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Abstract

High durability and activity for the oxygen reduction reaction (ORR) was demonstrated for oxide-
supported platinum catalysts. The supports were antimony doped Sn02 (ATO) fibres-in-tubes obtained
by electrospinning and subsequent calcination. The doping with antimony instead of the already
reported niobium, allowed the preparation of tin oxide with electrical conductivity similar to carbon,
as well as an increased electrocatalyst loading. Platinum nanoparticles supported on electrospun ATO
demonstrated higher electrochemical stability and comparable mass activity to commercial Pt/C
during ex situ potential cycling. The in situ fuel cell tests also revealed an improved corrosion resistance
with no noticeable degradation of the oxide based membrane electrode assembly (MEA), but a slightly
lower performance compared to the MEA with carbon-supported catalysts.

Introduction

Proton exchange membrane fuel cells (PEMFCs) play an important role in the sustainable economic
growth through transportation, but also for stationary power and portable applications[1]. Extensive
research and development in the last two decades have led to remarkable progress, nevertheless,
some challenges still need to be overcome for the widespread market commercialisation of this
technology. One of the most crucial issues is the electrode degradation over time[2,3]. State-of-the-
art PEMFC cathodes are based on platinum nanoparticles supported onto high surface area carbons,
which at the high potential reached e.g. during start-up cycles lead to PEMFC major failure due to
carbon support corrosion and to the catalyst particles dissolution and sintering[4,5].

Alternative catalyst supports must present high electronic conductivity, porous structure, dissolution
stability, reasonable surface area and low cost[6]. Among them graphitised carbons, electronically
conducting polymers, metal nitrides, carbides, borides, and oxides have been widely studied[7]. The
latter, with their high corrosion resistance and strong interaction with the metal catalyst[8], have
shown great electrochemical stability combined with good electrocatalytic performance[9-13].

Since the end of the 70’s[14,15] SnO2-based supports have been investigated as both cathode[8,16—
23] and anode supports[24—27]. In order to increase their electrical conductivity, recent studies have
demonstrated two effective strategies: the preparation of composite materials with
carbon[19,20,22,28-34] and the doping with heteroatoms including niobium, tantalum, ruthenium
and antimony[17,23,35-40].
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Antimony doped tin oxide (ATO) is one of the most investigated electrocatalyst supports due to its
electrical conductivity similar to that of carbon[35,38,41-46]. Microporous antimony doped Sn02
supports synthesised by hydrazine reduction and catalysed with Platinum nanoparticles showed
improved stability at high potential (only 5 % loss of surface area after 300 cycles at 1.45 V), but lower
electrocatalytic activity than Pt/C catalysts [17]. Platinum nanoparticles supported on ATO high surface
area powders prepared by a modified sol-gel synthesis have also demonstrated a high corrosion
resistance, presenting an oxygen reduction reaction (ORR) activity decrease of 26 % after 1,000 cycles
between 0.5 and 1.5 V against the 65 % of platinum on acetylene black[47]. However, the
electrocatalytic activity was still lower than conventional Pt/C electrodes. Similar results were obtained
on platinum deposited on ATO nanoparticles, where the low mass activity was attributed to the low
electrochemical surface area (ECSA) and electrical conductivity of the pure oxide support[38]. In the
case of aggregated oxide structures, the obtained ORR activity and fuel cell performance was even
superior to that of platinum on carbon black electrodes[48,49].

It has been already demonstrated that the stability of the antimony doped Sn02 is not an intrinsic
characteristic of the material, but instead strongly depends on the synthesis conditions, being related
to the antimony ion concentration at the surface[47]. This explains a certain instability of ATO based
electrodes (Sn or Sb dissolution) reported by some research groups[49-51], while in other cases
potentials as high as 1.8 V could be reached without degradation[52].

In this work SnO2 loose-tubes with different antimony at.% were obtained by electrospinning and
calcination. After the determination of the optimal doping amount, samples with the highest surface
area and electrical conductivity were functionalised with Pt nanoparticles synthesised by a microwave-
assisted polyol method[10]. Morphological, structural, textural and electrical properties of the
obtained ATO fibre-in-tubes as well as in situ and ex situ electrochemical properties of the platinum
catalysed materials are reported. Great improvements in terms of electrical conductivity, long term
stability, ORR mass activity and fuel cell performance compared to Nb doped SnO2 loose-tube based
electrodes also prepared by electrospinning and described in previous publications[40,53] and the
better electrochemical stability of these systems compared to conventional Pt/C electrodes are here
described.

Results and Discussion

The ATO based materials have been prepared by electrospinning, a physical method allowing the
controlled synthesis of nanofibre mats with surface area and porosity well adapted for PEMFC
electrodes[55,56]. The morphology of the prepared SnO2 materials containing different amounts of
antimony has been evaluated after calcination by FE-SEM. The micrographs of 5 and 10 at.% antimony
doped tin oxide are shown in Figure 1 (low magnification image available in Supporting Information,
SI). Similarly to Nb doping[53], the presence of antimony induces the formation of hollow 1D structures
rather than solid fibres by single-needle electrospinning independently of the SnCI2 precursor
concentration. As in the case of niobium, the formation of fibre-in-tube morphology could be ascribed
to the inhibition effect of the particle growth also produced by antimony[57,58]. More pronounced
fibre-in-tube structures and with lower average tube diameters were obtained when the antimony
concentration increased from 5 (~ 230 nm) to 10 at.% (~ 180 nm).
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Figure 1. SEM images of 5 (a) and 10 (b) Sb at.% doped Sn0O2 and corresponding fibre diameter
distribution histograms (c and d).

Structural analysis has been performed on non-doped and antimony containing SnO2 samples to
investigate their crystallinity and the success of the doping. Figure 2 presents the corresponding XRD
patterns. They reveal that all diffraction peaks correspond to polycrystalline tin oxide, which can be
indexed as tetragonal P42/mnm cassiterite structure (JCPDS 41-1445). No supplementary diffraction
peaks related to separate phases containing antimony were detected. Therefore, given their
comparable ionic radii (0.69, 0.74 and 0.9 A for Sn4d+, Sb5+ and Sb3+, respectively)[37], it may be
concluded that antimony ions replace the tin ions in the Sn0O2 lattice without significant cell volume
variations. Moreover, due to the similar outer shell electronic configurations the substitutional doping
is utterly possible. The XRD peak broadening with increasing antimony concentration indicates a
decrease in the grain size of Sn02 doped with antimony. Indeed, the crystallite sizes calculated using
the Scherrer equation were ca 31, 22 and 18 nm for undoped, 5 and 10 at.% Antimony doped Sn0O2,

respectively. As already pointed out, this can be attributed to grain growth inhibition induced by
antimony[57,58].
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Figure 2: XRD diffractogramms of electrospun SnO2 with different antimony doping levels.

The electrical conductivity at RT increases significantly from ca 0.001 S cm-1 for undoped electrospun
Sn02 to 0.7 Scm-1 and 1 S cm-1 for 5 and 10 at.% antimony doped Sn0O2, respectively (50 times the
value obtained for Nb doped tin oxide loose-tubes)[53]. Antimony can be incorporated into the tin
oxide lattice as Sb5+ or as Sb3+. It has been reported that for low doping level, antimony is present
mainly as Sb5+ (donor-doping) and the conductivity increases with the antimony content[59]. By
further adding antimony, Sb3+ (acceptor-doping) amount increases resulting in the compensation of



donor levels with a consequent decrease in electrical conductivity. Electrical conductivity of ATO
electrospun loose-tubes increases with temperature (Figure 3) demonstrating the semiconductor
behaviour of the oxide. Similar values (0.99 S cm-1 at 80 °C)[38] or even higher approaching carbon
(40 S cm-1 at RT)[48] have been reported for ATO nanoparticles.
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Figure 3. Electrical conductivity of 5 and 10 at. % Sb-SnO2 loose-tubes as a function of temperature.

The nitrogen adsorption/desorption isotherms of 5 and 10 at. % antimony doped SnO2 loose-tubes
showed hysteresis in the relative pressure range between 0.7-1.0 (type-1V isotherms), which is typical
of mesoporous materials (Figure SI2 in Sl). The specific surface areas calculated by the BET method
were 26, 27 and 35 m2 g-1 for undoped, 5 and 10 at. % Sb doped SnO2, respectively. 10 at.% ATO
exhibits enhanced surface area which can be attributed to smaller grain size. This sample, combining
the highest electrical conductivity and the highest surface area has been thus chosen for platinum
deposition and further electrochemical characterisation.

Platinum particles prepared by the microwave-assisted polyol method[10] have been deposited onto
ATO loose-tubes. TEM micrographs of Figure 4 show that their average diameter is 2.4 nm and that
they are homogeneously dispersed on the hollow fibres without aggregation. A theoretical study
reported that the presence of antimony in SnO2 can contribute to better dispersion and anchorage of
the platinum particles[58].
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Figure 4. TEM image of Pt/Sb-Sn0O2 (a) and the corresponding platinum nanoparticle size distribution
(b).

The XRD pattern of the Pt/Sb-SnO2 material (Figure SI3) together with diffraction peaks assigned to
tetragonal cassiterite SnO2 shows those corresponding to the face-centred cubic structure of platinum
(26 = 39.7, 46.2 and 67.42, JCPDS 004-0802). The average diameter of the platinum crystallites,
estimated applying the Scherrer equation to the Pt (111) peak, was 2.9 nm, in agreement with TEM
results. X-ray fluorescence indicated a platinum loading of 40 wt.%.



CV measurements were performed in nitrogen saturated HCIO4 on Pt/Sb-SnO2 and on commercial
Pt/C for comparison (Figure Sl4). The hydrogen adsorption/desorption peaks and platinum oxide
formation and reduction were clearly evident. The ECSA values, based on the hydrogen desorption
process, reached 31 m2 g-1. This value is slightly higher than that obtained for Nb doped tin oxide
synthesised with the same electrospinning method (27 m2 g-1)[60] and on other ATO materials (20 m2
g-1), attributed to the relative low electrical conductivity and the small surface area of the support[38].
Other groups reported higher ECSA values for platinum nanoparticles deposited onto an antimony
doped tin oxide aggregated particle supports (ca 40 m2 g-1[50], 60 m2 g-1 after electrochemical
cycling[48] and 69 m2 g-1[49]). During the prolonged cycling between 0.6 and 1.2 V, the ECSA value
decreased and that was used as a stability probe for the tested electrodes (Figure 5). The surface area
loss over time was lower for the oxide based electrode than for the carbon based electrode. Indeed,
after 10,000 cycles the Pt/C ECSA decreased by 55 %, while the Pt/ATO sample only lost 40 % of its
electroactive area (Figure 5).
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Figure 5. ECSA variation upon electrochemical cycling for Pt/ATO loose-tubes and Pt/C and
corresponding exponential fitting curves obtained with OriginPro8 software (OriginLab).

The ORR activity of Pt deposited on the ATO loose-tubes was evaluated and compared to that obtained
using the carbon based electrocatalyst. The corresponding mass activities have been calculated by
dividing the kinetic currents obtained applying the Koutecky-Levich equation by the mass of loaded Pt
onto the RDE. The ORR Tafel plot for the SnO2 based electrode and the reference are presented in
Figure 6. The mass activity values calculated at 0.9 V were 0.14 and 0.17 A mgPt-1, and at 0.85 V 0.430
and 0.60 A mgPt-1 for Pt/Sb-Sn02 and Pt/C, respectively. In any case the activity of the tin oxide based
catalyst is almost as high as that of the carbon based one. A great improvement is observed compared
to the Nb doped Sn02 prepared in similar conditions, which presented an activity of only 0.034 A mgPt-
1 at 0.9 V[40]. That might be ascribed to the significantly increased electrical conductivity of the
antimony doped support as well as to the higher Pt loading achieved with the hollow fibres of Sb-Sn02.
Also in comparison with other Pt/Sb-Sn0O2 materials, the electrocatalytic activity of this electrospun
catalyst is similar (0.515 A mgPt-1 at 0.85 V)[49] or even higher (0.094 A mgPt-1 at 0.85, 0.015 A mgPt-
1 at 0.9 V[47], in agreement with the obtained Pt active areas.

To further investigate the performance and the durability of Pt/ATO loose-tubes, in situ H2/02fuel cell
tests have been performed on MEA prepared using them at the cathode side. The corresponding
polarisation curve is depicted in Figure 7 with those of Pt/Nb-Sn0O2 and Pt/C based cathodes[40]. At
low current densities, the behaviour is similar for the two tin oxide based MEAs, despite the better
ORR activity of the ATO. There is a markedly improved performance in the ohmic region for the MEA
with the Pt/Sb-Sn0O2 cathode, which can be attributed to the higher electrical conductivity of the
support.
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Figure 6. ORR Tafel plot for Pt/ATO loose-tubes and Pt/C.

The maximum power density increased from 0.41 to 0.61 W cm-2 by changing the support doping
agent from Nb to Sh. This value is quite promising considering that a MEA with Pt/ATO hollow spheres
at the cathode exhibited a peak power density of 62 mW cm-2 (factor 100 lower than reported here)
and a maximum current density around 250 mA cm-2. [41]. In addition, high platinum loading on Sb-
Sn02 (40 wt.%) allows the fabrication of thinner catalyst layers, which may lead to lower ohmic and
mass transport losses. Although the performance of the Pt/Sb-SnO2-MEA is still lower than Pt/C based
MEA (maximum power density of 0.96 W cm-2), this result clearly identifies the support conductivity
as one of the main factors driving MEA performance. Another possible reason for the reduced activity
compared to the Pt/C based MEA could be dissolution of antimony, which could poison the surface of
platinum as observed by Suchsland et al.[51] Nevertheless, the results obtained after AST (Figure 8
described lower) seem to exclude this scenario.
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Figure 7. Polarisation curves of MEA with Pt/Nb-Sn02, Pt/Sb-Sn02 and Pt/C cathodes at 80 °C and
100 % RH.

Kakinuma et al. found lower performance in H2/air for an MEA based on Sb doped than Nb doped tin
oxide and carbon black (CB) based cathodes, and attributed this result to a poisoning of the catalyst
layer by impurities originating from the oxide components, namely Sn dissolution and reprecipitation
onto platinum[49]. These authors observed that in acidic and reducing medium Sn ions could be
detected in solution to a higher extent when the oxide was doped with Sb than with Nb.



In order to evaluate the relative stability of the MEAs, an accelerated stress test was performed and
the i/V characteristics redetermined. The comparison of the polarisation curves obtained before and
after the AST test for Pt/Sb-Sn02 and Pt/C based MEAs is shown in Figure 8.

The initial open circuit voltages (OCV), around 0.96 V for both MEAs are practically unchanged after
potential cycling. At higher current densities the performance of the Pt/C based MEA underwent a
strong decrease, while negligible decrease was observed for the ATO based MEA resulting in slightly
higher final currents compared to the carbon based MEA (Figure 8).The performance degradation is
related to detachment and migration of platinum nanocatalysts as a result of carbon corrosion as well
as platinum dissolution and migration into the ionomer membrane[40]. The tin oxide based MEA
resulted in a higher durability due to electrochemical stability of the support.
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Figure 8. Polarisation curves of Pt/Sb-Sn02 and Pt/C based MEAs before and after the accelerated
stress test at 80 °C and 100 % RH.

The charge transfer properties of the ATO loose-tubes and the carbon based electrocatalyst in fuel cell
electrodes were evaluated by performing electrochemical impedance spectroscopy (EIS) at different
current densities (0.1 to 0.5 A cm-2) before and after the AST. For both samples, Nyquist plots
presented a single impedance arc (Figure SI5), whose diameter is related to the electrode charge
transfer resistance (Rct), mainly due to the sluggish ORR, but probably related to the intrinsic
resistance of the electrocatalyst support. A Randles model has been used to describe the single
semicircle loop, where double-layer capacitance is replaced by a constant phase element due to the
porous structure of the electrode[61]. The ohmic (Rohm) and charge transfer resistances obtained
from impedance spectra in figure SI3 are listed in Table 1. The Rct for the ATO based electrode were
greater than that for the carbon-based cathode, but lower than that of Pt/Nb-Sn02-MEA[40], probably
due to the different electrical conductivities of the support materials, in agreement with the PEMFC
performance of Figure 6. Their values decrease with increasing current density. The ohmic resistances,
mainly related to the ionomer membrane, are lower for the Pt/C based MEA than for the Pt/ATO based
one. The contribution of the support resistance may be taken into account.



Tablel. Ohmic and charge transfer resistances obtained by fitting EIS spectra obtained at several
current density.

j,Acm? Rohm, © em? Ret, Q cm?

Pt/ATO based MEA

0.1 0.091 0.789
0.3 0.092 0.371
0.5 0.092 -

Pt/C based MEA

0.1 0.071 0.503
0.3 0.072 0.180
0.5 0.070 -

EIS analysis performed after the in situ voltage cycling (Figure SI6) showed that the ohmic resistances
remained almost unchanged for all MEAs. Pt/Sb-SnO2-MEA showed a lower increase of charge transfer
resistance (from 0.789 to 0.888 Q cm2) than Pt/C-MEA (from 0.503 to 0.900 Q) cm2), in agreement with
the i/V curve after AST (Figure 7). The stability of the ATO support seems not to be compromised as
reported elsewhere[49-51].

As a result of the improved conductivity of the catalyst layer, MEAs integrating ATO based cathodes
provide significantly higher performance than Nb-SnO2 based MEA. Although the lower maximum
power density compared to Pt/C-MEA, these results clearly show that Sb-SnO2 holds promise as
cathode catalyst support for PEMFC applications.

Table 2. Ohmic and charge transfer resistances obtained by fitting EIS spectra before and after 1200
AST cycles.

Cycle number Rohm, © em? Ret, Q@ cm?

Pt/ATO based MEA

0 0.091 0.789

1200 0.092 0.888

Pt/C based MEA

0 0.071 0.503

1200 0.070 0.900

Conclusions

Antimony doped Sn0O2 (ATO) fibres-in-tube prepared by electrospinning and loaded with platinum
nanoparticles show ORR mass activity almost as high as for commercial Pt/C and their stability
evaluated by ECSA retention was superior. The oxide based electrode has significantly higher stability
in fuel cell accelerated stress tests up to 1.4 V.



Electrocativity and stability over time are greatly improved compared to other electrospun oxide based
electrodes [10,40,53,62]. The challenge remaining to overcome is to increase fuel cell performance,
still lower than that obtained for Pt/C MEAs. Further studies are in progress to verify the stability of
ATO in PEMFC operating conditions, already suggested as possible issue for this reduced activity[49—
51], and definitely meet this challenge and propose a real alternative to carbon supports.

Experimental Section

The synthesis protocol for antimony doped Sn0O2 fibre-in-tubes is similar to the previously reported
niobium doped materials[53]. 0.05-0.1 g of SbCI3 (99 %, Sigma-Aldrich), corresponding to doping levels
between 5 and 10 at.%, were added to a solution of 0.78 g of SnCI2 (98 %, Sigma-Aldrich) and 0.8 g of
polyvinylpyrrolidone (PVP, average Mw ~ 1,300,000, Sigma-Aldrich) solution in ethanol (99.8%, Fluka)/
N,N-dimethylformamide (DMF, 98 % min., Fluka) = 1.8. The obtained mixture was stirred overnight
and electrospun at room temperature on a rotating drum (Linari Biomedical) using an applied voltage
of 15 kV, a needle-collector distance of 10 cm and a flow rate of 0.3 mL h-1. The as-prepared SnCI2/PVP
fibres were calcined at 600 °C for 4 h in air with a heating rate of 5 °C min-1 in order to remove the
carrier polymer and to allow formation of the hollow inorganic fibres.

A microwave-assisted polyol method[10] was used to prepare platinum nanocatalyst particles. 133 mg
of hexachloroplatinic acid (H2PtCl6 6H20, 99.9 % Alfa Aesar) were dissolved in 95 mL of ethylene glycol
(99.8 %, Sigma Aldrich) and the pH was adjusted to pH 11.4 using 1 M NaOH solution (98 %, Sigma
Aldrich) in ethylene glycol. The resulting solution was heated at 120 °C for 6 minutes at 200 W in a
microwave reactor (MiniFlow 200SS Sairem). 60 mg of the Sb-Sn02 fibre-in-tubes were added to the
as-synthesised platinum nanoparticle suspension with the pH adjusted to 2 using 1 M H2S04 (95-98
%, Sigma Aldrich) in ethylene glycol. After gentle stirring for 24 hours the product, Pt/Sb-Sn02, was
recovered by filtration, washed with milli-Q water and ethanol and dried at 80 °C for 24 h. A further
thermal treatment at 160 °C for one hour was performed to remove any ethylene glycol traces from
the noble metal surface[54].

The morphology of the electrospun materials and of the loaded platinum particles was analysed by
field emission-scanning electron microscopy (FE-SEM) using a Hitachi S-4800 microscope and by
transmission electron microscopy (TEM) using a JEOL 1200 EXIl microscope operating at 120 kV
equipped with a CCD camera SIS Olympus Quemesa (11 million pixels). For TEM analyses, the samples
were suspended in ethanol and sonicated before deposition onto carbon-coated copper grids. The
average diameters of platinum nanoparticles and of the loose-tubes were determined by measuring
200 selected objects using the ImagelJ software.

Powder X-ray diffraction (XRD) patterns were recorded at room temperature in Bragg-Brentano
configuration using a PANAlytical X’'pert diffractometer, equipped with a hybrid monochromator,
operating with CuKa radiation (A = 1.541 A), and using a step size of 0.1° 20 within the 26 domain from
20 to 80°.

The Pt loading on Sb-Sn02 was determined by X-ray fluorescence (XRF). The samples were prepared
by grinding 50 mg of Pt/Sb-Sn02 with 25 mg of cellulose. This mixture was then placed in a H3BO3
matrix and pressed, in order to obtain a pellet of 32 mm diameter with scanned surface of ca. 12 mm.
The same protocol was used to prepare seven standards using 15, 20, 25, 30, 35, 40 and 45 wt.% of
platinum black (Alfa Aesar) and Sb-Sn02 to obtain a calibration line. The XRF analyses were performed
with a PANalytical Axios Max spectrometer fitted with a Rh (4 kW) tube, and equipped with a LiF200
crystal and Omnian software.



Nitrogen adsorption/desorption isotherms on ATO loose-tubes were determined at 77 K by means of
a Micromeritics ASAP 2020 apparatus after outgassing overnight at 200 2C under vacuum (10-5 Torr).
The specific surface area (SBET) was calculated using the BET equation and taking 0.162 nm2 as the
cross-sectional area of one N2 molecule.

The electronic conductivity of Sb doped SnO2 was determined in the temperature range 22-100 °C
from resistance measurements carried out using an in-house conductivity cell equipped with four gold
electrodes and using the Van der Pauw calculation. Samples were analysed as flat pellets by pressing
them at 5 tons for 10 min.

The ex situ electrochemical analyses were carried out in a three-electrode cell consisting of a glassy
carbon rotating disk electrode (RDE) (working electrode, geometric area of 0.196 cm2), a reversible
hydrogen electrode (reference electrode, RHE) and a platinum wire (counter electrode). A Pine
bipotentiostat model AFCBP1 was used. All the potential values are referred to the RHE and the current
densities are reported as current per geometric electrode area. To prepare the catalyst ink, 5 mg of
the Pt/Sb-Sn02 electrocatalyst were dispersed in 670 pL milli-Q water, 2.7 mL of ethanol (Aldrich) and
23 pL 5 wt.% Nafion® solution in alcohols (Aldrich). For the reference, 5 mg of 57 wt.% Pt/C (HiSPEC
9100 from Johnson Matthey) were dispersed with 1 mL of milli-Q water, 4 mL of ethanol (Aldrich) and
35 uL of the 5 wt.% Nafion® solution in alcohols (Aldrich). The catalyst inks were sonicated (VWR
Ultrasonic Cleaner) for 15 min. Aliquots of 7 L of the inks were then deposited onto the RDE surface
with a micropipette and dried in air. The platinum loading was 21 pug cm-2 for both electrocatalysts.

Cyclic voltammetry (CV) was performed in N2 saturated 0.1 M HCIOA4. For experiments assessing
catalyst and support stability, 10,000 cycles were performed between 0.6 V and 1.2 V with a scan rate
of 500 mV s-1; every 100th cycle was performed between 0.025 V and 1.2 V with a scan rate of 20 mV
s-1 to determine the ECSA. Its calculation was based on hydrogen desorption peaks in the range 0.05
V to 0.4 V vs RHE after double-layer correction, assuming a monolayer hydrogen adsorption charge of
210 uC cm-2 for the Pt surface. The ORR curves were recorded using linear sweep voltammetry at 1600
rpm in O2 saturated 0.1 M HCIO4. The potential was varied from 0.1 V to 1.2 V vs RHE at a scan rate of
20 mV s-1, these were later background and IR corrected.

Gas diffusion electrodes for the anode were purchased from Alfa Aesar. Platinum loading was 0.4 mg
cm-2. Nafion® 212 membranes (lon Power) were treated before assembly with the electrodes using a
procedure detailed elsewhere[40]. Pt/Sb-Sn02 and Pt/C based cathodes loaded with 0.5 mg cm-2 Pt
were prepared with the following method: a mixture of 9.5 mg of Pt/Sb-Sn02 or 4 mg Pt/C catalyst, 46
pL of a 5 wt.% Nafion® solution (Sigma-Aldrich), 400 uL of water and 2 mL of ethanol was sonicated for
at least 30 min and sprayed-coated on a gas diffusion layer (4 cm2, Sigracet 10 BC). The membrane
electrode assembly (MEA) was assembled by pressing the electrodes and membrane at 140 °C for 2
min at 25 MPa. The MEA was then incorporated in the fuel cell fixture using fluorinated ethylene
propylene gaskets at 10-15 % compression. The MEA conditioning step was performed at 0.5 A cm-2
overnight at 100 % RH and 80 °C. Polarisation curves were recorded under H2/02 (stoichiometry 1.5/2)
by setting the current density and measuring the cell potential. A back-pressure of 1 bar was applied
(2 bar absolute pressure).

An accelerated stress test (AST), applied in the fuel cell at 80 °C, consisted of a square-wave type
voltage cycle, holding at 0.9 V for 3 sec and at 1.4 V for 3 sec, and repeating 1200 times[49].
Electrochemical impedance spectroscopy (EIS) measurements in the range 20 kHz to 100 mHz were
performed at 0.1, 0.3 and 0.5 A cm-2 to measure the resistance in the MEAs before and after the
voltage cycling.
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