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Abstract: 

Removal of platinum from polymer electrolyte membrane fuel cells is one of the most 

commonly cited objectives for researchers in this field. Here we describe a platinum free 

anion exchange membrane fuel cell (AEM-FC) that employs nanostructured Pd anode and 

Ag cathode electrocatalysts. AEM-FC tests run on dry hydrogen and pure air show peak 

power densities of more than 500 mW cm-2. Such high power output is shown to be due to 

a nanoparticle Pd anode catalyst with a composite Vulcan XC-72 carbon-CeO2 support that 

exhibits enhanced kinetics for hydrogen oxidation in alkaline media. 

 

 

 

 

 

 

 

 

 



 

  The fuel cell is considered the best device for converting the chemical energy of 

hydrogen cleanly into electricity on demand with the only byproducts water and heat. State 

of the art low temperature proton exchange membrane fuel cells (PEM-FCs) are compact 

systems with high power densities, which make them ideal for automotive applications. 

Recent analyses have shown that among PEM-FC components around 56% of the cost 

comes from the platinum electrocatalyst.1, 2 Therefore, a complete removal of platinum in 

fuel cell stacks and replacement with metals that are less expensive and more abundant in 

nature is crucial to make this technology an affordable solution for automotive as well as 

other large scale applications. 

  As an alternative to PEM-FCs that work under highly corrosive acidic conditions and 

require high loadings of Pt catalysts, the alkaline anion exchange membrane fuel cell (AEM-

FC) has long been proposed as a solution to reduce costs by avoiding the use of platinum.3-

10 Fig. 1 shows a schematic representation of the AEM-FC presented in this work.  
 

 

 
 

Fig. 1. Schematic representation of the Pt-free AEM-FC. 

 

  Regarding the cathode catalyst, platinum can be readily replaced by palladium11, 12 

and (?) non-noble metals.8, 13-24 The range of materials used include transition metal 

phthalocyanines,25, 26 heat treated (600-1000 °C) carbon supported metal 

phthalocyanines,25-30 materials derived from carbon supported metal and nitrogen 

precursors heat treated under inert atmosphere (600-1000 °C)31, 32 and nitrogen doped 

carbon materials that may or may not contain transition metals.33-35 Widely used in liquid 

electrolyte Alkaline Fuel Cells (AFCs), nanostructured Ag catalysts have also been 



extensively investigated.36-38, 39-41 The range of available AEMs and ionomers that have 

been investigated for electrochemical systems including AEM-FCs has been recently 

comprehensively reviewed by Varcoe et al.10 Relatively less attention has been paid to the 

anode catalyst where the hydrogen oxidation reaction (HOR) occurs.3, 9, 42-45 In stark 

contrast to PEM-FCs, the kinetics of the HOR reaction is quite slow under alkaline 

conditions even when Pt is used. Indeed, the HOR activity on carbon supported noble 

metals (Pt, Pd and Ir) decreases by circa 100x when switching from low to high pH.46 This 

factor has been the main stumbling block preventing the realization of a Pt free AEM-FC 

with useful power output. Since Lu and co-workers first presented a noble metal free AEM-

FC in 2008  (H2/O2, Tcell 60 °C, maximum power density 50 mW cm-2),3, 24 little progress has 

been made primarily due to the challenge of overcoming poor HOR kinetics in alkaline 

AEM-FCs. 

  In this work we present a nanoparticle Pd anode catalyst with a composite Vulcan 

XC-72 carbon-CeO2 support which exhibits enhanced kinetics for the HOR in alkaline 

conditions. The mixed CeO2/carbon support was prepared by depositing 50 wt% CeO2 onto 

Vulcan XC-72 carbon.47 The desired amount of Pd (10 wt%) was deposited by the addition 

of a Pd(II) precursor to a suspension of this support under aqueous alkaline conditions 

followed by reduction with ethanol at 80 °C (see the SI for complete synthetic details and 

XRPD characterization). 

  The Pd/C-CeO2 anode catalyst and a reference homemade Pd/C were incorporated 

into anode catalyst layers (0.30 mgPd cm-2), and together with a Ag cathode catalyst (3.0 

mgAg cm-2), anion exchange membrane and ionomer, membrane electrode assemblies 

(MEAs)48 were prepared for testing in AEM-FC single cells (see SI for complete 

description).18-22 Fig. 2 shows the cell performance at 73 °C with dry H2 at the anode and 

humidified filtered air (<10 ppm CO2) at the cathode. 
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Fig. 2: Typical voltage and power density (vs. current density) curves of MEAs with Pd/C 

(red curves) and Pd/C-CeO2 (blue curves) anodes (0.30 mgPd cm-2). Tcell = 73 °C. The 

cathode in all tests is a Ag catalyst (cathode loading 3 mgAg cm-2). Cathode feed air 1 slm 

(<10ppm CO2);  Anode fuel dry H2 (0.2 slm). 

 

The AEM-FC containing the  Pd/C anode catalyst performed modestly in cell tests 

reaching a maximum power density of slightly above 0.1 W cm-2 and maximum current 

density of ~ 1 A cm-2. With the same electrode Pd loading (0.3 mgPd cm-2) as the carbon 

supported catalyst, the C-CeO2 supported catalyst reaches a peak power density of 0.5 W 

cm-2 at a current density of about 1.5 A cm-2 and a maximum current density of ca. 3 A cm-2. 

A clear significantly higher fuel cell performance is obtained switching the carbon support 

for the C-CeO2 support. In order to gain a clear understanding of the origin of the 

ameliorative effect of CeO2 on the HOR activity of Pd, we have investigated the 

electrochemical activity in half cell tests. Cyclic voltammetry (CV) curves obtained in static 

N2 saturated 0.1 M KOH for Pd/C and Pd/C-CeO2 are shown in Fig. 3a. The peaks for 

hydrogen adsorption and desorption (UPD) processes can be readily assigned by 

comparison with literature data.47 A cathodic shift in the HUPD oxidation peak (circa 90 mV) 

can be seen for the C-CeO2 supported catalyst with respect to the carbon supported catalyst 

(evidenced in Figure 3a). This implies that H is bound less strongly on the C-CeO2 
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supported Pd surface. A weakening of the metal-hydrogen (M-H) binding energy is known 

to lead to enhancements in HOR kinetics under alkaline conditions.49-51 In fact, the rate 

determining step of the HOR in alkaline conditions is considered to be the oxidative 

desorption of H.50 Indeed, we observe an increase in the HOR activity of Pd/C-CeO2 with 

respect to Pd/C (evaluated with a rotating disk electrode in H2 saturated 0.1 M aqueous 

KOH in Figure 3b). The Pd/C catalyst exhibits typically sluggish HOR kinetics not reaching 

the diffusion limited current plateau below 0.5 V (RHE).50, 52 By contrast the Pd/C-CeO2 

catalyst shows enhanced HOR activity reaching the diffusion limited current plateau at 

circa 0.25 V.  

a)                                                                        b) 

    

              c)                                                                       d) 

  
Fig. 3: (a) Cyclic voltammetry of Pd/C and Pd/C-CeO2 in static N2 saturated 0.1 M KOH 

solution, (b) Steady state polarization curves of HOR in H2 sat 0.1 M KOH (1600 RPM), (c) 

Tafel slope analysis for in H2-saturated, 0.1 M KOH obtained at 10 mV s-1 and 2500 rpm and 

(d) linear fits of the kinetic current at high current density. 



 

 Tafel analysis was used to study the HOR reaction on each of the catalyst surfaces 

(Fig. 3c). Tafel plots were obtained by correcting the HOR branch of the data by subtracting 

the diffusion overpotential and determining the kinetically limited HOR currents.53  

Electrochemical data are also shown in Table 1, including the electrochemically active 

surface areas (EASA), exchange current densities and the mass activity per gram of Pd. The 

Tafel slopes were determined from linear fits of the kinetic currents at high current density 

(Fig. 3d). The exchange current density for the HOR increases more than 20 fold for Pd/C-

CeO2 catalyst with respect to Pd/C.  Both catalysts have a similar EASA and Pd particle size 

distribution (see SI for representative TEM micrographs of Pd/C), so such an increase in 

activity must be due to electronic effects due to the Pd-CeO2 interaction. Tafel slopes are 

also similar for both catalysts suggesting the same HOR mechanism on both surfaces (66-

68 mV dec-1). 

 

Table 1 Electrochemical data. 

 i0, m 

(A gPd
-2) 

i0 

(mA. cmPd
-2) 

EASA 

m2 g-1
Pd 

Tafel slope 

mV dec-1 

Pd/C 1.1 2.7 45 68 

Pd/C-CeO2 24 54.5 43 66 

     

The promotional effect of the Pd-CeO2 combination on the HOR is also due to an 

oxophilic effect. Ceria (CeO2) is one of the most recognized oxygen deficient compounds.54 

Ceria has been widely employed as oxide promoter on both the anode side of fuel cells 

through enhancement of the CO tolerance of Pt and for the enhancement of the ORR on Pt 

in fuel cell cathodes.55-57 We have found in previous studies that a mixed ceria-carbon 

support enhances the activity of Pd anodes in Direct Ethanol Fuel Cells (DEFCs) by 

promoting the formation at low potentials of the PdIOHads species that are responsible for 

ethanol electrooxidation.47 To the best of our knowledge the application of CeO2 in 

promoting the HOR has not been yet reported. Saturation of the CeO2 surface with OH- ions 

is very rapid in alkaline media and likewise the spillover of OH- to the Pd nanoparticles in 

close proximity.58 In a recent paper Markovic and co-workers demonstrated that the HOR 

rate can be improved dramatically by optimizing the balance between the active sites 

required for the adsorption and dissociation of H2 (noble metal e.g. Pt or Pd) and the 

adsorption of hydroxyl species (OHad) in this example on RuO2.59 Such spillover phenomena 

and consequent enhancement of the HOR will naturally be magnified by an intimate contact 

between the three components of the catalyst; ceria, Pd and carbon. This effect has to be 

justified by an intimate contact of the palladium nanoparticles with CeO2. 

We have used high angle annular dark field (HAADF) scanning transmission 

electron microscopy (STEM) and high resolution transmission electron microscopy 

(HRTEM) to study the catalyst morphology.  Z-contrast STEM micrographs (Fig. 4) help to 



elucidate the structure and the metal distribution. Three images of Pd/C-CeO2 are shown at 

various magnifications.  Firstly, it is clear that the CeO2 particles do not cover uniformly the 

Vulcan XC-72 carbon with distinct agglomerated CeO2 structures that are separated from 

the Vulcan carbon (the CeO2 agglomerates appear brighter on the STEM micrographs with 

respect to the carbon). It is difficult to individualize isolated Pd nanoparticles deposited on 

the ceria part of the support due to poor resolution between ceria and Pd nanoparticles. As 

a consequence the average Pd particle size distribution was determined by HR-TEM 

analysis only for the visible carbon supported particles (mean is 2.0 nm see SI). 

 

 

Fig. 4: STEM micrographs of the Pd/C-CeO2 sample at different magnifications (scale bars 

from left to right; 200 nm, 100 nm and 50 nm respectively). 

 

We used STEM-EDX (Energy Dispersive X-ray) elemental map analysis of 

representative portions of the catalyst to investigate the Pd distribution over both the 

carbon and ceria portions of the catalyst. In Figure 5 a typical portion of the catalyst is 

shown. A clear accumulation of Pd on the ceria regions is observed. This affinity can be 

justified by the fact that the conditions of high pH during synthesis gives rise to strong ionic 

interactions between the charged ceria surface and the Pd precursor cations in solution.60, 

61 Combined with the lipophilicity of the carbon part of the support these factors ultimately 

lead to the deposition of Pd nanoparticles on or near the ceria regions. 

 

 



 

Fig. 5: STEM micrograph of the Pd/C-CeO2 catalyst and related EDX maps for C, O, Pd and Ce 

respectively (scale bar is 20nm). 

 

To look closer at the Pd-ceria interactions we used TEM and HRTEM (Figs 6a and c). 

The TEM images confirm small Pd particles of around 2nm diameter. In more detail (Fig. 

6b), Pd particles are typically found in close proximity with both ceria particles and the 

Vulcan XC-72 support.    

 
 



Fig. 6: (a) TEM image of Pd nanoparticle distribution on Pd/C-CeO2 (scale bar is 50 nm) (b) 

a single Pd nanoparticle in contact with CeO2 and Vulcan XC-72 carbon (scale bar is 2 nm); 

and (c) Pd NPs on a bare Vulcan XC-72 region of the sample (scale bar is 5 nm) indicated by 

arrows. 

 

 

The Pd oxidation state in the Pd/C and Pd/C-CeO2 catalysts was investigated by X-

ray Absorption Spectroscopy (XAS). Spectra were also collected on PdO and on a foil of 

metallic Pd as standard materials for the valence state as in our previous investigations.62 

In Fig 7a a comparison of the XANES (X-ray Absorption Near Edge Structure) spectra 

clearly shows that Pd in Pd/C-CeO2 is mostly oxidized, while in Pd/C the palladium is 

prevalently in its metallic state. EXAFS (Extended X-ray Absorption Fine Structure) analysis 

was carried out modeling the data with two components, i.e. metallic Pd and PdO. The 

metal was introduced with the first coordination shell whereas for the oxide two shells 

(Pd-O and second Pd-Pd) were considered. The raw EXAFS data and related Fourier 

Transforms are shown in Figs. 7b and 7c respectively. The EXAFS analysis shows Pd(II) 

accounts for 87 wt% of the total palladium content in Pd/C-CeO2 (Table 2) which is unusual 

as carbon supported Pd NPs of small dimensions (e.g. 2 nm), have usually  at least 50 wt% 

in the metallic state.63  As expected only 17 wt% of PdO was found in the Pd/C system. A 

Table with the first considered coordination shell distances of palladium and the relative 

Debye Waller Factors (DWF) is reported in the supplementary info section (Table). The 

XAS data therefore shows for the C-CeO2 supported catalyst that the Pd exists primarily as 

oxide. And this also confirms that Pd is preferentially supported on the ceria regions of the 

catalyst. In Pd NPs supported on CeO2 the Pd-CeO2 interaction is known to lead to oxidation 

of Pd through electron transfer to CeO2.60 

 

a)   



b)                                                                          

c)  

 

Fig. 7. (a) XANES at the Pd Pd-Kα edge of Pd/C-CeO2 , and Pd/C (XANES spectra ofand  

model compounds Pd metal foil and PdO (dots). The spectra of the samples are reproduced 

as linar combinations of the model compounds (thin line) are also shown), (b) EXAFS data 

and the related (c) Fourier transforms at the Pd Kα edge (transformation range 2.8-13.5 Å-

1, k^22 weight). Dots represent the experimental data while the continuous lines represent 

the calculated best fitst data. 

 

Table 2: Pd oxidation state speciation distribution (%) from XAFS EXAFS and XANES 

analysis. Relative uncertainties are listed in brackets. 

 Pd metal Pd oxide 

Pd/C 82(6) 18(6) 

Pd/C-CeO2 13(5) 87(5) 

 

   

  In-situ XRPD was used to simulate the conditions at the anode electrode in the AEM-

FC) under flowing H2 gas at room temperature. The XRPD trace of the as-prepared catalyst 

at room temperature (Figure 9a8a) shows the signal associated with Pd metal at 2θ = 40° 

appears as a low intensity broad peak typical of a sample in which most of the Pd exists as 

an amorphous oxidenanoparticles. On contact with a flowing 5% H2 in Helium gas mixture 

the XRPD signal for Pd grows in intensity as the oxides are reduced to metallic Pd (9b). 
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Upon further contact with H2 gas this peak shifts to a position representative of H2 loaded 

Pd (9c).64 After removing H2 from the gas the signal for Pd shifts to the position of Pd metal 

(9d).  This experiment demonstrates that Pd/C-CeO2 (containing mostly PdO) is a 

precursor to the working catalyst, which forms upon reduction of the oxidized Pd surface 

upon contact with H2 at the anode of the fuel cell.  

 

Fig. 98. In-situ XRPD traces of Pd/C-CeO2 (a) synthesized catalyst, (b) initially under a flow 

of H2 (5 %) in He, (c) afer a period of contact with H2 and (d) after switch to 100 % Helium 

(• Pd (111) and █  H2 loaded Pd (111). The other peaks in the XRPD traces are due to CeO2. 

 

The enhancement of the catalyst activity towards the HOR therefore requires finely 

dispersed and small Pd and CeO2 nanoparticles in contact with each other (Schematically 

shown in Fig. 79). Indeed, we have seen that Pd preferentially accumulates on the ceria 

regions. The adsorbed OH species that accumulate on the CeO2 particles are in close 

proximity to the Pd NPs thus allowing fast transfer to form Pd-OHad sites which then react 

with the hydrogen intermediates (Pd-Had) that are adsorbed on the Pd surface.  

 

 



 
 

Fig. 8: Schematic diagram of the proposed ceria-Pd-carbon synergistic mechanism for HOR 

in AEM-FCs.  

 

In summary, a Pd/C-CeO2 anode catalyst has been developed and employed in a Pt-

free AEM-FC. The presence of CeO2 deposited onto the carbon support of a nanoparticle Pd 

catalyst leads to a 5 fold increase in performance as fuel cell anode with respect to a carbon 

only supported Pd catalyst. A careful analysis of the catalyst morphology shows a fine 

dispersion of the Pd nanoparticles accumulated mostly on the ceria portion of the catalyst. 

Such a structure leads to a weakening of the Pd-H binding energy and exploits the oxophilic 

nature of CeO2 in supplying OHad to the Pd-Had HOR reaction sites, thus accelerating the 

overall HOR. An AEM-FC using this Pd/C-CeO2 anode catalyst and an Ag cathode catalyst 

has been tested with dry hydrogen and partially filtered ambient air (<10 ppm CO2) 

supplied to the anode and cathode, respectively. Peak power density output as high as 0.5 

W cm-2 with a maximum current density of 3 A cm-2 is achieved with this Pt-free AEM-FC. 
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