that future 
experiments will be based on fuel cell relevant catalysts.  The prepared electrodes were 
pressed onto MEAs which were then tested in fuel cell hardware.  Polarization curves 
with H2 fed to the anode and O2 fed to the cathode were measured for each MEA.  The 
fuel gas was then switched to 100ppm CO in H2 and polarization curves were again 
measured.  The results can be seen in Figure 41-Figure 45.  It was found that the 
performance increases were highly dependent on the HPA composition and structure.  
Two identical electrodes were fabricated for every HPA, and as there was very little 
variability between the electrodes (+/-10mA/cm2 at less than 0.5V).  Only data for one of 
each is presented in these figures.  Anode polarization experiments which remove any 
complications due to the oxygen reduction reaction were also performed.  The results 
were consistent with the polarization curves and can be seen in Figure 46.    

 The polarization curves for HPA modified Pt electrodes under pure and poisoned 
H2 are shown in Figure 41-Figure 45.   In each figure the electrodes for one family of 
HPA are compared with the Pt control in H2 and in the presence of 100ppm CO in H2, 
represented as a thick line and a thin line without symbols respectively.  The data for the 
HPA doped electrodes are represented with lines with symbols, thick for pure H2 and thin 
for the 100ppm CO in H2, respectively.  The current density achieved at 0.5V using the 
poisoned fuel will be used for comparing the performance of the MEAs.  The Pt/C 
control only achieved 229mA/cm2 at 0.5V when fed poisoned fuel.   In Figure 41 we 
show the effect of doping the Pt electrode with silicotungstic acids of the Keggin 
structure and the tri-vanadium substituted analogues.  The addition of HPA improves the 
performance of the MEA under pure H2, however there is little improvement in the 
performance of the MEA under CO poisoned conditions.  The use of H4SiW12O40 
demostrated a small improvement under poisoned conditions acheiving 300mA/cm2 at 
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0.5V.  The vanadium substituted version of this heteropolyacid did not improve CO 
poisoned performance.   

 In Figure 42 we present data for Pt electrodes doped with phosphotungstic acid of 
the Keggin structure and its di-, tri-, and tetra- substituted vanadium analogues.  It is 
observed that only the unsubstituted 12-phosphotungstic acid improves MEA 
performance under pure H2 conditions.  Under CO poisoned conditions this 
heteropolyacid, H3PW12O40, produced 300mA/cm2 AT 0.5V.  Changing the heteroatom 
of the heteropolyacid had no effect on the CO poisoned performance.  The improvement 
in the performance under CO poisoned conditions was less for the vanadium substituted 
versions of this catalyst.   

 In Figure 43 we show data for phosphomolybdic acid and its di-, and tri-vanadium 
substituted analogues.  The doping of the Pt electrodes with these HPA does little to 
change the performance of the MEA under pure H2, but, dramatic improvements are 
observed when the fuel cell is poisoned with 100ppm CO.  These improvements increase 
with vanadium substitution in to the HPA.  Under CO poisoned conditions, at 0.5V 
350mA/cm2 was achieved using H3PMo12O40, and 410mA/cm2 and 525mA/cm2 were 
achieved for the di- and tri-vanadium substituted versions.  

 In Figure 44 are shown data for phosphotungstic acids of the Wells-Dawson 
structure and the mono-iron and manganese substituted analogues.  Of these, only the 
unsubstituted HPA showed and improvement in CO poisoned performance and achieved 
237mA/cm2 ad 0.5V.  Also included in Figure 44 is the results for the Wells-Dawson 
structured phosphomolybdic acid.  This HPA only improved CO poisoned performance 
to 247mA/cm2 at 0.5V indicating that the Keggin structure is preferred.  These small 
improvements are negligible within the scope of this experiment.   

 Finally, Figure 45 shows the data for Pt anodes doped with phosphotungstic acids 
of the Wells-Dawson structure substituted with cobalt, copper, iron, and zinc in a di-HPA 
sandwich structure.  Generally an improvement in MEA performance under pure H2 is 
seen with the addition of these HPAs, but little improvement under CO poisoned 
conditions.  The performance at 0.5V under 100ppm CO was 225, 260, 284, 248, and 
267mA/cm2 for the Ni, Co, Cu, Zn and Fe substituted HPAs respectively. The only HPAs 
which significantly improved the CO poisoned performance of Pt electrodes were the 
Keggin structured HPAs containing Mo addenda atoms.  The addition of Keggin 
structured HPAs containing W addenda atoms exhibited slight increases in CO tolerance 
which were small and considered insignificant in comparison to the improvements seen 
for the Mo based Keggins.  The same can be said for all Wells-Dawson and Wells-
Dawson sandwich structured HPAs tested, this includes the Wells-Dawson containing 
Mo addenda atoms.    

 The anode polarization experiment results were consistent with the fuel cell 
polarization results.  The results from select MEAs can be seen in Figure 46.  In this 
figure the HPA doped Pt catalysts begin to oxidize CO at lower potentials then the 
standard Pt catalyst.  The onset potential for CO oxidation is approximately 0.45V for 
Pt/C and is reduced to 0.35, 0.15 and ~0.07-0.15V with the addition of the HPAs 
H3PW12O40, H3PMo12O40, and H6PMo9V3O40 respectively.  It can be seen that the shape 
of the polarization curve is the same for all electrodes but the potentials are dramatically 
lower for HPA doped electrodes.  This shape is typical in the literature indicating the 
formation of weak linearly adsorbed CO at low potentials and strong bridge bonded CO 
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at higher overpotentials37.  The linear region where the potential is sufficient to oxidize 
the bridge bonded CO is reduced by approximately 0.36V (measured at 500mA/cm2) 
through the use of H6PMo9V3O40.  The improvement is oxidation potential is typically 
associated with potential dependent activation of water to form oxygen containing 
species6, 35-37.  The improvement using H3PW12O40 was modest (0.1V) and is consistent 
with what is seen in the fuel cell polarization curves.  In the fuel cell polarization curves 
in Figure 43, under CO poisoned conditions the H3PMo12O40 doped catalyst performed 
worse than the Pt control until voltages of less than 0.63V are reached.  This behavior is 
also observed in Figure 46 where the same MEA performs worse than the Pt control until 
0.17 V is reached.  In this same figure the tri-vanadium substituted HPA demonstrated 
equal current densities compared to the Pt control until about 0.07V is reached, at this 
potential the HPA doped electrode begins to show improvement.  This behavior is 
consistent with the fuel cell polarization curve where the tri-vanadium substituted HPA 
doped electrode showed no CO tolerance increase until voltages of less than 0.76V were 
reached.   

The importance of including the polarization curves seen in Figure 41-Figure 45 
lies in the observation that the HPA modified electrodes result in pure H2 performance 
which can be less than, equal to, or greater than the performance of the Pt control 
electrodes.  This observation shows that when the HPA improves the CO tolerance of the 
electrode it is acting as a catalyst and not merely improving the proton conductivity, mass 
transport, or porosity of the electrodes.  It is important to note that under CO poisoned 
conditions at potentials less than 0.9V the performance is limited to the HOR rate due to 
the reduced Pt surface area available.  Increased proton conductivity should have no 
effect under these conditions.  This will be discussed in more detail below.  Another 
critical argument could be that the HPAs are increasing the porosity of the electrode and 
thus increasing the amount of Pt that is available for catalysis.  If this were true then 
every single HPA, regardless of its proton conductivity and ease of reduction, should 
have increased the CO tolerance of the electrodes.  In fact, the interaction of the HPA 
with the electrode is complex. While in general the reduced HPAs on the anode facilitate 
transport of protons and electrons, the effect of the HPA on the electrochemical activity 
of the Pt is varied being neutral, positive, or negative. 

A noticed improvement in pure H2 performance of the HPA modified electrodes 
did not always translate to improved CO poisoned performance. Using the results from 
the commercially available Keggin HPAs as an example, it can be seen in Figure 41 and 
Figure 42 that the addition of H4SiW12O40 (HSiW) and H3PW12O40 (HPW) both 
significantly increase the performance of the electrodes under pure H2 conditions when 
compared to the Pt control.  These performance increases could be associated with 
increased proton conductivity and increased mass transport in the electrodes due to the 
presence of the HPA, however, the increase in performance when exposed to CO was 
modest at best.  When the other commercially available Keggin, H3PMo12O40 (HPMo), 
Figure 43, was added to the Pt electrode it performed worse than the Pt control under 
pure H2 conditions.  However, this electrode demonstrated significant improvement under 
CO poisoned conditions.  The proton conductivity of the HPAs increases according to 
HPMo < HPW < HSiW 11.   It is also known that the ease of reduction follows the pattern 
HSiW<HPW<HPMo 12.  If the observed increases in CO tolerance were simply 
associated with increased proton conductivity, then the CO poisoned performance while 
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using HSiW should have been at least as good as HPMo or better.  The observation that 
HPMo had worse performance then the Pt control under pure H2 conditions indicates 
further that the HPA can increase CO tolerance of the electrode without increasing proton 
conductivity or mass transport.   Combining the experimental results with what is known 
of the HPAs from the literature confirms that the HPAs are acting as catalysts and not 
simply improving the proton conductivity or porosity of the electrodes.        

Increasing the number of vanadium atoms in the Keggin structure is known to 
increase the ease of reduction of the HPA 12.  According to equation 1 in our reaction 
mechanism, the HPA must be reduced in order for the CO to be oxidized.  The trend 
observed in Figure 43 indicates that the CO tolerance is increased with the substitution of 
two vanadium atoms and further increased with an additional substitution to three 
vanadium atoms.  This observation supports our reaction mechanism.  This trend is only 
seen when using HPMo but not for HPW or HSiW.  In fact it was noticed that the CO 
poisoned performance was slightly decreased when using the vanadium-substituted 
tungsten-based Keggins.  This is understandable because these HPAs were not very good 
catalysts in the first place and any improvement in CO tolerance was small.   

CO stripping voltammetry experiments revealed that the ease of oxidation of the 
reduced HPA is related to fuel cell CO tolerance.  According to equation 2a the HPA, 
once reduced, must be oxidized again so that it can be free to oxidize CO in a catalytic 
fashion.  These cyclical reductions and oxidations are critical to the reaction mechanism.  
The CO stripping voltammograms in Figure 47-Figure 50 best illustrate this point.  These 
figures must be first be interpreted before this point can be elaborated. 

The electrochemistry of the HPAs highly interfered with the CO stripping 
voltammetry.  The results are very useful but cannot be interpreted according to standard 
fuel cell literature methods.  The top voltammogram in Figure 47 represents the results 
from CO stripping voltammetry on a control Pt electrode.  The first scan from 0.1V to 
1.0V shows a peak at 0.62V related to the oxidation of CO adsorbed on the Pt surface.  In 
the reverse scan the currents stay in the positive potential region.  Additional scans do not 
have a CO oxidation peak because it had all been removed in the first scan.  In these 
successive scans the current is positive and relatively flat above 0.2V.  These small 
currents are due to H2 crossing over from the cathode, through the membrane to the 
anode where it is oxidized.  The oxidation results in a measured positive current.  Below 
0.2V, on the scan back to 0.1V a small amount of H2 is oxidized on the cathode and 
becomes adsorbed to the Pt on the anode.  Scanning back from 0.1V to 0.2V a small peak 
is observed due to the oxidation of this H2.  These voltammograms are characteristic of 
H2 crossover voltammetry 38.   

 When HPAs are added to Pt electrodes the CO stripping voltammetry becomes 
abnormal.  In the case of the Mo based Keggins, what appears to be the CO oxidation 
peak remains present on successive scans and it gets smaller until a final height is 
reached.  This occurs after about 5-7 cycles.  Upon first observation of the first scan, it 
appears that the CO is oxidized at a lower potential when Mo based HPA are added, see 
Figure 47.  On the reverse scan of the first cycle, from 1V to 0.1V the currents become 
negative between potentials of 0.6V and 0.8V.  This is much different than in the Pt 
control case.  These negative currents indicate that H2 on the cathode is oxidizing to 
protons and electrons which travel to the anode and reduce the HPA.  On the next scan 
the positive peak, initially identified as the CO oxidation peak, remains because the 
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reduced HPA is being oxidized.  Therefore the initial peak is not a CO oxidation peak but 
was always a HPA oxidation peak.  

 The theory that the large positive peak is due to HPA oxidation is confirmed by 
the results in Figure 48.  In this figure a Pt and HPMo electrode underwent cyclic 
voltammetry in the absence of CO.  The resulting shape of the voltammogram is identical 
to the behavior seen in the CO poisoned case.  If the proposed reaction mechanism is 
correct then according to reaction 1, no measureable current should be associated with 
CO oxidation.  The electron transport to the cathode occurs in reaction 2a when the 
reduced HPA is oxidized.  This is in agreement with what is seen in the CO stripping 
voltammograms knowing that the large positive peak is HPA oxidation, not CO 
oxidation. 

While the redox behavior observed in the CVs is consistent with the proposed 
reaction mechanism, it is inconsistent with the behavior observed in the anode 
polarization curves in Figure 46.  In this figure the three-vanadium substituted HPA 
improves the CO tolerance at overpotentials of less than 0.1V.  The rest potential for the 
CV conditions was 0.1V.  The overpotential for HPA oxidation can be obtained from the 
CV by subtracting the rest potential from the peak potential.  The value is approximately 
0.35V for HPMo using the center of the peak but 0.17V from where the peak begins.  
According to the reaction mechanism, an increase in CO oxidation would not be expected 
before an overpotential of this magnitude is reached.  In the anode polarization curve in 
Figure 46 the HPMo modified Pt electrode begins to show an improvement over pure Pt 
at exactly 0.17V.  From the polarization curves in Figure 43, it can be seen that the 
HPMo modified electrode does not show any improvement over the Pt control until about 
0.35V below the open circuit voltage.  The higher overpotential is due to the large 
overpotential of the ORR.  The matched CO oxidation potential and HPA oxidation 
potentials may simply be a coincidence because the onset of the HPA oxidation in the CV 
is unchanged with vanadium substitution.  The CV HPA oxidation peaks cannot be used 
to fully understand why the vanadium substituted HPAs improved CO tolerance.  Perhaps 
the best evidence of this lies in the fact that the HPA is in a reduced state at low 
potentials in the CVs.  Hydrogen on a Pt electrode is defined as zero volts.  Therefore in a 
fuel cell anode ht evoltage experienced by the HPA should be low but should increase as 
the overpotential of the cell is increased.  This would imply that the HPA on the anode 
begins in a reduced state which contradicts reaction 1.  It is possible that once the 
potential where the HPA can be oxidized is reached the HPA can behave as a cyclical 
redox catalyst.  As discussed below it appears that only the HPAs which exhibited 
significant oxidation peaks increased CO tolerance, and therefore the qualities may be 
related. 

 Large HPA oxidation peaks are not observed in “CO stripping voltammetry” for 
the HPAs which did not significantly increase the CO tolerance of Pt electrodes.  The 
results can be seen in Figure 49.  The shapes of these figures did not change with 
successive cycles. The CO oxidation peaks are absent possibly because the CO had been 
oxidized by the HPA.   Many of the voltammograms are omitted because they are very 
similar.  All Keggin structured tungstates have voltammograms similar to the 
H4SiW12O40 Keggin in Figure 49.  All Wells-Dawson and Wells-Dawson Sandwich 
structured tungstates had voltammograms shaped like H6P2W18O40 in Figure 49.   In this 
figure the dominance of observed negative currents indicates that the HPA is reducible 
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but oxidation does not occur until high potentials are reached (above 0.8V total).  The 
only exception is in the case of the Wells-Dawson structured H6P2Mo18O56 (HP2Mo), 
Figure 50 .  This HPA exhibits a small oxidation peak but the currents just before and just 
after the peak are negative.  This indicates that the HPA is very easy to reduce but more 
difficult to oxidize than the Keggin structured relative.  The Keggin structured HPAs 
based on tungsten had voltammograms similar in shape to H4SiW12O40 in Figure 49, 
where the scan from 0.1 to 1V is in the positive current range, and the reverse scan has 
current in the negative range.  This indicates that the Keggins exhibit a balance between 
reversible reduction and oxidation as opposed to the Wells-Dawson and Wells-Dawson 
sandwich structures for which the reduction is facile.            

 The lack of a CO oxidation peak in CO stripping voltammetry indicates that the 
reduction properties of the HPA allow for CO oxidation according to reactions 1 and 2a.  
However, in the anode polarization curves the use of H6PMo9V3O40 beings to show 
improvements at only 0.07V.  This potential is not consistent with the HPA oxidation 
potential which begins at 0.17V.  This may imply that the Mo atoms in the HPA activate 
water to form oxygen containing species necessary for the oxidation of CO.  This 
mechanism has been suggested for metallic Mo and PtMo alloys elsewhere6, 35, 36.  This 
hypothesis would explain why no CO oxidation peak was observed in the CO stripping 
voltammograms for the tungsten based HPAs.  A ten minute hold exists while purging 
the H2 out of the anode and while applying H2 to the cathode before performing the 
voltage scans.  It is possible that this is a sufficient enough time for the tungsten based 
HPAs to oxidize the CO adsorbed to the Pt in the anode.  The results from these 
screening experiments do not provide enough evidence to develop a reaction mechanism 
to explain why the CO tolerance increases.  At the present time the exact reaction 
mechanism is not necessary as the purpose of this experiment was to determine which if 
any HPAs can increase CO tolerance.  An investigation into the reaction mechanism will 
be the focus of an additional paper.                    

Conclusions 
 It has been shown that the addition of adsorbed heteropolyacids can improve the 

performance of Pt anodes in a fuel cell under CO poisoned conditions.  This 
improvement was highly dependent on the composition of the HPA.  Significant 
improvements in CO tolerance were only observed when the HPA contained Mo addenda 
atoms.  It was expected that the substitution of vanadium atoms in the heteropolyacids 
would improve the activity of each HPA catalyst but this trend was only observed for the 
HPMo series.  CO stripping and cyclic voltammetry revealed that the most effective 
HPAs undergo reversible reductions and oxidations while on the fuel cell anodes.  The 
oxidations and reductions shown in the CVs support the theory that the HPA behaves as a 
redox mediator for the CO oxidation reaction with Pt on the fuel cell anode, however this 
cannot be confirmed at the present time.  It is certain, though, that the Mo based Keggin 
HPAs are acting as a catalysts and not merely improving the proton conductivity, mass 
transport, or porosity of the electrodes.  Future experiments will focus on increasing the 
concentration of HPMo and vanadium-substituted HPMo in the catalyst layer and 
determining the exact reaction mechanism.  
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Tables 

Keggin Wells-Dawson Wells-Dawson 
Sandwich 

H4SiW12O40  H3PW12O40  H3PMo12O40 H6P2Mo18O62 Na16 [Ni4
II 

(H2O)2(P2W15O56)2] 

H7SiW9V3O40 H5PW10V2O40 H5PMo10V2O40 H6P2W18O62 Na16 [Zn4
 II 

(H2O)2(P2W15O56)2] 

 H6PW9V3O40 H6PMo9V3O40 H7[P2W17O61(FeIII.OH2)] Na16 [Cu4
 II 

(H2O)2(P2W15O56)2] 

 H7PW8V4O40  K7[P2W17O61(MnIII.OH2)] Na16 [Co4
 II 

(H2O)2(P2W15O56)2] 

    Na16 [Fe4
 II 

(H2O)2(P2W15O56)2] 
Table 7. List of heteropolyacids tested as CO oxidation catalysts. 
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Figures 
 
 
 

 
 
 

 

Figure 40.  Structures of some heteropoly anions. Left: Keggin anion PW12O40
3-, Center: Wells-Dawson anion P2W18O62

6-, Right: 
Wells-Dawson Sandwich  [Fe4

III(H2O)2(P2W15O56)2]12- 
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Figure 41.  Polarization curves for MEAs with anodes of Pt/C under pure H2 (▬, thick line) and with 100ppm CO (, thin line), 

and Pt/C with adsorbed Keggin HPAs: H4SiW12O40 (-●-) pure H2 and (-○-) 100ppm CO,  H7SiW9V3O40 (-▲-) pure H2 and (-Δ-) 100 
ppm CO.   
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Figure 42. Polarization curves for MEAs with anodes of Pt/C under pure H2 (▬, thick line) and with 100ppm CO (, thin line), 

and Pt/C with adsorbed Keggin HPAs:  H3PW12O40 (-●-) pure H2 and (-○-) 100ppm CO, and H5PW10V2O40 (-▲-) pure H2 and (-Δ-) 
100 ppm CO,  H6PW9V3O40 (-♦-) pure H2 and (-◊-) 100 ppm CO, and H7PW8V4O40, (-■-) pure H2 and (-□-) 100 ppm CO. 
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Figure 43. Polarization curves for MEAs with anodes of Pt/C under pure H2 (▬, thick line) and with 100ppm CO (, thin line), 

and Pt/C with adsorbed Keggin HPAs: H3PMo12O40  (-●-) pure H2 and (-○-) 100ppm CO, and H5PMo10V2O40 (-▲-) pure H2 and (-Δ-) 
100 ppm CO, and H6PMo9V3O40 (-■-) pure H2 and (-□-) 100 ppm CO.     
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Figure 44.  Polarization curves for MEAs with anodes of Pt/C under pure H2 (▬, thick line) and with 100ppm CO (, thin line), 

and Pt/C with adsorbed Wells-Dawson HPAs: H6P2W18O40  (-●-) pure H2 and (-○-) 100ppm CO, H7[P2W17O61(FeIII.OH2)] (-▲-) pure 
H2 and (-Δ-) 100 ppm CO, K7[P2W17O61(MnIII.OH2)] (-♦-) pure H2 and (-◊-) 100 ppm CO, and H6P2Mo18O40 (-■-) pure H2 and (-□-) 
100 ppm CO.  
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Figure 45. Polarization curves for MEAs with anodes of Pt/C under pure H2 (▬, thick line) and with 100ppm CO (, thin line), 

and Pt/C with adsorbed Wells-Dawson sandwich HPAs: Na16[Ni4
II(H2O)2(P2W15O56)2] (-●-) pure H2 and (-○-) 100ppm CO, 

Na16[Co4
II(H2O)2(P2W15O56)2] (-▲-) pure H2 and (-Δ-) 100 ppm CO, Na16[Cu4

II(H2O)2(P2W15O56)2]  (-♦-) pure H2 and (-◊-) 100 ppm 
CO,  (Na16[Fe4

II(H2O)2(P2W15O56)2] (-■-) pure H2 and (-□-) 100 ppm CO, and Na16[Zn4
II(H2O)2(P2W15O56)2] (-▼-) pure H2 and (- -) 

100 ppm CO. 
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Figure 46.  Anode polarization curves with 100 ppm CO in H2 fed to the anode and pure H2 fed to the cathode.  Anodes of Pt/C ( 
thin), Pt/C with adsorbed Keggin HPAs: H3PMo12O40  ( ) , H6PMo9V3O40 (●● ) and H3PW12O40 (●●).  Response of Pt/C exposed 
to pure H2 without poison (▬ thick) included as a reference. 
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Figure 47.  CO stripping voltammograms from MEAs with a Pt/C control anode (top), Pt/C with adsorbed H3PMo12O40 anode 

(middle), and Pt/C with adsorbed H6PMo9V3 anode (bottom).  Positive current density peaks appear on the scan from 0.1 to 1V.  Final 
scan represents the equilibrium CV after the shape of the CV stopped changing with time.    
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Figure 48.  Cyclic voltammograms from an MEA with a Pt/C with adsorbed H3PMo12O40 anode that was not exposed to CO.  

Positive current density peaks appear on the scan from 0.1 to 1V.  Final scan represents the equilibrium CV after the shape of the CV 
stopped changing with time.    
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Figure 49. CO stripping voltammograms from MEAs with anodes of Pt/C with adsorbed H4SiW12O40 (•••) and Pt/C with adsorbed 
H6P2W18O40 (▬) ..  Positive current density peaks appear on the scan from 0.1 to 1V.  Final scan represents the equilibrium CV after 
the shape of the CV stopped changing with time.  The voltammograms of the W based Keggins all have shapes similar to H4SiW12O40. 
The voltammograms of the W based Wells-Dawson and Wells-Dawson Sandwich HPAs all have shapes similar to H6P2W18O40.   



 

120 

20

10

0

-10

-20

C
ur

re
nt

 D
en

si
ty

 (m
A/

cm
2 )

1.00.80.60.40.20.0

 Potential (V vs RHE)  
Figure 50.  CO stripping voltammogram from an MEA with a Pt/C with adsorbed H6P2Mo18O40 anode.  Positive current density 

peaks appear on the scan from 0.1 to 1V.  The shape of this voltammogram did not change with time.    
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Section VI:  Effect of increased anode heteropolyacid loading on fuel cell 
performance under pure H2 and CO poisoned conditions. 

 
Ronald J. Stanis,a,b Mei Chen Kuo,a Adam J. Rickett,a John A. Turner,b,  
and Andrew M. Herring.a,z 
 
aDepartment of Chemical Engineering 
Colorado School of Mines 
Golden, CO 80401 
 
bHydrogen and Electricity Systems and Infrastructure Group 
National Renewable Energy Laboratory 
Golden, CO 80401 
 

To be submitted to Journal of Power Sources, June 2008 
 

 
 
 

                                                 
z Corresponding author, E-mail: aherring@mines.edu 



 

122 

Introduction 
 This work represents a continuation of experiments presented in an earlier 

report(1).  In the earlier experiments it was shown that the addition of Keggin structured 
heteropoly acids (HPAs) to fuel cell anodes was able to increase the CO tolerance of the 
electrodes.  The conclusions from the experiment found that only molybdenum and 
vanadium substituted molybdenum based HPAs resulted in this improvement while the 
tungsten analogues did not.  The purpose of the earlier work was to determine which 
qualities of HPAs result in increased CO tolerance.  The purpose of the current work is to 
increase the mass loadings of the HPA in an effort to further increase CO tolerance.  
Various methods are presented and most resulted in a decrease in pure H2 performance.  
The creation of bilayer anodes, for which there is a separate HPA/C and Pt/C layer, 
suggests that the mechanism for CO oxidation and decreased hydrogen oxidation does 
not require intimate contact between the HPA and the Pt.  Electrodes made of Pt 
nanoparticles supported by a monolayer of HPA had drastically reduced performance on 
the anode when compared to when on the cathode suggesting that any poisoning of the 
anode by the HPA is not by the HPA itself but rather by a species generated at the anode 
by the presence of the HPA.   

There are a total of 4 methods used to prepare the electrodes in this experiment 
 1) Ultrasonic mix HPA and Pt/C in ink, used both Pt/Vulcan XC72 and Pt on 

Ketjen Black  (also boiled HPA with Pt on Ketjen Black as in previous experiments).   
 2) Attach HPA to carbon then deposit Pt by colloidal method.  Used both Vulcan 

XC72 and Ketjen Black 
 3)  Attach HPA to Ketjen Black and ultrasonic mix with Pt black.  This makes Pt 

nano-particles supported by a monolayer of HPA which is bound to the carbon. 
 4)  Create bilayer anodes with a layer of Pt/Vulcan XC72 near the membrane 

(constant loading).  Second layer is HPA bound to Ketjen Black, Variable loading. 

Experimental 
Materials  
 All membrane electrode assemblies (MEAs) tested used Nafion® 117 membranes 

purchased from Ion Power.  Nafion® solution (5 wt%) was purchased from Sigma 
Aldrich.  Electrodes used as cathodes were machine made low temperature ELATs 
containing 20%Pt on Vulcan XC-72 carbon supported on a woven web with a standard 
ionomer application (E-tek).  20%Pt on Vulcan XC-72 powdered catalyst was purchased 
from E-tek.  The anode catalysts were supported onto the microporous layer of 10BB 
paper electrodes available from SGL carbon.  H3PMo12O40 were all purchased from 
Sigma Aldrich.  Modified versions with vanadium substitutions were made according to 
literature methods(2-4).  HPAs chemically bound to the carbon (HPAbc) were prepared 
using the technique described in chapter 2.  Hexachloroplatinate (H2PtCl6) was obtained 
from Sigma Aldrich.  Powdered   Ketjen Black carbon (1415m2/g) was acquired from 
Akzo Nobel.  Vulcan XC72 carbon (235m2/g) was acquired from Cabot.   

Catalyst Preparation. 
 The HPA were adsorbed onto the powdered 20 wt% Pt on Vulcan XC72 catalyst 

by combining the two materials as a 1:3 weight ratio (HPA to catalyst) suspension in 
nanopure water.  The solution was stirred and boiled in a flask with a condensing cap for 
24 hours.  The solution was then filtered, rinsed, and dried.  Differences in mass indicate 
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that the final products had an HPA loading of 4-6 wt%.  The screening experiments were 
prepared by using commercially available Pt/C catalyst as described above.  One of the 
methods to improve the anodes was to deposit Pt on Ketjen Black carbon or heteropoly 
acid bound to carbon material (HPAbc).  The deposition of Pt was prepared using 
H2PtCl6 and dithionite according to literature methods(5).  

Electrode and MEA Fabrication 
 Electrodes were made by airbrushing a catalyst ink onto paper electrodes.  The 

inks were made directly in a syringe by adding catalyst, methanol, and Nafion® solution.  
Nafion® solution was added to obtain a dry electrode with a Nafion® content of 25wt% of 
the total remaining solids.  Mixing was done by shaking the syringe in a Crescent Wig-L-
Bug amalgamator or by ultrasonication or by a combination.  A syringe pump pumped 
the ink to an X-Y plotter pen that was modified to work as an airbrush.  The X-Y plotter 
controlled the airbrushing in an alternating serpentine pattern until eight coats of catalyst 
were applied to the microporous layer of the 10BB paper electrodes.  For each ink, two 
electrodes were made to ensure that the results are reproducible.  These electrodes were 
then placed under a heat lamp to bond the Nafion® in the electrode. 

 Each electrode was pressed onto a Nafion® 117 membrane with a cloth ELAT on 
the opposite side.  The exact dimensions of the electrodes have been measured to be 
5.5cm2.  A GEO Knight & CO Inc. Digital Combo Multi-Purpose press was used to press 
the membrane electrode assemblies (MEAs) at 135oC and 80 psig for 90 seconds.  These 
MEAs were tested using the Lynntech fuel cell testing system.    

 One method to improve the loading of the HPA in the catalyst layer was to 
combine the HPA, Pt/C, Nafion® solution, and methanol directly in the syringe.  The 
proportions were appropriate to target 0.35mgPt/cm2 and 1.0mgHPA/cm2 in the dry 
electrode. The syringe was placed in an ultrasonic mixer for 30 minutes before spraying 
the catalyst layer.  These MEAs were tested using the Lynntech fuel cell testing system. 

 A second method to prepare the catalyst was to first attach the HPA to the carbon 
through a chemical bond.  Details of the technique and characterization of the catalyst has 
been described elsewhere(6).  The deposition of Pt onto this material was prepared using 
H2PtCl6 and dithionite according to literature methods(5).  These materials were prepared 
using Vulcan XC72 and Ketjen Black. 

 A fourth method to improve the loading of the HPA in the catalyst layer involved 
the assembly of a bi-layer anode.  In this electrode an initial layer of HPAbc catalyst was 
sprayed using the techniques from chapter 3.  A second layer was sprayed using Pt/C 
catalyst.  The second layer, containing only Pt catalyst, is in direct contact with the 
polymer membrane. The first layer containing only HPA catalyst sees the reactant gas 
first.  These MEAs were tested using the Scribner 850C test stand. 

Testing Equipment and Conditions. 
 MEAs were placed in fuel cell hardware (Fuel Cell Technologies Inc) with an 

active area of 5.5 cm2.  The paper electrode was always used as the anode while testing.  
Lynntech Industries’ FCPower software controlled the gas metering, gas humidification, 
and electronic loads (Lynntech Industries FCTS GMET/H fuel cell test stand package).  
The fuel cell hardware was heated to 80oC, while both fuel and oxidant humidifiers were 
heated to 90oC.  It was found that this temperature is optimal for the Lynntech Humidifier 
systems when the cell is operating at 80oC.  Fuel and oxidant gases were always fed to 
the cell at 0.1 lpm while the backpressure of both sides was held at 30 psig.    Before 
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testing, the MEAs were conditioned for 24 h by feeding pure H2 to the anode and pure O2 
to the cathode.   During this time the load was held at 0.6V for one hour followed by half 
hour holds alternating between 0.7V and 0.5V.  All screening experiments were 
performed using the Lynntech system.  Certain MEAs were tested using the Scribner 
850C test stand.  A note in the text will indicate if the Scribner test stands were used.  
Otherwise it can be assumed that the Lynntech system was used.  

Following the conditioning period, polarization curves were measured by stepping 
the load from open circuit voltage to 0.2V in 75 steps holding each voltage for 15 s.  
After these polarization curves were measured the system was fully depressurized and the 
fuel gas was switched to 100 ppm CO in H2.  This gas was fed to the anode at a flow rate 
of 0.3 lpm for 30 min.   The fuel cell was then brought back up to 30 psig of backpressure 
and the flow rate was reduced to 0.1 lpm.  Polarization curves were then measured again 
while the anode was exposed to CO containing fuel.  Anode polarization experiments 
were conducted while feeding 100ppm CO in H2 to the anode and pure H2 to the cathode 
as a reference.  An Arbin MSTAT 4+ potentiostat was used to scan the positive voltage 
region at 10 mV/sec starting from 0V.   

 CO stripping voltammetry was performed on the MEAs in an effort to see if the 
CO oxidation overpotential was decreased by adding heteropoly acids.   In this test 100 
ppm CO in H2 was fed to the anode while pure N2 was fed to the cathode, each gas at 0.1 
lpm and 30 psig of backpressure.  This was held for 30 minutes and then pure N2 was fed 
to the anode while pure H2 was fed to the cathode.  After 10 minutes at this condition, the  
potentiostat scanned the potential from 0.1V to 1V and back at 25mV/sec.  The scans 
were repeated until the shape of the curve no longer changed.  This usually required 
about 5-10 scans.  This CO stripping experimental is consistent with other methods 
reported in the literature(7-11).   It was found that the electrochemistry of the HPAs greatly 
influences the CO stripping voltammetry.   Cyclic voltammograms of the MEAs were 
also taken using a procedure similar to CO stripping except that pure H2 was used instead 
of poisoned H2.        

Results and Discussion 
The anodes utilized in screening the different HPAs as co-catalysts with Pt for CO 

oxidation had loadings of 0.35mgPt/cm2 and 0.09mgHPA/cm2 (+/-0.02mg/cm2).  These 
HPAs were adsorbed onto the Pt/C catalyst by boiling the two in a solution.  At 0.5V the 
CO poisoned performance of the fuel cell was increased from 229 to 460 and 613mA/cm2 
with the addition of H3PMo12O40 and H6PMo9V3O40 respectively.  Under pure H2 
conditions 930mA/cm2 was achieved using the standard Pt catalyst.  Although the HPAs 
improve the performance the anode is still somewhat poisoned by the CO.  It was 
hypothesized that improving the loading of the HPA in the electrode would improve the 
CO tolerance even further.  This section focuses on three methods to improve the loading.  
The attempts were made using H3PMo12O40 and H6PMo9V3O40.  The first method simply 
ultrasonically mixed the HPA with the Pt/carbon in the ink before the electrode was 
sprayed.  The second method deposited Pt onto carbon which contained a high loading of 
HPA.  The third method involved making an electrode with a Pt layer and a HPA layer.  
This method was performed to determine if the HPA needs to be next to the Pt to oxidize 
CO or if the HPA could oxidize CO on its own.  A summary of the methods, catalyst 
loadings, and CO poisoned performance is provided in Table 8. 
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 The first attempt to increase the loading of the HPA in the electrode was to 
ultrasonically mix a combination of HPA and Pt/C in an ink.  This was done using 20% 
Vulcan XC72 and 20% Pt on Ketjen Black.  TEM images of the Pt on carbon materials 
can be seen in Figure 51.  Ketjen Black was chosen because its high surface area 
(1415m2/g) was expected to adsorb more HPA than Vulcan XC72 (235m2/g).  This was 
found to be true.  While boiling H3PMo12O40 with Pt on Ketjen Black the final material 
was 17.8% HPA.  The same procedure using Pt on Vulcan XC72 resulted in only 5% 
HPA.  The ultrasonication procedure had proven beneficial when using HPAs as non-Pt 
catalysts (see chapter 3).  The polarization curves using anodes made by ultrasonically 
mixing H3PMo12O40 and H6PMo9V3O40 with Pt on Vulcan XC72 can be seen in Figure 
52.  The performance using H3PMo12O40 was improved to 521mA/cm2 at 0.5V under CO 
poisoned conditions.  The CV of the electrode presented in Figure 53 indicates that the 
amount of HPA present is essentially the same as when the HPA is pre-adsorbed by 
boiling.  When the three-vanadium substituted version of the HPA was used, the 
performance under pure H2 was heavily poisoned.  The performance under CO poisoned 
conditions was even further poisoned.  The performance under pure H2 was not expected 
to be so poor.  The HPA is responsible for the poisoning under pure H2 conditions.  More 
evidence of this effect is discussed below. 

 When Ketjen Black was used as the support for the Pt, the addition of HPAs via 
adsorption or ultrasonic mixing slightly poisoned the performance under pure H2.  The Pt 
on Ketjen Black catalyst was more heavily poisoned by 100ppm CO than the Pt on 
Vulcan XC72 catalyst.  This is likely a consequence of the fact that the electrodes were 
not optimized with regard to Nafion® content.  It is likely that the Ketjen Black support 
results in less accessible Pt particles which do not participate in the hydrogen oxidation 
reaction.  When using Ketjen Black as the support, only 63mA/cm2 at 0.5V was achieved 
under CO poisoned conditions.  The same catalyst on Vulcan XC72 was able to produce 
229mA/cm2.  The addition of H3PMo12O40 to the Pt on Ketjen Black showed no 
improvement in CO tolerance.   In fact, the performance was worse and only 35mA/cm2 
was achieved.  The CV in Figure 55 demonstrates that substantially more HPA is 
catalytically active in the anode when high surface area Ketjen Black is used as a support 
when compared to Vulcan XC72.  The large amount of HPA is responsible for the 
increase in pure H2 poisoning.  When CO was present in the fuel, the catalyst was 
poisoned by both the HPA and the CO.     

 A second attempt to increase the HPA loading of the fuel cell anodes was to 
deposit Pt nanoparticles onto carbon that had large amounts of HPA bound to it.  The 
HPA used was the Lacunary form of H3PMo12O40.  This procedure was performed using 
both Ketjen Black and Vulcan XC72.  The catalyst made using Ketjen Black had more 
than seven times the amount of HPA relative to the catalyst made using Vulcan XC72.  
The large amounts of HPA present poisoned the performance under pure H2 as seen in the 
polarization curves in Figure 56.  The catalyst made using Vulcan XC72 had a slight 
improvement over the Pt/C catalyst under CO poisoned conditions but only below 0.6V.  
The catalyst made using Ketjen Black performed worse than the Pt control on Vulcan 
XC72 but slightly better than the Pt on Ketjen Black electrode when poisoned.    CO 
stripping voltammetry, Figure 57, indicated that the Pt on HPAbc catalyst made using 
Vulcan XC72 may have had a metal impurity.  In this figure CO oxidation peaks are 
visible in the initial scan.  This indicates that some CO is strongly adsorbed to the Pt 
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surface and that there is no HPA nearby to oxidize it.  This will be even more likely on 
the high surface area Ketjen Black.  A close analysis of the TEM images of the Pt on 
Ketjen Black and Pt on Vulcan XC72 leads to the realization that the Pt nanoparticles are 
packed closer together on the Vulcan XC72 than on the Ketjen Black.  For the HPA to act 
as a co-catalyst with Pt the two materials would need to be in close proximity to each 
other.  This will be less likely on a high surface area carbon.  This theory counters the 
strategy of using a high surface area carbon to increase the density of the HPA on the 
carbon.  A strategy used to ensure that the HPA and Pt are next to each other is the topic 
of chapter 5.   

 The third strategy to increase the loading of the HPA in the electrode was done by 
producing bi-layer anodes.  Bilayer anodes have been produced for CO tolerance 
experiments in the past(9, 11).  The purpose of the experiment was to create separate layers 
of Pt catalyst and HPA catalysts and investigate performance under pure H2 and under 
CO poisoned conditions.  The electrode consisted of a layer of Pt on Vulcan XC72 
carbon sandwiched between the membrane and a layer of HPA bound to Ketjen Black.  
Four bilayer electrodes were prepared.  Variable loadings of H3PMo12O40 were used for 
the first three.  These are referred to as bilayer 1, 2, and 3, for which the HPA loading 
was varied while the Pt content was held relatively constant.  The fourth type of electrode 
was made using a layer of the two-vanadium substituted version of the HPAbc catalyst.    
These MEAs were tested using the Scribner 850C fuel cell test stand.  The polarization 
curve results using these MEAs can be seen in Figure 58.  At 600mA/cm2 the voltage 
achieved by Pt/C under pure H2 (0.685V) was reduced by 0.026V to 0.659V when a thin 
layer of HPAbc (0.19mg/cm2) was applied.  When the HPA loading was increased to 
0.48mg/cm2 this voltage was reduced by another 0.025V to 0.634V.  Essentially doubling 
the HPA loading again to 0.89mg/cm2 resulted in a further 0.024V decrease to 0.610V. 
The vanadium substituted version of the catalyst resulted in 600mA/cm2 at 0.624V under 
pure H2.  These results indicate that the HPA does not need to be in direct contact with 
the Pt catalyst to poison the performance under pure H2 conditions and that the poisoning 
effect is increased with increasing HPA loading.   

 Under CO poisoned conditions the bilayer anode with 0.19mg/cm2 of HPA 
showed no improvement in CO tolerance when compared to the Pt control.  The anodes 
with the HPA adsorbed to the Pt/C catalyst exhibited good CO tolerance when only 0.09 
mg/cm2 of HPA were present.  This indicates that close proximity between the HPA and 
the Pt catalyst is important for good CO tolerance.  Using the bilayer anodes, CO 
tolerance was maximized at 330mA/cm2 at 0.5V when the HPA loading was 0.48mg/cm2.  
When the loading of the HPA was increased to 0.89mg/cm2 the CO poisoned 
performance decreased to 250mA/cm2 at 0.5V.  This effect is evidence that the HPA is 
creating a species which poisons the Pt catalyst under both pure and poisoned H2 
conditions.  The two-vanadium substituted HPA catalyst had similar behavior to the all 
molybdenum HPA catalyst with no large improvement or detrimental effect under CO 
poisoned conditions.  Improvement in CO tolerance was only observed below 0.6V.  The 
CO poisoned curves have the same general shape as in Figure 52, and Figure 57 but with 
a negative shift in the potential.  The shape of these curves indicates that an overpotential 
is required for CO to oxidize and this potential is decreased through the use of the HPAs.  
The bilayer anodes demonstrate that the HPA does not need to be in direct contact with 
the Pt for CO to oxidize.  The CO stripping CVs of these bilayer electrodes are presented 
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in Figure 59.  No CO oxidation peaks are present and the results are consistent with the 
other CVs using molybdenum bases HPAs.  

 The results from the electrodes with high loading of HPA indicate clearly that an 
abundance of HPA can poison the anode under pure H2 conditions.  The poisoning of the 
hydrogen oxidation reaction is worsened when CO is present in the fuel stream.  When 
CO is present in the fuel the CO strongly adsorbs to the Pt surface blocking sites 
available for hydrogen adsorption and oxidation.  The addition of HPAs in small amounts 
increased the rate of CO oxidation which increased the sites available for hydrogen 
oxidation.  When present in large amounts the HPA poisoned the Pt catalyst.  The exact 
poison is not the HPA itself, otherwise the bilayer anodes would not have been poisoned 
under pure H2 conditions.  This leads to the conclusion that the HPAs are producing some 
sort of chemical poison within the anode which can migrate to the Pt surface.  The exact 
species is unknown at the present time but could be an OH species generated by the 
activation of water.  This is known to occur on metallic Mo and PtMo catalysts in fuel 
cells(7, 9-11).  It is likely that these OH species play a role in the CO oxidation mechanism.  
When present in abundance they also poison the Pt.  Since this is likely the case, it then 
also likely that the redox properties of the catalyst are not responsible for the oxidation of 
CO and the reaction mechanism proposed (reactions 4.3 and 4.4) is not applicable in the 
fuel cell anode. 
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Tables 
 
Anode mgPt/cm2 mgHPA/cm2 mA/cm2 at 0.5V 
   Pure H2 100 ppm CO 
Pt on VC 0.33  965 229 
HPMo mixed in ink (Pt/VC) 0.35 1.01* 1008 521 
HPMoV3 mixed in ink (Pt/VC) 0.36 1.09* 740 236 
Pt/KJB 0.33 None 860 63 
HPMo mixed in ink (Pt/KJB) 0.47 1.38* 584 35 
HPMo adsorbed onto Pt/KJB 0.38 0.37 577 17 
Pt deposited onto HPAbc (VC) 0.32 0.23 880 304 
Pt deposited onto HPAbc (KJB) 0.31 1.64 528 81 
Pt supported by HPAbc& 0.20 0.10 670 135 
Pt supported by HPAbc& 0.12 0.10 238 27 
Bilayer (1) HPMo  0.35 0.19 940 206 
Bilayer (2) HPMo 0.33 0.48 865 330 
Bilayer (3) HPMo  0.33 0.89 852 250 
Bilayer HPMoV3  0.34 0.41 805 315 

Table 8  Summary of Pt and HPA loading and fuel cell performance.  Pt/VC= 20%Pt 
on Vulcan XC72.  Pt/KJB=20%Pt on Ketjen Black.  HPMo=H3PMo12O40. HPMoV3= 
H6PMo9V3O40. * indicates initial HPA loading.  Bilayers composed of a layer of HPAbc 
catalyst (Ketjen Black) and a layer of 20% Pt on Vulcan XC72.  &on the cathode the Pt 
supported by HPAbc achieved 960 and 886 mA/cm2 
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Figures 
 

 
Figure 51  TEM images of Pt on Ketjen Black (left) and Pt on Vulcan XC72 (right). 
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Figure 52  Polarization curves of MEAs with anodes made by ultrasonic mixing Pt/C 

with the HPAs in the catalyst ink.   
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Figure 53  Cyclic voltammetry of H3PMo12O40 modified Pt anodes prepared in two 

different ways.  Black:  HPA boiled with Pt/C ink for 24 hour, filtered then made into an 
ink.  Red:  HPA added to Pt/C catalyst ink then ultrasonicated for 30 minutes.  
Equilibrium scans displayed. 
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Figure 54  Polarization curves of MEAs utilizing anodes of 20% Pt on VXC72 

carbon, and 20% Pt on Ketjen Black and Pt on Ketjen Black electrodes with H3PMo12O40.  
Ads:  HPA was adsorbed onto Pt on Ketjen Black through boiling.  Mix:  HPA was 
ultrasonically mixed with Pt on Ketjen Black in the ink.     
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Figure 55  “CO stripping” or CV of H3PMo12O40 ultrasonically mixed with Pt on 

Ketjen Black and Pt on Vulcan XC72. 
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Figure 56  Polarization curves of MEAs with anodes made by depositing Pt on the 

carbon that has HPA chemically bonded to it.  VXC72=Vulcan XC72 and KJB=Ketjen 
Black. 
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Figure 57  “CO stripping voltammetry” of anodes from Figure 56 
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Figure 58  Polarization curve results of MEAs utilizing bilayer anodes.  The layer 

next to the membrane is Pt on Vulcan XC72.  The next layer is HPA bound to the carbon.  
Bilayer 1, 2 and 3 were made using H3PMo12O40 while Bilayer V2 was made using the 
two-vanadium substituted HPA. 
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Figure 59  Cyclic voltammograms of the bilayer anodes from Figure 58.  

H3PMo12O40 bilayer shown on bottom is of bilayer 3. 
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enhanced electrochemical oxidation of methanol for direct methanol fuel cells. 
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Abstract 
 Polarization and electrochemical impedance spectroscopy experiments were 

performed on a direct methanol fuel cell (DMFC) incorporating the heteropoly acids 
(HPAs) phosphomolybdic acid, H3PMo12O40, (HPMo) or phosphotungstic acid, 
H3PW12O40, (HPW) in the anode Pt/C catalyst layer.  Both HPW-Pt and HPMo-Pt 
showed higher performance than the Pt control at 30 psig of backpressure and at ambient 
pressure.  Anodic polarizations were also performed, and Tafel slopes were extracted 
from the data between 0.25 V and 0.5 V.  At 30 psig, Tafel slopes of 133 mV/dec, 146 
mV/dec, and 161 mV/dec were found for HPW-Pt, HPMo-Pt and the Pt control, 
respectively.  At 0 psig, the Tafel slopes were 172 mV/dec, 178 mV/dec, and 188 mV/dec 
for HPW-Pt, HPMo-Pt and the Pt control.  An equivalent circuit model which 
incorporated constant phase elements (CPEs) was used to model the impedance data.  
From the impedance model it was found that the incorporation of HPAs into the catalyst 
layer resulted in a reduction in the resistances to charge transfer.  This shows that these 
two heteropoly acids do act as co-catalysts with platinum for methanol electrooxidation.   

Keywords: PEM fuel cell; heteropoly acid; direct methanol fuel cell; electrocatalysis 
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1.0 Introduction 
The direct methanol fuel cell (DMFC) is an attractive energy conversion device 

because of the high energy density and portability of the methanol fuel.  However, 
obstacles exist that currently inhibit the application of DMFCs.  The technical issues with 
the DMFC include excessive fuel cross-over and the sluggish electrocatalysis of 
methanol oxidation on the anode.  Methanol oxidation is a complex reaction that 
proceeds much more slowly in a DMFC than hydrogen oxidation in a proton exchange 
membrane fuel cell (PEMFC).  To compensate for slow methanol oxidation kinetics, 
large loadings of precious metal catalysts are required.  The current anode catalyst of 
choice is a PtRu alloy [1]; even with large loadings of this catalyst, the DMFC still has 
lower performance than the PEMFC [2].  PtRu also has some material stability issues 
despite being the state-of-the-art anode catalyst.  It has been shown that Ru can cross 
through the membrane and deposit on the cathode electrode [3].  Loss of Ru atoms from 
the anode will decrease anode performance over time, and the presence of Ru at the 
cathode will have a negative impact on oxygen-reduction kinetics.  The ability of the 
cathode electrode to tolerate methanol cross-over is decreased by the presence of Ru 
atoms.  The cathode potential drops via a mixed-potential effect as more Ru deposits.  It 
has been found that the most likely cause of Ru cross-over is an intrinsic instability of the 
PtRu catalyst [3]. Compared to PtRu, more efficient, cheaper, more readily available, and 
more stable catalysts are needed for the DMFC.   

Heteropolyacids (HPAs) are a subset of the polyoxometalates that have attracted 
attention for catalytic applications [4].  HPAs are very strong Bronsted acids, well known 
proton conductors [5], and they also exhibit fast reversible multielectron redox behavior 
under mild conditions.  Additionally, the acid-base and redox behavior can be widely 
varied by changing their chemical composition.  These properties make HPAs attractive 
candidates for redox catalysts in electrochemical processes [4].  The Keggin HPA, shown 
in Figure 60 can be represented by the formula [XM12O40]x-8.  At the center of the 
compound is the heteroatom X (X = Si, P, etc with oxidation state x), which has four 
oxygen atoms attached in a tetrahedral fashion.    M is the addenda atom, which is usually 
Mo or W.  The center tetrahedron, containing the heteroatom, is surrounded by 12 
octahedrons of composition MO6.  All the oxygen atoms are shared, except for 12 
terminal oxygen atoms which are attached to only one atom [6].   

HPAs can act as redox mediators for the electrochemical oxidation of CO.  Zhizhina 
et al. showed that HPAs act as CO oxidation catalysts in the presence of Pd(II), and 
proposed the following mechanism [7]: 

HPA + CO + H2O → CO2 + H2HPA      (1) 
The authors found that reaction 1 would not occur without Pd(II) present, suggesting 

a co-catalytic effect between the HPA and the Pd.  In reaction 1, the HPA becomes 
reduced during the electrochemical oxidation of CO.  Reoxidation of the HPA can easily 
occur in the presence of three-phase boundary in a fuel cell: 

H2HPA → HPA + 2H+ + 2e-       (2) 
On PtRu catalysts, the Ru activates water, producing a hydroxyl species on the 

surface at lower potentials than does Pt.  The reaction of the Ru-OH species with CO 
bound to Pt promotes the CO oxidation [8, 9]; this is the reason for using bimetallic 
electrodes such as PtRu.    HPAs have been shown to enhance the electrooxidation of 
methanol in aqueous acidic solution on Pt [10, 11], PtRu [12], and PtSn [13] electrodes.  
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A Pt substituted HPA has been synthesized[14] and HPAs have been used to stabilize Pt-
Ru nano-particles[15] that also shows improved electro-oxidation of methanol in 
solution.These encouraging studies provide evidence that HPAs, in combination with Pt, 
could act as promoters in the methanol electrooxidation process on a fuel cell anode.   

 We have previously  studied the use of  HPAs in the catalyst layers of PEMFCs 
using hydrogen and oxygen[16, 17], and hydrogen containing CO[18] and we now extend 
this study to the DMFC anode.  HPAs are desirable in the catalyst layer not only because 
they have been shown to have catalytic activity for the necessary redox reactions, but also 
because they have a high protonic conductivity.  Thus it may be possible to fabricate 
electrode structures where no ionomer is required in the catalyst layer.   

2.0 Experimental 
2.1 Materials 
Phosphomolybdic acid, H3PMo12O40 (HPMo) and phosphotungstic acid, H3PW12O40 

(HPW) were purchased (Sigma Aldrich).  The membrane electrode assemblies (MEAs) in 
this study used Nafion® 117 (Ion Power), and were cleaned and protonated by first 
boiling in 3% H2O2 for 1 h, followed by 1 h of boiling in DI water, 1 hour of boiling in 
0.5 N H2SO4, and finally 1 h of boiling in DI water [19].  Following this treatment the 
membranes were stored in DI water in the dark before use.  A 5 wt% Nafion® solution 
(Sigma Aldrich) was used in the catalyst layer.  ELAT gas diffusion layers (E-Tek, De 
Nora, N.A.) containing 0.5 mg Pt/cm2 (20% Pt on Vulcan XC-72 carbon) were used as 
cathode gas diffusion electrodes.  The catalyst used on the anode was a 20% Pt on Vulcan 
XC-72 powder (E-Tek, De Nora, N.A.).  This anode catalyst was applied to the 
microporous layer of a 10 BB paper electrode (SGL carbon).   

2.2 MEA fabrication  
Catalyst inks were airbrushed onto paper electrodes to make gas diffusion electrodes.  

Catalyst inks were made in a syringe by combining the desired catalyst, methanol, and 
Nafion® solution.  For inks including HPAs, the HPA was simply added to the ink.  
Nafion® solution was added such that the Nafion® solids were 25% of the total mass of 
Pt/C and Nafion solids in the ink.  Methanol was added in an amount that was ten times 
the mass of Pt/C in the ink.  The ink was mixed in the syringe using a Crescent Wig-L-
Bug amalgamator for 2 min and then placed in an ultrasonic bath for 20 minutes.   

 A syringe pump was used to deliver the ink from a syringe containing a rapidly 
rotating stirrer bar to an X-Y plotter that worked as an airbrush.  The X-Y plotter applied 
coats of ink to the paper electrode in a serpentine pattern.  The number of coats was set 
such that a Pt loading of 0.35 +/- 0.02 mg/cm2 and an HPA loading of 1.00 +/- 0.05 
mg/cm2 was obtained.  Two electrodes were made from each ink and both were tested to 
ensure reproducibility.  Following airbrushing, the electrodes were placed under a 250 W 
heat lamp to evaporate the methanol solvent in the catalyst layer.  Once the anode and 
cathode electrodes were fabricated, they were cut into squares with an area of 5.5 cm2 
each.  .These electrodes were hot pressed to either side of a cleaned Nafion® 117 
membrane, using a digital combo multi-purpose press, DC14 (GEO Knight & Co. Inc.).  
Pressing conditions used were 135°C at 80 psig for 90 s.   

2.3 Electrochemical Measurements  
The DMFC test stand consists of a pump, vaporizer, fuel cell hardware, backpressure 

regulators, water traps, a humidifier and mass flow controller.  An isocratic HPLC pump 
(Chrom Tech - model ISO-100 digital) was used to pump 2 M methanol from a reservoir 
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to the vaporizer.  The vaporizer consists of quarter-inch swagelok tubing wrapped with 
heat tape.  Fine stainless steel mesh was packed inside the tubing to provide contact area 
for the phase change.  The vaporizer ran at 140°C and has been calibrated for a liquid 
flow rate of 0.18 ml/min.  The fuel cell hardware (Fuel Cell Technologies Inc.) is a single 
cell with area 5 cm2 and single-serpentine flow fields.  Unless otherwise noted, the cell 
was run at 100°C.  The effluent from the fuel cell first travels through two backpressure 
regulators (Swagelok).  The system was run with 30 psig backpressure and at ambient 
pressure.  After the backpressure regulators, the effluent goes through water traps, which 
separate out any condensed liquid in the exit lines.  The remaining gas is then vented.  
Oxygen is fed to the cathode using a modular gas handling system (Lynntech industry 
Inc. GMET/H) with heated inlet lines.  The flow rate was 0.1 l/min, controlled using FC 
Power software (Lynntech Industry Inc.).  The oxygen was humidified via a gas humidity 
bottle (Fuel Cell Technologies Inc.).  When the cell was run with 30 psig of backpressure, 
the humidity bottle was kept at 100°C.  With no backpressure, the humidity bottle was set 
to 50°C to prevent water in the bottle from boiling.  It was found that there was no 
difference in performance between running the humidifier at 50°C or at 100°C.   

A MSTAT4+ multi-potentiostat (Arbin Instruments) was used to manipulate cell 
voltage or current.  Prior to the polarization experiments, the MEA was conditioned for 
24 h at 30 psig.  The conditioning process consisted of alternating potentiostatic holds at 
0.35 V and 0.15 V for 30 minutes each.  For polarization measurements, the cell is 
allowed to remain at open circuit for 5 min, then the potential is stepped down in 50 mV 
increments, with the cell remaining at each potential for 2 min.  In the measurement of 
anodic polarization curves, hydrogen is fed to the cathode which acts as a pseudo-
reference.  In this experiment, the potential was scanned from open circuit to more 
positive potentials, in 50 mV increments, until a limiting current was reached.  
Electrochemical impedance spectroscopy (EIS) experiments were performed using a 
Scribner 850C Compact Fuel Cell Test System and the associated Fuel Cell software.  
The Scribner 850C contains both an electronic load and a frequency response analyzer.  
Galvanostatic EIS was performed from 10,000 Hz to 0.1 Hz, taking data points at 15 
steps/decade.  The amplitude of the AC current was taken as 5% of the DC current.  The 
impedance extrapolated to zero perturbation frequency gives a value for the resistance of 
the MEA; this value was found to match the resistance taken from the slope of the steady 
state polarization curve, providing evidence that the measured impedance was free from 
instrumental artifacts.   

3.0 Results and Discussion 
3.1 Polarization Experiments 
The polarization curves for the DMFC at 30 psig can be seen in Figure 61, the 

incorporation of HPAs resulted in small performance improvements.  The open circuit 
voltages (OCV) were all very close, around 0.55 V.  This is several hundred millivolts 
lower than OCVs typically observed with PtRu.  It was found that the performance 
improvements of HPW-Pt over the Pt control were greater than experimental error 
throughout the polarization curve, while the apparent increased performance of HPMo-Pt 
was not greater than the experimental error.  Polarization curves were also recorded with 
no backpressure, and these are shown in Figure 62.  The same trends are observed at 0 
psig and 30 psig of backpressure.  However, at 0 psig the increases in performance for 
both HPMo-Pt and HPW-Pt were found to be greater and above experimental error.  
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Also, the OCVs at 0 psig are higher than those at 30 psig.  This is expected, as the 
volume change of the reaction is positive for a DMFC, the reversible cell voltage should 
decrease with increasing pressure [20].   

 Anodic polarizations at 30 psig and at 0 psig are shown in Figure 63 and Figure 
64, respectively.  The same trends are seen here as in the polarization curves for the entire 
cell; incorporation of HPAs leads to increased performance compared to a Pt control, 
with HPW-Pt having the greatest performance.  To obtain a more quantitative 
measurement of the anode kinetics, Tafel slopes were extracted from the anodic 
polarizations, insets in Figure 63 and Figure 64.  Tafel slopes were measured from the 
anodic polarization data between 0.25 V and 0.5 V.  None of the polarization data was 
corrected for IR losses, thus the Tafel slope values presented are without correction for 
IR.  Good linear fits were obtained, with all R2 values greater than 0.99.  The lowest 
values of the Tafel slopes were measured at 30 psig of backpressure.  The Tafel slope 
values are 133 mV/dec, 146 mV/dec, and 161 mV/dec for HPW-Pt, HPMo-Pt and the Pt 
control, respectively.  At 30 psig and a voltage of 0.5 V in the anodic polarizations, 
current densities of 135 mA/cm2, 90 mA/cm2, and 66 mA/cm2 were obtained for HPW-
Pt, HPMo-Pt and the Pt control, respectively.  At 0 psig, the measured Tafel slopes are 
172 mV/dec for HPW-Pt, 178 mV/dec for HPMo-Pt, and 188 mV/dec for the Pt control.  
The corresponding current densities at 0.5 V are 98 mA/cm2, 70 mA/cm2, and 50 mA/cm2 
for HPW-Pt, HPMo-Pt and the Pt control, respectively.  The Tafel slopes of the Pt control 
are in agreement with previous values from the literature [21-23].  The improvements in 
the values of the Tafel slopes correspond to the increases in performance.  The trends are 
the same as the polarization curves, with the HPW-Pt MEA showing the highest 
performance.  Also, the performance improvements are about the same for polarization 
curves and Tafel slope values, with the addition of HPAs showing a 10 – 20 % 
enhancement.   

3.2 Impedance Experiments  
Galvanostatic EIS was performed on the DMFC at both 30 psig and 0 psig.  At 30 

psig, impedance spectra were taken at five different points along the polarization curve: 
18, 91, 182, 274, and 365 mA/cm2.  At 0 psig, spectra were recorded at four different 
points: 18, 36, 55, and 73 mA/cm2.  These points were chosen such that an impedance 
spectrum was taken in each portion of the polarization curve.  At least one impedance 
spectrum was recorded in the activation region, one in the ionic region, and one in the 
transport region.  An equivalent circuit model was also used, given in Figure 65.  The 
experimental data was fit using nonlinear least-squares fitting software (ZView, Scribner 
Associates, Inc, USA).  Other equivalent circuit models were tested, one that used ideal 
capacitors in place of the constant phase elements in Figure 65  and one that did not 
include parameters to represent the interfacial region.  Only the model given in Figure 65 
accurately fit the experimental data.  In this model, Rm represents the resistance of the 
membrane, Ri models the resistance of the interface between the membrane and catalyst 
layer, and a constant phase element (CPEi) models the capacitive characteristics of the 
interface between the catalyst layer and the membrane.  CPEs have been found to more 
accurately model porous electrodes and rough interfaces than ideal capacitive circuit 
elements [24].  Specifically for the case of DMFCs, CPEs, when used in place of ideal 
capacitors, have been shown to provide the best fit for experimental impedance data [25-
27].  The impedance of a CPE is expressed as [24]:  
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Z = 1/[Q(jω)p]         
 (3) 

In the above equation, Q is the admittance constant, and p is an adjustment parameter.  
In the limiting case of p = 1, the impedance of the CPE reduces to that of an ideal 
capacitor.  At the other limiting case of p = 0, the impedance represents that of a resistor.  
For values of p between 0.5 and 1, the impedance of the CPE represents that of a porous 
electrode or a rough interface [28].   

 In the equivalent circuit model, Lco is an inductance which arises due to the 
slowness of CO coverage relaxation on the catalyst surface.  For PEM fuel cell 
impedance studies, it has been shown that only models with reaction intermediates on the 
surface can account for inductive loops [29], and this is the reason for including Lco.  The 
CO coverage changes with applied potential, but there is a delay between the potential 
perturbation and the new steady-state CO coverage. The change in CO coverage leads to 
an electrical current; it is the phase-delay between the potential perturbation and the 
current flow that leads to the observed inductive behavior [30].  Rc represents a 
combination of the ohmic resistance of the catalyst layer and a resistance to charge 
transfer that does not involve an inductance.  Rct models a resistance to charge transfer 
that is linked to an inductance, see Figure 65.  The resistance to charge transfer 
contribution from Rc comes from charge transfer not coupled to an inductance, or charge 
transfer not involving a change in CO coverage on the catalyst surface. Rct is a resistance 
to charge transfer that is directly coupled to an inductance, and thus does involve a 
change in CO coverage on the catalyst surface.  CPEdl models the double layer 
capacitance of the porous electrode.  Thus overall the impedance of the interface is: 
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Similarly, the impedance of the catalyst layer is expressed as: 
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The overall impedance of the MEA is the summation of the membrane resistance 

with the impedances of the interface and the catalyst layer.   
 The Nyquist plots for HPW-Pt, HPMo-Pt and the control at 30 psig and 91 

mA/cm2 are shown in Figure 66.  As seen in the plots, the+ equivalent circuit model fits 
the data very well, with all errors in the fit being less than 1%.  It is clear from the 
Nyquist plots that the overall performance of the MEAs containing HPAs are better than 
the control, since the width of the semicircles have a smaller diameter.  The Nyquist plots 
for all other current densities show the same characteristics, and all have the same quality 
of fit.  The parameters from the equivalent circuit model can be seen in Table 9.  By 
comparison of these modeling parameters, it is easier to compare the mechanism by 
which the HPAs enhance the performance in a DMFC.  To start, the membrane resistance 
is very similar for all MEAs, with Rm values between 0.15 and 0.17 Ohm-cm2.  This 
shows that the HPAs are not leaching into the membrane and increasing membrane 
conductivity.  Thus all improvements are due to processes occurring in the catalyst layer 
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or the interface between the catalyst layer and the membrane.  Also noted in Table 9 is 
that Ri, the interfacial resistance, is lower when HPAs are present.  For the Pt control, Ri 
values range between 0.39 Ohm-cm2 at 18 mA/cm2 to 0.33 Ohm-cm2 at 365 mA/cm2.  Ri 
values were between 0.28 Ohm-cm2 and 0.19 Ohm-cm2 for HPMo-Pt.  For HPW-Pt, Ri 
values were between 0.34 Ohm-cm2 and 0.21 Ohm-cm2.  Ri does change slightly with 
current, and in general Ri is lower and higher currents.  Previous studies employing the 
same impedance model have noted the same effect [25, 26].  Also, the value of CPEi-p is 
consistently between 0.70 and 1.00 for all MEAs.  For MEAs containing HPAs, CPEi-p 
has values between 0.70 and 0.80.  CPEi-p has a value of 1.00 for the Pt control at 
currents between 18 and 274 mA/cm2.  This shows that the addition of HPAs leads to a 
rougher interface, which is indicated by the CPEi-p values between 0.70 and 0.80.  CPEi-Q 
is the admittance of the constant phase element which represents capacitive 
characteristics of the interfacial region.  CPEi-Q values range from 0.05 F/cm2 at 18 
mA/cm2 to 0.15 F/cm2 at 365 mA/cm2 for the Pt control.  These values range from 0.04 to 
0.07 F/cm2 at 18 and 365 mA/cm2, respectively, for HPMo-Pt.  For HPW-Pt, CPEi-Q 
values range from 0.03 F/cm2 at 18 mA/cm2 to 0.04 F/cm2 at 365 mA/cm2.  No 
significant trends were identified for CPEi-Q values, but the existence of the CPE to 
represent the interfacial region was necessary for a satisfactory fit to the data.   

Rc, the combined ohmic resistance of the catalyst layer and non-inductively coupled 
resistance to charge transfer, is consistently lower for MEAs with HPAs.  At 18 mA/cm2, 
Rc for the Pt control is 3.66 Ohm-cm2, while Rc for HPW-Pt is 3.48 Ohm-cm2 and Rc for 
HPMo-Pt is 3.17 Ohm-cm2.  At lower voltages on the polarization curve, the values of Rc 
drop significantly, and at 365 mA/cm2 Rc values are 0.24 , 0.16, and 0.15 Ohm-cm2 for 
the Pt control, HPMo-Pt, and HPW-Pt, respectively.  This trend of Rc values decreasing 
at higher currents in a polarization curve has been reported in two previous studies [25, 
26].  Both of these papers used the same impedance model for a DMFC, but the 
decreasing trend in Rc was not explained.  In these studies, the equivalent circuit 
parameter Rc was explained as the ohmic resistance of the solid phase in the catalyst 
layer.  If Rc is solely an ohmic resistance, it should have a constant value at all points 
along the polarization curve.  Rc is being reinterpreted here to contain a contribution from 
a resistance to charge transfer, specifically one not involving inductance.  The methanol 
electrooxidation process involves the transfer of six electrons and protons, and not all of 
this charge transfer involves CO.  For example, the electrosorption process, in which the 
initial four protons and electrons are transferred [8], should not have an inductance effect.  
When Rc is interpreted in this manner, the decreasing trend at higher currents makes more 
sense.  As seen in Table 9, Rc values are very high at 18 mA/cm2.  At this point in the 
polarization curve, there is very little overpotential for the methanol electrooxidation 
process, and resistances to charge transfer are expected to be high. 

 Also, Rct, the inductively-coupled resistance to charge transfer, is lower when using 
HPAs.  This resistance to charge transfer involves the transfer of protons and electrons 
for the removal of CO from the catalyst surface.  In the activation region of the 
polarization curve, at 18 mA/cm2, Rct values are very high at 6.36, 4.94, and 5.36 Ohm-
cm2 for the Pt control, HPMo-Pt, and HPW-Pt, respectively.  This is expected, because 
the activation overpotential at this point in the polarization curve is very small.  Upon 
moving down the polarization curve to higher currents, and thus to higher activation 
overpotentials, Rct values decrease significantly.  At 91 mA/cm2, Rct values are 0.95, 
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0.79, and 0.64 Ohm-cm2 for the Pt control, HPMo-Pt, and HPW-Pt, respectively.  The 
reduction in Rct and Rc, combined with the lower Tafel slopes seen in anodic 
polarizations, confirms the hypothesis above that HPAs do act as co-catalysts with Pt for 
methanol electrooxidation.  A smaller overpotential is needed for methanol 
electrooxidation when HPAs are present.  Even though the HPAs do reduce the resistance 
to charge transfer, it is a slight improvement, and the overall performance improvement 
remains small, as seen in the polarization results.   

Lco is the inductance which arises due to the slowness of CO coverage relaxation on 
the catalyst surface.  At 18 mA/cm2 Lco values are 0.02, 0.08, and 0.13 H/cm2 for the Pt 
control, HPMo-Pt, and HPW-Pt, respectively.  At higher currents, the values of Lco 
decrease significantly, in a similar manner as did the values of Rct and Rc.  This shows 
that Rct, Rc, and Lco are three parameters of the equivalent circuit which are associated 
with the activation of the methanol electrooxidation reaction.  In the activation region of 
the polarization curve, namely at 18 mA/cm2, all of these parameters have high values.  
Upon further polarization, the value of each of these equivalent circuit parameters drops 
to a much lower value, corresponding to the higher activation overpotentials that exist at 
lower voltages on the polarization curve.  CPEdl-Q is the admittance constant for the 
constant phase element which represents the double layer.  Values of this admittance 
constant were between 0.46 and 0.02 F/cm2 for all MEAs tested, and no trend was seen in 
CPEdl-Q values.  CPEdl-p is the adjustment parameter for the constant phase element 
representing the double-layer.  For all MEAs, CPEdl-p values were between 0.61 and 1.00.  
For MEAs containing heteropoly acids, the CPEdl-p values were constant at 1.00.  The 
behavior of the constant phase element reduces to that of an ideal capacitor with the 
adjustment parameter, p, is equal to one.  This shows that when HPAs are present the 
double layer can be modeled using an ideal capacitor. 

 At 0 psig of backpressure, the impedance data was noisier than at 30 psig.  The 
currents achieved at 0 psig are much lower than at 30 psig, and overall the system is less 
stable.  For this reason, the impedance data could not be effectively modeled.  
Representative Nyquist plots of the impedance at 0 psig can be seen for HPW-Pt and 
HPMo-Pt in Figure 67.  The impedance results and the polarization results both show that 
the presence of HPAs leads to higher performance.  This is seen in the impedance results 
via a decreased semicircle width in the Nyquist plots.  Only the Nyquist plots for 36 
mA/cm2 are shown, but the results at 18, 55, and 73 mA/cm2 show the same trends.  Also, 
while the impedance data at 0 psig is noisy, the reduction in semicircle width seen with 
HPAs was always beyond experimental error.   

4.0 Conclusions 
 The inclusion of phosphomolybdic acid and phosphotungstic acid into the catalyst 

layer of the anode of a DMFC resulted in small, but reproducible, performance 
improvements.  Overall, HPW-Pt showed the best results.  Catalytic enhancement by 
using HPAs was seen in polarization experiments of the entire cell, and also in anodic 
polarizations.  At 30 psig, the Tafel slopes were 133, 146, and 161 mV/dec for HPW-Pt, 
HPMO-Pt and the Pt control, respectively.  At 0 psig, the Tafel slopes were 172, 178, and 
188 mV/dec for HPW-Pt, HPMo-Pt and the Pt control.  From the polarization 
experiments, the addition of HPAs resulted in a 10-20 % improvement for the DMFC.  
Impedance experiments were also performed, and modeled using an equivalent circuit 
model.  The model incorporated constant phase elements to more accurately represent the 
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experimental data.  By comparing the equivalent circuit parameters, it was found that the 
effect of using the HPAs is limited to the catalyst layer and to the interface between the 
catalyst layer and the membrane.  Specifically, three main equivalent circuit parameters 
showed improvements when using HPAs.  The interfacial resistance, Ri; the combined 
ohmic resistance of the catalyst layer and non-inductively coupled resistance to charge 
transfer, Rc; and the inductively-coupled resistance to charge transfer, Rct, were all 
lowered when HPW-Pt or HPMo-Pt were present.  The inductance, Lco, was also 
lowered, but this result is due to the reduction in Rct.  For these reasons, it is deduced that 
the HPAs do act as co-catalysts with platinum for methanol electrooxidation.   
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Tables 
Pt Control 

mA/cm2 
Rm (Ohm-
cm2) 

Ri (Ohm-
cm2) 

CPEi-Q 
(F/cm2) 

CPEi-
p 

 Rc (Ohm- 
cm2) 

Rct (Ohm-
cm2) 

Lco 
(H/cm2) 

CPEdl-Q 
(F/cm2) 

CPEdl-
p  

18 
mA/cm2 0.1524 0.3927 0.0572 1.0000 3.6598 6.3653 0.0218 0.4604 0.6612 

91 
mA/cm2 0.1517 0.4021 0.0454 1.0000 0.8546 0.9541 0.0026 0.0458 0.6198 

182 
mA/cm2 0.1680 0.3943 0.0476 1.0000 0.3669 0.4322 0.0016 0.0231 0.7285 

274 
mA/cm2 0.1603 0.3513 0.0645 1.0000 0.3426 0.3342 0.0015 0.0262 0.7124 

365 
mA/cm2 0.1556 0.3340 0.1535 0.7435 0.2375 0.2451 0.0004 0.0501 0.6833  

HPMo-Pt 
18 

mA/cm2 0.1572 0.2793 0.0358 0.8029 3.1864 4.9359 0.0818 0.0312 1.0000 
91 

mA/cm2 0.1512 0.2770 0.0552 0.7258 0.7254 0.7902 0.0045 0.0326 1.0000 
182 

mA/cm2 0.1517 0.2787 0.0624 0.7069 0.3498 0.2832 0.0015 0.0348 1.0000 
274 

mA/cm2 0.1523 0.1945 0.0568 0.7297 0.2817 0.3810 0.0016 0.0281 1.0000 
365 

mA/cm2 0.1512 0.2377 0.0675 0.7043 0.1636 0.1569 0.0005 0.0370 1.0000  
HPW-Pt 

18 
mA/cm2 0.1632 0.3398 0.0343 0.7731 3.4818 5.3619 0.1326 0.0342 1.0000 

91 
mA/cm2 0.1572 0.3121 0.0420 0.7362 0.7025 0.6428 0.0058 0.0373 1.0000 

182 
mA/cm2 0.1571 0.2838 0.0439 0.7307 0.3337 0.1828 0.0016 0.0429 1.0000 

274 
mA/cm2 0.1551 0.2422 0.0421 0.7406 0.2104 0.0892 0.0008 0.0471 1.0000 

365 
mA/cm2 0.1543 0.2141 0.0400 0.7463 0.1545 0.0924 0.0006 0.0491 1.0000  

Table 9: Equivalent circuit modeling parameters for 30 psig backpressure
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Figure 60: Structure of the Keggin Anion. 
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Figure 61:  DMFC polarization curves at 30 psig of backpressure.  Pt Control (-●-), 

HPMo-Pt (-♦-), and HPW-Pt (-▲-). 
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Figure 62:  DMFC polarization curves at 0 psig of backpressure.  Pt Control (-●-), 

HPMo-Pt (-♦-), and HPW-Pt (-▲-). 
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Figure 63:  Anodic polarization curves at 30 psig of backpressure.  Pt Control (-●-), 

HPMo-Pt (-♦-), and HPW-Pt (-▲-), inset, Tafel slopes between 0.25 V and 0.5 V. 
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Figure 64:  Anodic polarization curves at 0 psig of backpressure.  Pt Control (-●-), 

HPMo-Pt (-♦-), and HPW-Pt (-▲-), inset, Tafel slopes between 0.25 V and 0.5 V. 
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Figure 65: Equivalent circuit used for modeling the electrochemical impedance data. 
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Figure 66: Impedance at 91 mA/cm2 and 30 psig backpressure.  Pt Control (-●-), HPMo-Pt (-♦-), and HPW-Pt (-▲-). 
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Figure 67: Impedance at 36 mA/cm2 and 0 psig backpressure.  Pt Control (-●-), HPMo-Pt (-♦-), and HPMo-Pt (-♦-). 
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