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This work reports a high power, stable, completely Pt-free anion exchange membrane fuel cell (AEMFC) comprised of highly active
catalysts – Pd-CeO2/C at the anode and PdCu/C alloy at the cathode for the hydrogen oxidation and oxygen reduction reactions,
respectively. The resulting AEMFC shows outstanding performance, reaching a peak power density of 1 W cm−2, twice the value of
the best performance for Pt-free cells reported in the literature to date. The AEMFC also shows a low voltage degradation rate when
operated continuously for more than 100 h at a constant 0.5 A cm−2, with a voltage degradation rate of only 2.5 mV h-1, which is
excellent when compared to nearly all of the AEMFCs reported in the literature to date. This combination of high performance and
high stability in the absence of Pt-based catalysts represents a significant landmark in the progress of the AEMFC technology.
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Anion exchange membrane fuel cells (AEMFCs) have seen a rapid
increase in interest in recent years as a possible low-cost energy con-
version device.1 Much of the interest in this technology comes from the
expectation that AEMFCs can overcome the existing cost barriers2,3

inherent to low temperature acidic polymer electrolyte membrane fuel
cells. One step in doing this is to eliminate platinum from the elec-
trodes either through the use of a historically less expensive precious
metal such as palladium (see the supporting information and Figure S1
for more discussion and detail), or by using more naturally abundant
platinum group metal (PGM)-free catalysts.3–8 However, when tran-
sitioning away from Pt, it is very important not to markedly sacrifice
catalyst activity or AEMFC performance.

High-performance AEMFCs have been recently reported, show-
ing peak power values of ca. 1.4 W cm−2;9,10 however, all of these
state-of-the-art AEMFCs exclusively rely on Pt-based catalysts with
Pt/C being the most common cathode catalyst and PtRu/C being the
most common anode catalyst.11–13 Unfortunately, very few studies
reporting AEMFC performance with zero platinum loading can be
found,13 and the highest performing Pt-free AEMFCs showed a much
lower performance, with peak power densities of 0.4–0.5 W cm−2.13–15

In this work, new electrodes are developed, containing highly ac-
tive Pd-based cathode and anode catalysts, and are combined with
a radiation grafted anion exchange ionomer and membrane10,16,17 to
realize high performance AEMFCs that are completely Pt free. In
fact, in this manuscript, a step change in performance is demon-
strated over all other Pt-free AEMFCs reported to date. Achieving such
high performance in these cells was not a straightforward application
of many of our previous findings.9,18,19 Using these new catalysts –
particularly the application of Pd-CeO2/C at the anode – required new
learnings with regard to cell operation that are likely a function of dif-
ferent wettability of the CeO2-containing support as well as the low
Pd loading in the Pd-CeO2/C catalyst (only 10%). Specific insights
include the degree to which ionic resistance in the catalyst layers lim-
its cell performance, the impact of temperature on the mass transport
and kinetics of Pt-free AEMFCs and the response of these Pd-based
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cells to the application of backpressure (which is exactly opposite of
Pt-based cells) – none of which have been reported previously.

Experimental

Synthesis of PdCu/C.—Cu(acac)2 and Pd(OAc)2 were used as
the metal precursors. Benzyl alcohol was used as the solvent.
Polyvinylpyrrolidone (PVP) and aniline were used as the capping
reagent and reducing reagent, respectively. In a typical synthesis,
400 mg of PVP was added into 25 mL of benzyl alcohol. The mix-
ture was rigorously sonicated until all of the PVP dissolved, after
which 35 mg of Vulcan XC-72R was added to the liquid mixture,
followed by a 10 min sonication until the formation of a homogenous
suspension. 70 mg of Cu(acac)2, 60 mg of Pd acetate (a 1:1 molar
ratio of Cu:Pd) and 0.8 mL aniline were added into the suspension,
followed by intense sonication until a homogenous dark blue solu-
tion was formed. The resulting solution was transferred to a 50 mL
Teflon-lined autoclave. After a 24 h heating at 170◦C, the autoclave
was cooled down to room temperature with cold tap water. The re-
sulting PdCu/C was washed with an ethanol-acetone (1:1 by volume)
mixture three times, separated via centrifugation at 8000 RPM, and
dried at 60◦C under vacuum overnight. The PdCu/C particles were
then thermally annealed at 200◦C in a tube furnace in a pure H2 at-
mosphere (H2 flowrate = 40 cm3 min−1) for 5 h. A typical synthesis
yielded approximately 70 mg of PdCu/C with a Pd:Cu molar ratio of
1:1, and a 40 wt% metal loading on carbon.

Synthesis of C-CeO2 (50:50).—Vulcan XC-72 (4.0 g) was added
to a solution of Ce(NO3)3 · 6H2O (5.31 g) in 18.2 M� deionized
H2O (250 mL). The mixture was kept under stirring for 30 min and
sonicated for 30 min. After adjusting the pH to 12 with 2 M aqueous
KOH, the resulting suspension was stirred vigorously for 2 h. The solid
product was separated by filtration and washed with H2O until neutral
pH was reached. The product was dried at 65◦C and subsequently
heated under air in a tube furnace at 250◦C for 2 h. Cooling to room
temperature was undertaken under a flow of Ar. The yield of CeO2-C
was 7.45 g.

Synthesis of Pd-CeO2/C (10 wt% Pd).—CeO2-C (4.0 g) was sus-
pended in water (500 mL), stirred vigorously for 30 min and sonicated
for 10 min. To this mixture, a solution of K2PdCl4 (1.38 g, 4.23 mmol)
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in H2O (60 mL) was slowly added (1 mL min−1) under vigorous stir-
ring, followed by an addition of an aqueous solution of 2.5 M KOH
(8.4 mL). Ethanol (50 mL) was then added to the resulting mix-
ture, which was then heated at 80◦C for 60 min. The desired product
Pd-CeO2/C was recovered by filtration, washed several times with
deionized H2O to neutrality and finally dried under vacuum at 40◦C
until a constant weight was achieved (Yield: 4.45 g).

Electrochemical measurements.—The electrochemical response
of the synthesized catalysts was probed using thin film electrodes
deposited onto a rotating disk electrode (RDE) in a custom three-
electrode glass cell (Adams & Chittenden Scientific Glass) using a
platinum mesh as the counter electrode and a double junction Ag/AgCl
reference electrode (Pine Research Instrumentation). In the case of
PdCu/C, the working electrode was prepared on a glassy carbon disk
electrode with Pd loading of 12 μg cm−2 and a Nafion dispersion
was used as a binder. For the Pt/C catalyst experiments, Pt/TKK
(50 wt%, BASF) was used with a Pt loading of 19 μg cm−2. Cyclic
voltammograms (CVs) were collected at scan rate of 20 mV s−1 in N2

purged aqueous 0.1 M KOH. ORR polarization curves were collected
in O2-purged aqueous 0.1 M KOH at scan rate of 10 mV s−1 with a
rotation rate of 1600 RPM. In the case of Pd-CeO2/C, linear sweep
voltammetry experiments were performed in a PyrexTM (Princeton
Applied Research) glass cell filled with aqueous 0.1 M KOH solution
into which N2 or H2 was bubbled (30 mL min−1) for 30 min prior to
each experiment. Ag/AgCl and Pt foil were applied as reference and
counter electrode, respectively. All electrochemical studies were car-
ried out using a Princeton 2273A potentiostat/galvanostat (Princeton
Applied Research).

Membrane and gas diffusion electrode (GDE) fabrication.—The
chloride-form ETFE-BTMA radiation grafted anion exchange mem-
brane (AEM) synthesis was previously described in detail10 and is
summarized herein. The AEM was synthesized from a 25 μm thick
ethylenetetrafluoroethylene (ETFE) sheet, which was first peroxidated
in air using a total electron beam absorbed dose of 30 kGy, then im-
mersed in a vinylbenzyl chloride (VBC, mixed meta-/para-isomer)
solution to graft the VBC to the polymer backbone, and finally quat-
ernized with a trimethylamine (TMA) solution. The chloride-form
ETFE-BTMA anion exchange ionomer (AEI, ion-exchange capacity
= 1.26 ± 0.06 meq g−1) used was an (ETFE) powder with a particle
size of 20–30 μm (peroixidated using an electron-beam absorbed dose
of 70 kGy), radiation grafted with VBC and quaternized with TMA,
a procedure previously reported in detail.16 The gas diffusion layer
(GDL) employed was Toray-060 with 5 wt% PTFE wetproofing.

To prepare the catalyst ink, first the AEI powder was ground for
10 min with a mortar and pestle, after which 100 mg–150 mg of
PdCu/C supported catalyst or 250 mg of Pd-CeO2/C supported catalyst
was added to the AEI (ionomer loading of 20 wt% AEI) with 1 mL DI
water (ultra-pure deionized H2O with a resistivity of 18.2 M� cm).
The resulting AEI-catalyst mixture was then ground in the mortar and
pestle for 10 min, ensuring a texturally homogenous slurry. After this
grind, 2 mL of 2-propanol (Fisher Chemical Optima) was added to the
slurry, and the mixture was ground for 5 mins. To complete the ink, the
slurry was combined with another 7 mL of 2-propanol in a LDPE vial,
and homogenized in an ice-chilled ultrasonic bath (Fisher Scientific
FS30H) for 1 h. GDEs were created through spray deposition of the
catalyst ink on a larger area GDL, from which 5 cm2 electrodes were
cut. A final PGM loading of the electrodes was 0.4 mg cm−2 at the
anode, and 0.6 mg cm−2 at the cathode, giving a total PGM loading
of 1.0 mg cm−2, which is lower than our previously-reported Pt based
cells – 1.3 mgPGM cm−2. A more detailed GDE fabrication procedure
has been previously reported.9

Anion exchange membrane fuel cell (AEMFC) assembly and
testing.—Prior to assembly, the GDEs and AEMs were immersed
in aqueous 1 M KOH electrolyte for 1 h, changing the solution ev-
ery 20 min to ensure ion exchange of the membrane and ionomer
(minimize residual Cl− content). Excess aqueous KOH was removed

with a laboratory cloth and the cells were assembled in Scribner fuel
cell hardware (5 cm2 active area, single serpentine flow pattern), and
torqued to 5.1 N m with no prior hot pressing. 6-mil (150 μm) PTFE
gaskets were used to achieve a 20% pinch on the membrane elec-
trode assembly. Humidified H2 and O2 streams were supplied to the
cell from an 850e Scribner Fuel Cell Test Station at a flow rate of
1.0 L min−1 for all tests. The cell temperature was tested at both 60◦C
and 70◦C and the cell was operated at both atmospheric pressure (1.0
bara) and with a back pressure of 2.0 barg and 1.0 barg at the anode
and cathode respectively. The heated follow lines between the fuel
cell and test stand were maintained 5◦C above the respective gas dew
point. All of the i-V and i-P curves were collected under potentio-
static control with a scan rate of 10 mV s−1. Linear sweeps – in lieu of
point-by-point collection was used in order to better tease out flooding
issues under water starved and flooded conditions. When the water
management issues are well controlled, there is no significant differ-
ence between point by point and linear sweep polarization curves,
which is shown in previous work for multiple high performing cells.9

Additionally, tests were repeated after multiple hours and varying the
testing conditions to ensure stability, recoverability, and repeatability.

Quantitative analysis of AEMFC polarization curves.—In inves-
tigating the polarization of these Pt-free AEMFCs, it is important
to understand the fundamental contributions to cell behavior: kinet-
ics, ohmic resistance and mass transport. Though researchers have
deconvoluted the polarization curves into these constituents many
different ways, many of which have be presented in the literature, one
of the most straightforward methodologies to apply was published by
Gasteiger et al.20 in 2004. Their approach was adapted for use in this
work, which is briefly described below.

First it is assumed that the polarization of an operating fuel cell
is only a result of kinetic, ohmic, and mass transfer phenomena, in
which case the operating cell voltage at any current can be represented
by:

Ecell = Erev − η� − ηk − ηMT [1]

where Ecell is the operating cell voltage, Erev is the thermodynamic
reversible cell potential (1.20 V under the conditions used for the
AEMFCs in this manuscript), and η�, ηk, and ηMT represent the
ohmic, kinetic, and mass transfer overpotentials, respectively. To ex-
tract each of the overpotentials represented in Equation 1, first the
ohmic overpotential is isolated, which can be directly calculated at
each point on the curve from the product of the high frequency resis-
tance (RHFR) – which is measured by a frequency response analyzer
built into the Scribner fuel cell test stands – and the operating current
(i), as shown in Equation 2:

η� = i RHFR [2]

The kinetic overpotential is extracted next, which can be iso-
lated from the mass transfer overpotential at cell voltages greater
than 0.85 V and operating currents less than 100 mA cm−2, utilizing
the assumption that mass transfer limitations are negligible in that
region.20 Under these conditions, Equation 1 can be simplified and
the resulting data fit by the Tafel equation as shown in Equation 3:

Erev − Ecell − η� = ηk ∝ a + b log i [3]

where b is the Tafel slope. The final step of the deconvolution is to
calculate the mass transfer overpotential, which is done by simply
subtracting the kinetic and ohmic overpotentials from the reversible
cell potential at all current densities:

ηMT = Erev − η� − ηk [4]

It should be noted that in this method the cell polarization due
to hydroxide transport resistance within the catalyst layer, a compo-
nent typically considered part of the ohmic resistance, is included
in the mass transfer overpotential. Accounting for this ionic transfer
resistance requires an AC impedance frequency sweep to measure, a
technique that is not practical during a dynamic polarization experi-
ment. In this deconvolution method, the catalyst layer ohmic transfer
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resistance presents itself in the mass transport overpotential plot as
the initial slope before the mass transport limiting current is reached.

Results and Discussion

Pd catalyst characterization and electrochemical testing.—The
cathode catalyst utilized in this work is a Pd-Cu nanoparticle al-
loy supported on Vulcan XC-72R carbon black (PdCu/C) and the
anode catalyst is comprised of metallic palladium nanoparticles sup-
ported on a ceria-carbon composite (Pd-CeO2/C). The XRD patterns
for the PdCu/C, Pd-CeO2/C, and Pd/C as reference are shown in
Figure 1A. The PdCu/C nanoparticles were primarily a 1:2 Pd:Cu
B2-type ordered body-centered cubic. The XRD pattern for the Pd-
CeO2/C catalyst confirms the presence of crystalline Pd nanoparticles
and ceria support. TEM images of the PdCu/C catalyst (Figure 1B)
show that the PdCu particles were well dispersed on the Vulcan sur-
face with an average particle diameter between 7–8 nm. TEM images
of the Pd-CeO2/C catalyst (Figure 1C) show that the CeO2 particles
were generally supported on the Vulcan surface and the Pd nanoparti-
cles were accumulated preferentially on the CeO2 portions leaving the
carbon with very few Pd nanoparticles (particles size around 2.0 nm).

To investigate the electrochemical behavior of the PdCu/C catalyst,
first, cyclic voltammograms (CVs) were recorded at room temperature
in N2-saturated 0.1 M KOH electrolyte at a sweep rate of 20 mV s−1

(Figure 2A). All potentials reported and discussed in this work are
relative to reversible hydrogen electrode (RHE). The CV exhibited
the two features that are characteristic of Pd: the first was related
to hydrogen underpotential deposition (Hupd) between 0.05 V < E
< 0.35 V and the second was Pd oxidation/reduction between 0.6 V
< E < 0.9 V. Next, oxygen reduction reaction (ORR) polarization
curves were collected from PdCu/C thin films supported on a glassy
carbon RDE. The results are shown and compared to conventional Pt/C
in Figure 2C. Compared to Pt/C, the PdCu/C catalyst exhibited a half-
wave potential that was 50 mV more positive, indicating improved
ORR kinetics21 that can be ascribed to the synergistic effect of alloying
Pd and Cu in the B2-type structure, where the lower resulting oxygen
binding energy makes the dissociation of intermediate OOH species
more facile.22,23

CVs for the Pd-CeO2/C catalyst were also recorded at room tem-
perature in N2-saturated 0.1 M KOH electrolyte at a sweep rate of
20 mV s−1 (Figure 2B). It was observed that the Hupd potential
shifted negatively by ca. 90 mV for the Pd-CeO2/C catalyst rela-
tive to Pd/C, which suggested significant metal-support interactions
where the surface H was bound less strongly when Pd was in the
presence of CeO2-C. The shift due to this metal-support interaction
was even more significant than what was observed through alloying in
Figure 2A. Weakening of the Pd-H binding energy promotes the hy-
drogen oxidation reaction (HOR) in alkaline media,12,24 which led to
much improved HOR kinetics, evidenced by the 150 mV s−1 improve-
ment in half-wave potential in the RDE environment (Figure 2D). One
likely explanation for this enhancement is that the presence of OHad

species may help in promoting the hydrogen oxidation, which was
pointed out in previous studies.13–15

Anion exchange membrane fuel cell testing with Pd-based
electrodes.—Membrane electrode assemblies (MEAs) were prepared
using solid powder anion conducting ionomers16 and membrane10

based on ethylenetetrafluoroethylene (ETFE) polymer backbone and
a benzyltrimethyl ammonium (BTMA) headgroup. Two dispersions
were made with Pd-CeO2/C (10 wt% Pd) and PdCu/C (40 wt% PdCu)
catalysts through successive grinding steps with the ionomer and ad-
dition of a mixture of deionized water and 2-propanol. The inks were
then sprayed onto Toray 60 gas diffusion layers to form the electrodes
(anode = Pd-CeO2/C; cathode = PdCu/C), which were placed on
opposite sides of the ETFE-BTMA anion exchange membrane and
loaded into fuel cell hardware with a 5 cm2 active area. It should be
noted that the low fraction of Pd catalyst in the anode electrode can
have a significant effect on the behavior of the cell and the triple phase

Figure 1. A) XRD patterns of PdCu/C and Pd-CeO2/C showing a mixed phase
(lab-synthesized Pd/C is also shown as reference); TEM images showing the
morphology of B) PdCu/C and C) Pd-CeO2/C.

boundary, as the active sites are more dispersed through the catalyst
layer.

After the AEMFCs were assembled, they were initially brought
to 60◦C with a Scribner 850e fuel cell test station, humidified, equi-
librated, and optimized to anode/cathode dewpoints of 49◦C/50◦C.
Immediately after optimization (Figure S5 in the Supporting Infor-
mation), the cell was polarized without back pressure (labeled as
“60C-nBP” in Figures 3A–3B), and a peak power density of 500 mW
cm−2 was achieved. The polarization curves were deconvoluted into
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Figure 2. Cyclic voltammogram of A) Pd-Cu/C and B) Pd-CeO2/C in N2-saturated 0.1 M KOH solution at room temperature; C) ORR polarization curves of
PdCu/C and Pt/C in O2-saturated 0.1 M KOH at 1 mV s−1, 1600 rpm; D) HOR polarization curves of Pd-CeO2/C and Pd/C in H2-saturated 0.1 M KOH at
10 mV s−1, 1600 rpm. For all scans the ionomer loading was 20 wt% and the Pd and Pt loadings were 12 μg cm−2 and 19 μg cm−2 respectively.

their mass transfer (MT), ohmic, and kinetic overpotentials (Figures
3C–3E) and it was discovered that the MT overpotential for this elec-
trode was significantly higher than electrodes prepared with Pt-based
catalysts using the same ionomer18 – particularly at lower currents
(<1 A cm−2). Because of the method used to deconvolute the overpo-
tentials, the low current region of the mass transport plot is dominated
by the hydroxide transfer resistance in the catalyst layers. High ionic
resistance in the catalyst layer is often indicative of catalyst layer
dryout, which was likely caused by convective dryout at the low
optimum cell dew points, and perhaps consumption at the cathode
as well.

One approach to decreasing the rate of convective water loss from
the catalyst layers is to apply backpressure the cell, since it allows
for an increase in the absolute amount of water present in cell while
maintaining the relative balance of the reacting gases. Therefore, back-
pressure was applied to the cell – and the cell was again polarized.
The backpressure conditions that yielded the highest performance
were 3.0 bara at the anode and 2.0 bara at the cathode; backpressure
optimization and its effects are thoroughly shown in Figure S6 in the
Supporting Information. It can be seen in Figure 3 that the AEMFC
with optimized backpressurization (denoted as “60C-BP”) has signifi-
cantly improved the hydroxide transfer resistance as well as decreased
the kinetic overpotential through an increase in the partial pressure
of the H2 and O2. These reductions in overpotentials led to a 50%
increase in the peak power density to 750 mW cm−2, however, one
negative side effect of applying backpressure and increasing the total
amount of water in the electrode was that the ability of the electrodes
to reject the liquid water that was produced from the anode reaction
at high currents was diminished. Hence, the slope of the bulk mass
transport loss at higher current was much more steep (Figure 3C).

The success of adding back pressure, especially at the high value of
3.0 bara at the anode, runs counter to what has been observed with Pt-
based electrodes using the same ionomer and membrane.9,10,12,18,25,26

This suggests that the catalyst dispersion and loading can play a
significant role in dictating the response of AEMFC anodes to the
water that is generated since the application of back pressure will
enhance the total amount of water in the catalyst layers, which may
also allow for reacting gases with even lower dew points to be fed to
the cell – both new learnings for AEMFCs.

Although the performance above on its own would be the highest
reported for Pt-free AEMFCs to date,13 the shape of the polarization
curve in combination with the steep increase in the mass transport
resistance (Figure 3C) at moderate current density (∼1.5 A cm−2)
suggests that some degree of water flooding is occurring in the elec-
trodes. At these current densities, the cell is producing a significant
amount of water at the anode, which is used to both provide the react-
ing cathode water (via back-diffusion) as well as maintain membrane
humidification.18 Hence, it is not necessary to provide as much water
to the cell through the reacting gas feeds and improved performance
can be expected by reducing the amount of water supplied to the
anode.9,18

Therefore, the dew points of the reacting gases were system-
atically reduced (Figure S7 in the Supporting Information) until
the optimal cell performance was achieved at anode/cathode dew
points of 39◦C and 41◦C (relative humidity (RH) = 35% and 39%),
respectively. The resulting polarization and power curves are la-
beled as “60C-BPo” in Figures 3A–3B. The result of optimizing the
anode/cathode dew points was that the limiting current density was
increased by 33% (1.8 A cm−2 to 2.4 A cm−2) and the peak power
density was increased by 10% (to 0.83 W cm−2).
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Figure 3. A) i-V and B) i-Power curves (10 mV s−1 forward scans from open circuit voltage to 0.1 V) of Pt-free AEMFCs assembled with a radiation grafted
ETFE-BTMA membrane, a 10% Pd-CeO2/C anode (0.42 mg cm−2 Pd-loading), and a 40% PdCu/C cathode (0.58 mg cm−2 Pd-loading), and both electrodes
contained 20 wt% ETFE-BTMA ionomer. H2 and O2 were fed at 1.0 L min−1 to the anode and cathode respectively. The cells were run at atmospheric pressure
or with 3.0 bara at the anode and 2.0 bara at the cathode, indicated in the plot as “-nBP” for no backpressure and “-BP” or “-BPo” for cells with backpressure
applied. The cell temperature and anode/cathode dewpoints were: 60◦C and 49◦C/50◦C (60C-nBP and 60C-BP); 60◦C and 39◦C/41◦C (60C-BPo); and 70◦C and
40◦C/42◦C (70C-BPo); The polarization curves were deconvoluted into their C) mass transfer (MT), D) ohmic, and E) kinetic overpotentials, demonstrating the
effect of the temperature on cell behavior.

The polarization and power curves in Figures 3A–3B were further
analyzed by deconvoluting them to extract the mass transport, ohmic
and kinetic overpotentials (Figures 3C–3E). Two things were imme-
diately clear. First, manipulating the reacting gas dew points has a
negligible effect on the electrode kinetics. Second, under these con-
ditions, the kinetic resistance mostly controls cell behavior, though
the mass transport resistance is also significant. In fact, these all-Pd
AEMFCs did show slightly higher kinetic overpotentials than Pt-based
catalysts at the same temperature over the entire polarization range.18

Since it can be expected that both the electrode kinetics and the
mass transfer resistance would be improved by increasing the cell tem-
perature, the AEMFC operating temperature was increased to 70◦C.
The dew points were again optimized (Figure S8 in the Support-
ing Information), and the AEMFC achieved a peak power density of
1.0 W cm−2 (at 0.42 V) and a mass-transport limited current den-
sity of 3.5 A cm−2 – both new records in the literature for Pt-free
AEMFCs. The polarization and power curves are labeled as “70C-
BPo” in Figures 3A–3B. From a catalysis perspective, the increase
in cell temperature led to significantly lower kinetic overpotentials
(Figure 3E) over the entire data set. Additionally, the high temperature
operation combined with the low relative humidity reacting gases al-
lowed for electrode flooding to be relaxed and resulted in a decrease in
the mass transfer overpotential as well (Figure 3C). Another interest-
ing point is that the AEMFC performed so well that the water produced

at the anode was nearly completely sufficient to internally humidify
the cell – leading to optimum dew points for the anode/cathode of
40◦C/42◦C (RH = 26%/29%), astonishingly low and the lowest re-
ported relative humidities for an operating AEMFC to date.

The AEMFCs with the Pd-based anode and cathode catalysts were
also tested for longevity at a constant 0.5 A cm−2 current density for
100 h (Figure 4). Promisingly, during this time the cell was able to
retain more than 75% of its initial operating voltage, even though the
chosen current density of this test was the highest applied for any
AEMFC longevity test to date,13 therefore representing a very harsh
condition for long-term operation. The small decrease of voltage dur-
ing cell testing can be explained by an increase in the high frequency
resistance of the cell (HFR, Figure 4), a measure of the membrane con-
tribution to the cell overpotential. This increase in HFR is explained
by either a slow loss of membrane water and/or membrane/ionomer
degradation.27,28

Conclusions

In summary, this study is the first in the literature to demonstrate
completely Pt-free AEMFCs that show excellent stability as well as
very high performance ∼1 W cm−2 – comparable to the state-of-the-
art Pt cells. The peak power density achieved in this work was twice
that of the best Pt-free cells in the literature to date. The cell was also
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Figure 4. Stability test for the Pt-free AEMFC with Pd-CeO2/C and PdCu/C
catalysts, and ETFE-BTMA membrane. Voltage was normalized by its initial
voltage at time = 0 (Vo). Anode and cathode Pd loading: 0.4 mg cm−2. H2
and O2 were flowed to the anode (3 bara) and cathode (2 bara) at 1.0 L min-1.
Cell temperature: 70◦C; anode/cathode dew points: 62◦C / 62◦C.

able to achieve very good stability at a high temperature and current
density. This high performing Pt-free cell represents a significant
landmark in the development progress of AEMFC technology. We
expect that in the very near future more and more studies will be
focused on Pt-free AEMFCs, finally removing Pt as a prerequisite
starting point to achieve high performing polymer fuel cells.
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