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Antimony doped tin oxide (ATO) supported platinum nanoparticles are considered a more stable replacement for conventional carbon
supported platinum materials for the oxygen reduction reaction. However, the interplay of antimony, tin and platinum and its impact
on the catalytic activity and durability has only received minor attention. This is partly due to difficulties in the preparation of
morphology- and surface-area-controlled antimony-doped tin oxide materials. The presented study sheds light onto catalyst–support
interaction on a fundamental level, specifically between platinum as a catalyst and ATO as a support material. By using a previously
described hard-templating method, a series of morphology controlled ATO support materials for platinum nanoparticles with different
antimony doping concentrations were prepared. Compositional and morphological changes before and during accelerated stress tests
are monitored, and underlying principles of deactivation, dissolution and catalytic performance are elaborated. We demonstrate that
mobilized antimony species and strong metal support interactions lead to Pt/Sb alloy formation as well as partially blocking of active
sites. This has adverse consequences on the accessible platinum surface area, and affects negatively the catalytic performance of
platinum. Operando time-resolved dissolution experiments uncover the potential boundary conditions at which antimony dissolution
can be effectively suppressed and how platinum influences the dissolution behavior of the support.
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Proton exchange membrane fuel cells (PEMFC) are the state of
the art technology for mobile fuel cell applications.1 Their perfor-
mance is mainly controlled by the sluggish kinetics of the oxygen
reduction reaction (ORR) taking place at the cathode.2 The acidic
and electrooxidative conditions inside the PEMFC, however, pose
substantial challenges to the materials employed. For enhanced
noble metal utilization, nanoparticles with a high surface to volume
ratio are usually supported on high surface area supports. Carbon is
by far the most used support material.3 Nevertheless, the activity loss
caused by carbon corrosion and platinum dissolution, especially at
high electrode potentials and high temperatures, remains significant,
raising interest in alternative support materials.4–6 Due to the harsh
conditions in PEMFCs, the number of possible material candidates is
limited and mostly oxides, nitrides and carbides are proposed to be
sufficiently conductive and stable.7–9 Antimony doped tin oxides
meet these requirements and tolerate catalyst poisons such as CO to
a higher extent compared to Pt/C.10–14 The properties of ATO with
various antimony contents and morphologies were examined in
several publications for ATO aerogels,15,16 nanoparticles,17–19

fibers,20 and films21 (cf. Table SI available online at stacks.iop.
org/JES/168/024502/mmedia for a selection of recent publications).
However, the effect of different antimony doping levels on the
catalyst performance and durability remains largely unexplored.
From the publications mentioned, two general trends can be
deduced: firstly, the specific activity of ATO supported catalysts is
lower than that of carbon-supported platinum at comparable
electrochemical surface areas (ECSA) and support particle sizes
(cf. Table SI and22). Secondly, the ECSA decays to a lower extent

throughout accelerated stress tests in comparison to the surface areas
of carbon supported platinum catalysts. However, the specific
activity after accelerated stress tests is only addressed in few
reports,15,19,23 and the impact of the support material on the
catalyst’s activity and possible deactivation mechanisms remains
largely unknown.

In this work, the interaction of platinum nanoparticles with
antimony tin oxide supports was examined in detail, and the
implication of antimony concentration on the electrochemical
performance was elaborated. A recently reported, versatile hard-
templating synthesis method was used to obtain ATO materials with
similar morphologies at different and controllable antimony doping
concentrations.24 Specifically, surface sensitive techniques such as
X-ray photoelectron spectroscopy (XPS) were combined with X-ray
diffraction (XRD) and transmission electron microscopy (TEM)
paired with energy dispersive X-ray spectroscopy (EDX) to uncover
the catalysts’ morphology, crystal structure, the local element
distribution and its surface characteristics. In-situ, time and potential
controlled flow cell measurements were coupled to an inductively
coupled plasma mass spectrometer (ICP-MS) to identify possible
degradation mechanisms. Identical location (scanning) TEM (IL-
STEM) measurements were used to track changes in elemental
distribution and the structure of individual particles after various
degradation protocols. Altogether, our results present important
insights on metal-support interactions between platinum and ATO
and their impact on activity, performance, dissolution behavior and
long-term stability.

Experimental

Synthesis.—For further details on the applied chemicals and the
syntheses, please refer to the supporting information.zE-mail: marc.ledendecker@tu-darmstadt.de; schueth@kofo.mpg.de
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ATO support.—The synthesis of the ATO support, by hard-
templating from a silica template, is described in detail
elsewhere (25,24). The support materials used here are equivalent to
the introduced mesoporous ATO materials with different antimony
dopant concentration (numbers 10, 11, 13, 15 and 16). Additionally, a
pure SnO2 material was prepared with the same synthesis method
without addition of antimony. For details on the synthesis, please refer
to the publication mentioned above and the supporting information.

Platinum loading.—For the one-pot synthesis, the platinum
nanoparticles are formed by applying a polyol method in the
presence of the respective support material. Typically, the support
material (100 mg) is dispersed in ethylene glycol (21.5 ml) by
ultrasonication (30 min). PVP (30.42 mg) and excess of K2PtCl4
(50 mg) is added and the dispersion is further sonicated (15 min).
The dispersion is transferred into a preheated oil bath (150 °C) and
stirred at constant temperature (30 min) under reflux. Afterwards, the
mixture is removed from the oil bath, naturally cooled down to room
temperature and stirred for further 16 h. The particles are collected
by centrifugation (9000 rpm, 8700 x g, 10 min) washed twice with
ethanol (40 ml) and dried for 24 h (80 °C).

An analogous procedure was used for the two-pot synthesis with
the exception that the support materials were added after particle
formation and only half the batch size was used. Therefore, the
support material (50 mg) was dispersed in 3 ml ethylene glycol by
sonication (30 min) and added to the preformed nanoparticles after
cooling the reaction mixture to room temperature. The mixture was
stirred at room temperature for 16 h before the particles were
collected and washed as described before.

For the synthesis of platinum particles supported on the carbon
hollow graphitic sphere support, please refer to a previous publication.26

Characterization methods.—TEM measurements were per-
formed on a Hitachi H-7100 instrument (100 kV) and a Hitachi S-
3500N Scanning Electron Microscope (SEM), equipped with a 5i
(Li) Pentalet Plus Detector (Oxford Instruments GmbH) EDX
Detector. SEMs were recorded using a spherical aberration corrected
STEM/SEM HD-2700 (200 kV, Cold FEG) equipped with an EDX
detector (EDAX OCTANE T Ultra W 200 mm2 SDD, TEAM
Software).

For identical location transmission electron microscopy, gold TEM
finder grids (S147A9, Plano GmbH) were coated with an aqueous
catalyst suspension (10 μl, 0.05 gcat·l

−1). After drying, the sample was
examined in a Cs-corrected (CEOS GmbH), FEI Titan 80-200
(“ChemiSTEM”) electron microscope equipped with a high angle
annular dark field (HAADF) detector at 80 kV to minimize beam
damage. “Z-contrast” conditions were achieved by using a probe semi-
convergence angle of 24.7 mrad and an inner collection semi angle of
88.4 mrad. Elemental maps were recorded by EDX using four large-
solid-angle symmetrical Si drift detectors. To prevent beam damage,
the acquisition time for each elemental map was 5 min. After the
characterization, the catalyst-covered TEM grid was used as a working
electrode in electrochemical degradation experiments with a carbon
rod as counter electrode. For the accelerated aging experiments, the
potential was cycled between 0.4 and 1.0 VRHE for 10,800 times with
a potentiostat (SP 50, Bio-Logic Science Instruments) at 20 °C. The
homemade three electrode glass cell was equipped with a RHE as
reference electrode (Gaskatel, HydroFlex). Argon saturated perchloric
acid (0.1 mol·l−1, Merck, suprapur) was used as electrolyte. The iR
drop was measured and was corrected for by the current interrupt
method. After the ASTs, the grid was dipped several times into
ultrapure water to remove electrolyte residues. After drying, the grid
was transferred to the electron microscope and the pre-characterized
catalyst agglomerates were re-examined.

XRD data were recorded with a Debye–Scherrer transmission
diffractometer (Stoe STADI P). The instrument was equipped with a
primary Ge(111) monochromator (Mo-Kα1 radiation). The samples
were placed in borosilicate glass capillaries (diameter = 0.5 mm).
The data were typically collected in the range of 5°–50° (2θ) with a

step width of 0.015° and counting times adjusted to the sample
requirements. For structure refinement, TOPAS527 was used. As
starting crystal structures, the following sources were used: SnO2

28

and Pt.29 The atomic coordinates were fixed while the lattice
parameters, scaling factors, and profile parameters were refined.
Phase quantification is based on the Rietveld refinements.

XPS measurements of the Pt/ATO samples were carried out on a
Quantera II (Physical Electronics, Chanhassen, MN, USA), applying
a monochromatic Al Kα X-ray source (1486.6 eV) operating at
15 kV and 25 W. The C 1s signal at 284.0 eV was used to reference
the binding energy scale. Analysis of the spectra has been carried out
with the Casa XPS software. For powder measurements, the catalyst
was deposited onto a conductive carbon tape, which was attached to
a sputtered gold film.

N2 sorption measurements to determine BET surface areas and
pore volumes were carried out using a Micromeritics 3Flex device.
The materials were activated at 250 °C for 6 h in vacuum. The
measurements were performed at 77.4 K using a static volumetric
method, and a relative pressure tolerance of 5% for the equilibration
intervals. For relative pressures below 0.1 p·p0

−1, an incremental
dose mode (15 cm3·g−1 STP with 10 s equilibration intervals) was
employed. The BET surface area was calculated from the adsorption
branch in the range of 0.05 to 0.25 p·p0

–1. The Barrett, Joyner and
Halenda (BJH) method was employed for the estimation of the pore
size distribution from the desorption branch.

For RDE measurements, catalyst suspensions were prepared in
1 ml ultrapure water (Elga PURELAB® Plus, 18 MΩ∙cm, TOC <
3 ppb). After ultrasonicaton, 20 μl of the suspension were drop
casted onto the Glassy carbon (GC) electrode (d= 5 mm), so that the
Pt loading was 20 μg cm−2. Prior to deposition, the GC electrodes
were polished with a slurry containing water and aluminum oxide
(0.3 and 1 μm particle size). 0.1 M HClO4 electrolyte was prepared
from ultrapure water and 70% HClO4 (Merck Suprapur®).

The measurements were performed at room temperature on a
Gamry Reference 600 potentiostat with an in-house designed RDE
setup. A three-compartment Teflon cell was used with a graphite rod
counter electrode and a Ag/AgCl reference electrode (Metrohm, 3 M
KCl) which was calibrated against a reversible hydrogen electrode
(RHE) at the beginning of each measurement. All potentials are
reported vs RHE. The reference electrode was separated by a
Nafion® membrane (Tschurl modification) to avoid chloride con-
tamination. Prior to measurements, the iR drop in the cell was
determined by high frequency impedance.

The electrochemical active surface area (ECSA) was determined
from CO-stripping and HUPD, where the CV recorded directly after
CO stripping served as background for the ECSACO and vice versa.
Conversion factors of 390 and 195 μC·cm−2

Pt were used for CO
stripping and HUPD according to Ref. 30. The measurement
consisted of 1) an activation protocol consisting of 200 cycles
between 0.05 to 1.4 V at 200 mV s−1 in Ar-sat 0.1 M HClO4. 2) The
ORR activity was determined in O2-sat electrolyte conducting cycles
between 0.05 and 1.2 V at 50 mV s−1 and rotation speeds of 400,
900, 1600 and 2500 rpm. A CV in Ar-sat electrolyte served as
background. The specific, normalized by the ECSA value as
determined by HUPD, and mass activities were determined from
the CV recorded at 1600 rpm at 0.9 V for the anodic scan direction
after the background was subtracted.

After activity determination, an accelerated stress test (AST) was
performed, which consisted of 10800 cycles between 0.4 and 1.0 or
1.4 V at a scan rate of 1 V·s−1. After 0, 360, 1080, 2160, 3600, 5400,
7200, 10800 cycles the ECSA was determined with both CO
stripping and HUPD.

After the AST, the activity was again determined. For the
samples where AST 1.0 V was conducted, a third activity determi-
nation was carried out after the second activity measurement and
after electrolyte exchange of the used, antimony containing electro-
lyte against fresh 0.1 M HClO4.

A scanning flow cell coupled to an inductively coupled plasma
mass spectrometer (ICP-MS—NexION 300X, Perkin Elmer) was
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used to perform the electrochemical/stability tests.24,31,32 The
measurements were conducted in 0.1 M HClO4, prepared by diluting
concentrated acid (Suprapur®, 70% HClO4, Merck, Germany, in
ultrapure water (PureLab Plus system, Elga, 18 MΩ cm, TOC <
3 ppb). A graphite rod was used as a counter electrode and an
Ag/AgCl electrode (Metrohm, Germany) as reference. As an internal
standard for tin and antimony 103Rh and 130Te were added directly
before injection into the ICP-MS device. The standard flow rate was
180 μl·min−1 and the setup was calibrated daily.

For sample preparation, 2 mg of the samples were dispersed in
NaOH solution (2 ml, 0.001 M) with addition of Nafion-solution
(8 μl, 5 wt%, Sigma Aldrich) and after extended ultrasonic treat-
ment, 0.5 μl were dropcasted on a glassy carbon plate. The resulting
spots with a diameter of about 1.5 mm were measured as prepared by
central location within the 2 mm SFC-cell opening positioned with
the help of a vertical camera.

Results and Discussion

To systematically study the catalyst interaction with the support,
ATO materials with antimony doping concentrations (calculated as
(Sb/(Sb + Sn)) were prepared between 0 at% and 10 at% using a
liquid salt melt templating method previously reported by our
group.24

Critically, one challenge lies in the reported dependency of
antimony doping on the overall ATO particle size distribution,
which makes a fair comparison between materials difficult.15,16 We
set out to synthesize materials with similar morphology via hard
templating. Thus, the influence of antimony on the catalytic
performance of platinum can be studied independent from geometric
parameters. For a legitimate comparison between carbon, the state-
of-the-art fuel cell catalyst support, on the one hand and ATO on the
other hand, hollow graphitic spheres (HGS) with similar morphol-
ogies were used as carbon reference material, prepared by a similar

hard-templating method (Fig. S3).22,26,33,34 The same silica hard-
template was used for the synthesis of hollow spherical ATO
materials, except for the 11% Sb-ATO sample, where mesoporous
full spheres were prepared. Pt particle sizes, Pt loadings and surface
area and pore sizes (determined through nitrogen sorption experi-
ments) are comparable for all samples (cf. Table I). The 220 nm
ATO spheres consist of interconnected ATO nanoparticles in the
size range of 6 nm, the average pore diameter is 3–4 nm. As
additional reference materials, hard-templated neat tin oxide
(SnO2) with similar morphology was synthesized and commercially
available ATO nanoparticles were used (Sigma Aldrich). The latter
has a surface area of 70 m2·g−1 with a broad ATO particle size
distribution and a high antimony doping concentration of 15%.
Relevant information on all materials can be found in Table I.

In a first series of experiments, platinum nanoparticles were
formed at 150 °C in the presence of the ATO support using a polyol
method to ensure homogeneous platinum distribution on the support
—a one-pot synthesis approach. Exemplarily, the TEM micrographs
and the corresponding elemental maps obtained via EDX of Pt-11%
Sb-ATO are shown in Figs. 1a–1c. Spherical platinum nanoparticles
in the range of 4 nm are homogeneously distributed over the ATO
support material. The platinum nanoparticle size distribution corre-
sponds well to that of the Pt-HGS reference material (Table I). For
all antimony-containing samples prepared in a one-pot synthesis
approach, antimony is enriched inside or on the periphery of the
platinum nanoparticles (cf. Figs. 1b, 1c and Figs. S1 and S2). To
date, at these low temperatures, a platinum antimony interaction has
neither been observed nor discussed in the context of ATO supported
platinum ORR catalysts.19,35–37 The antimony species might either
be deposited in the form of an oxide, facilitated by strong metal-
support interactions, as adatoms on the platinum surface, or within
the platinum framework, forming an alloy. To gain additional insight
into the nature of the platinum–antimony interactions, XRD mea-
surements were performed. The XRD measurement results of all

Figure 1. (a) Exemplary TEM images of the hollow spherical ATO support (11% Sb doping); TEM micrographs and the corresponding EDX element
distribution exemplarily shown for (b) the one-pot Pt-11% Sb-ATO sample and for (c) the two-pot Pt-11% Sb-ATO sample; (d) XRD diffractograms of the
different ATO supported platinum catalysts and the Pt-HGS reference. For comparison, a diffractogram of the 11% Sb-ATO support has been added. The dotted
lines highlight the reflection positions of pure platinum. The asterisk corresponds to the reflection of the graphitized carbon. (e) Lattice parameters of platinum as
determined by Rietveld refinement for the ATO supported one-pot samples (grey dots) and the two-pot samples (green stars). The diffraction of the platinum
reference (taken from Ref. 38) is marked with a dotted line.
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ATO supported samples compiled in Fig. 1d are dominated by the
reflections of the SnO2 cassiterite structure of ATO. The broad
reflections assigned to platinum correspond well to the small
crystallite size. For Pt-11% Sb-ATO and commercial ATO, the
reflections of platinum are shifted to lower angles. Further data
analysis by Rietveld refinement (Fig. 1e) reveals indeed an increase
in platinum lattice parameters at high antimony doping concentra-
tions. The correlation between platinum lattice parameters and
increasing antimony doping concentration, as well as the close,
local proximity of antimony to platinum observed by EDX (Fig. 1b),
strongly suggests the formation of a solid solution type face-centered
cubic (fcc) Pt/Sb-alloy.

In order to further understand the impact of the applied synthesis
conditions on the antimony-platinum interaction, a two-pot synthesis
strategy was pursued (Pt-11% Sb ATO and Pt-commercial-ATO,
13 wt% and 7 wt% platinum loading, respectively, as determined by
bulk-EDX). Here, platinum nanoparticles were synthesized sepa-
rately and mixed at room temperature with the ATO support. The
respective TEM micrographs and EDX maps are displayed in
Fig. 1c. The one-pot and two-pot synthesis procedure resulted in
similar particle size distributions and no change in morphology or
structure could be observed. For the two-pot synthesis, the XRD-
diffractograms give no indications of Pt/Sb-alloy formation and the
platinum reflection positions match the expected reference values
and the position for un-doped Pt-SnO2. The antimony signal in the
vicinity of platinum, as determined by EDX, is drastically reduced
(ca. 25% to 11% average antimony mass concentration at platinum,
cf. Fig. 4a, Figs. S1 and S2). The average antimony concentration in
ATO is in accordance with the expected 6.6 wt% antimony doping
concentration. For the one pot synthesis, we hypothesize that
simultaneously to the chemically induced reduction of platinum,
significant antimony amounts are dissolved and redeposited during
the formation of platinum nanoparticles.39 This is supported by
literature where electrochemically induced reduction of antimony

oxide leads to severe antimony dissolution.24,40 Our findings suggest
a strong affinity between platinum and antimony with potential
implications for the overall catalytic performance.41

The interaction between platinum and antimony described above is
expected to lead to altered electrochemical behavior. It could, for
instance, manifest itself in the adsorption processes that are commonly
used to determine the electrochemically active surface area (ECSA),
or also in the electrochemical reaction itself. To test our hypothesis,
the ECSA of pristine catalysts (beginning-of-life, BOL) was deter-
mined through the adsorption and subsequent oxidation of carbon
monoxide (CO) and hydrogen underpotential deposition (HUPD) as
shown in Fig. 2a. The ECSAs of all oxide supported platinum catalysts
are decreased in comparison to the carbon supported Pt reference
(Pt/HGS). This is surprising as both, TEM and XRD measurements
revealed particle/crystallite sizes similar to the Pt-HGS reference. We
hypothesize that Pt/Sb alloy formation at high antimony concentra-
tions, Sb-deposition or Sb-poisoning blocks active Pt-sites and results
in lower CO and hydrogen accessibility.15,19,42 This interaction might
be irreversible.43 The different ECSA values obtained for CO stripping
and HUPD (Fig. 2) could be one strong indication of Pt/Sb interaction
as the reason for the reduced ECSA. The surface area determined by
HUPD is up to a factor of 1.5 higher compared to that obtained by CO
stripping. The CO stripping cyclic voltammogram shows one broad
CO oxidation peak at low potential and one sharp CO oxidation peak
at higher potential when antimony is present. This finding might be
rationalized by antimony adatoms suppressing the adsorption of CO as
well as facilitating its oxidation by forming Sb–O(H) species with
subsequently aided oxygen transfer.12,14 For Pt-SnO2, only a single,
broad CO-stripping peak can be observed. This suggests that the
adsorption and oxidation mechanism is altered in the presence of
antimony.

Differences in the adsorption properties of platinum have been
discussed before for e.g. Pt3Ni and Pt3Co and have been attributed to
changes in the electronic structure.44 The interactions appear not to

Table I. Properties of the prepared support materials. 1Data given for support material.

Notation
Bulk Sb/

(Sb + Sn)1/%
XPS Sb/

(Sb + Sn)1/%
BET-surface
area1/m2·g−1

Cond.
impedance1/S·cm−1

Bulk Pt loading/wt% XPS Pt
loading/wt%

Pt part.
size/nm

Bulk-EDX ICP-MS

(Pt-) SnO2 0 0 85 0.16·10−3 18 — — 4.0 ± 0.7
(Pt-) 2% Sb-ATO 2.0 3 105 0.35·10−3 20 18 23 3.8 ± 0.6
(Pt-) 3% Sb-ATO 3.5 5 115 1.9·10−3 18 18 19 3.8 ± 0.5
(Pt-) 4% Sb-ATO 4.4 6 100 1.5·10−3 19 18 20 4.3 ± 0.8
(Pt-) 11% Sb-ATO 10.9 13 125 0.34·10−3 14 14 20 3.9 ± 0.6
(Pt-) commercial-ATO 15.2 32 70 3.2·10−4 19 18 14 4.9 ± 0.8
(Pt-) HGS — — 1200 5.6·10−3 17 — — 3.4 ± 0.6

Figure 2. Platinum surface area determination. (a) Platinum ECSA values determined from HUPD and CO-stripping. (b) CO-stripping and HUPD determination of
Pt-2% Sb-ATO. Areas used for determination of the surface areas are highlighted. (c) CO-stripping and HUPD for the platinum supported on the antimony free
SnO2 support.
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be trivial and the interested reader is referred to the SI for a more
detailed discussion.

In order to test the hypothesis of platinum being poisoned and of
surface blockage by antimony, the Pt-HGS reference was subjected
to the used electrolyte of the Pt-4% Sb-ATO sample and the ECSA
was compared (Fig. S10). While the HUPD determined ECSA
remains similar, a lower amount of CO is oxidized in the presence
of antimony. The ECSA values obtained by both methods are still
below the values determined for platinum supported on carbon, and
it is unclear whether these values reflect the actual platinum surface
area.45 Geppert et al. found that covering TiO2 does not influence the
Pt HUPD region but negatively influence the ORR, OER and HER
activity.46 Clearly, more work is required to find reliable methods for
the analysis of surface species present and determination of surface
area when oxide supports are used.

The ORR performance of all samples was tested and compared to
Pt-HGS. Thin film rotating disk electrode (TF-RDE) measurements at
1,600 rpm in O2−saturated 0.1 M HClO4 were used to determine the
ORR activity by decoupling the kinetic currents from mass limiting
currents. The specific (SA) and the more application-relevant mass
activities (MA) are displayed in Fig. 3a. The obtained beginning-of-
life specific activities at 0.9 VRHE for all ATO supported platinum
nanoparticles are in accordance with Pt-HGS. Accessible platinum
atoms possess a slightly lower but similar intrinsic activity in
antimony containing catalysts compared to bare platinum on carbon.
The SA for Pt on bare SnO2 is drastically reduced. We assign the low
activity of Pt/SnO2 to the low conductivity (cf. Table I) that matches
the broad CO oxidation peak during CO stripping and the reduced
reduction peak of platinum oxide (cf. Fig. 2).

Due to the low ECSA of the antimony-containing samples, the
MA is significantly reduced and matches published literature values
for ATO supported platinum catalysts (cf. Table SI).

The long-term stability was determined by comparing the ECSA
of the different Pt-ATO samples to Pt-HGS during accelerated stress
tests (AST) consisting of 10,800 degradation cycles with two
potential boundary conditions. To maintain high electron conduc-
tivity and to suppress major antimony mobilization, the potential
was swept between a lower potential limit of 0.4 VRHE and upper
potential limits of 1.0 VRHE (AST-1.0) and 1.4 VRHE (AST-1.4).
Upper potential limits between 1.0 VRHE and 1.4 VRHE can take
place at open circuit potential, at fuel cell start up, or during fuel cell
operation.47,48 The ECSA development during ASTs reveals high
stability at both, AST-1.0 and AST-1.4 in comparison to Pt-HGS
(Figs. 3b and S8). The high stability in terms of ECSA might lead to
concluding on an enhanced durability of Pt-ATO. The reasoning
behind such a statement, however, seems too simplistic as the ECSA
starting values differ strongly among each other. To shed more light
onto the stability of platinum supported on ATO, the SA and MA
was measured prior to and after the applied degradation protocols,
revealing large activity losses of up to 80% during AST-1.4
(Fig. S7). This is interpreted to be caused by dynamic processes of

antimony dissolution and re-deposition that occur e.g. during surface
area determination and excursion to open circuit potential (OCP), as
well as losses in conductivity due to antimony leaching from ATO.
Potential excursions to OCP before and during testing play a crucial
role due to a high amount of chemically dissolved antimony species
(e.g. Sb2O5 + 2H+ ⇄ 2SbO2

+ + H2O; Sb2O5 + H2O ⇄ 2SbO3
− +

2H+)40 that can redeposit during cycling. This hypothesis is
supported by comparing the sample obtained from the one-pot
synthesis to the sample from the two-pot synthesis (Fig. S11). The
ECSA and SA after ASTs for both synthesis approaches are in a
similar range, reflecting the high mobility of antimony during the
electrochemical tests, which levels out the initial differences in
platinum surface properties. We attributed the low specific activity
of the Pt-SnO2 sample, studied as the antimony-free endpoint of the
series, to the low conductivity of the support.

In an additional testing series, the electrolyte was exchanged with
fresh electrolyte (exchanged, EEX) after each AST-1.0 and the SA,
MA and ECSA values were revised and compared to the initial values
(Figs. S9 and S11). For all materials, the SA and MA decreases after
degradation (AST-1.0) but re-increases after electrolyte exchange
reaching or surpassing BOL values. A clear trend of Sb concentration
on the SA could not explicitly be determined but the SA was,
however, smaller compared to the Pt/HGS reference sample
(cf. Fig. 3a). The differences between BOL and EOL-EEX were
assigned also to other catalysts poisons such as Cl− that can be still
present even in non-adsorbing and ultrapure electrolytes such as HClO4.
We note that the electrochemical Teflon cell was boiled prior to the
experiment in ultrapure water for 30 min, the reference electrode was a
double junction Ag/AgCl electrode shielded by an additional Nafion®
membrane to minimize the effect of chlorides from the reference
electrode (cf. experimental results). On the one hand, our results
highlight the necessity of post-degradation activity measurements to
evaluate the performance in thin film rotating disk electrode analysis.
On the other hand, we underline the significance of electrolyte
exchange in EOL activity measurements, especially for support
materials containing non-noble, dissolvable elements such as Sb.

To complement the understanding of antimony mobility and
interaction with platinum during stability measurements, we fol-
lowed the morphological and compositional evolution of individual
catalyst particles prior to and after AST-1.0 and AST-1.4 by means
of IL-STEM-EDX (Fig. 4). The local platinum, antimony and tin
concentrations were determined by EDX mapping (ca. 4 nm2

squares) both at positions with and without platinum. After AST-
1.0, the materials proof to be morphologically stable and 40% of
antimony dissolves when in close proximity to platinum while only
30% are removed from the ATO support where no platinum particles
are located. This difference is probably caused by the loss of
destabilized antimony species at/near platinum sites. Quantitative
determination of the antimony concentrations before and after AST-
1.0 are shown in Fig. 5b. The relative retention of Sb after AST-1.0
remains similar for all samples and the relative loss is neither

Figure 3. (a) Beginning-of-life specific and mass activities for the different ATO supported platinum catalysts as a function of antimony doping concentration.
(b) Evolution of ECSA (HUPD) values during the AST-1.4. ECSA values for the AST-1.0 are shown in the SI.
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influenced by the formation of the Pt-Sb alloy nor by the absolute
increase in antimony amount in close proximity to platinum. After
AST-1.4, however, nearly all platinum dissolves and its dissolution
behavior is not affected by the respective support material. The loss
of platinum particles additionally prevents the quantification of the
antimony concentration after the stress test in an equal manner to the
samples after AST-1.0.

Since the main advantage of the synthesized oxide supports lies
in the reported wide operating potential window, the dissolution
stability was analyzed via a scanning flow cell (SFC) coupled to an
inductively coupled plasma mass spectrometer (ICP-MS). The
instrumentation allows for in situ determination of time- and

potential-dependent dissolution of platinum, tin and antimony. To
correlate the applied potential with metal dissolution, two cyclic
voltammetry (CV) scans at 5 mV·s−1 from 0.05 VRHE and 1.5 VRHE

in 0.1 M HClO4 were conducted on Pt-11% Sb-ATO (one-pot) and
on Pt-HGS (Fig. 5). When brought in contact with the electrolyte,
antimony, platinum and tin dissolve due to surface restructuring and
reduction of surface oxides. The system stabilizes with time and the
dissolution drops below the detection limit of the ICP-MS. Platinum
shows the typical dissolution characteristics when oxidized (> ca.
1.1 VRHE) and reduced (< ca. 0.8 VRHE) which is line with
literature.49 A stabilizing effect of ATO on the dissolution behavior
of platinum was not detected which is in line with IL-STEM

Figure 4. (a) IL-STEM experiments of Pt-11% Sb-ATO prepared with the one-pot and two-pot methods before (BOL) and after (EOL) AST-1.0 and AST-1.4.
(b) Quantitative determination of the antimony concentrations before and after AST-1.0 by local mapping of the antimony concentration. Absolute average
values of the antimony mass concentration given for positions with platinum particles and for the ATO support material. Relative antimony retention is given in
orange dots. Errors are represented by the standard deviation.
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measurements. The total amount of platinum dissolved for ATO as
support during cycling are comparable to Pt-HGS, if normalized to
accessible platinum surface area. If normalized to the total platinum
mass, the dissolution amounts are reduced, presumably caused by
antimony/platinum interactions and antimony surface coverage,
suppressing the transient oxidation and reduction of Pt. A previously
reported transistor switching,50 due to potential-dependent changes
in conductivity, and the expected reduced platinum dissolution, was
not observed. This might be caused by the generally low platinum
dissolution in the potential range of ATO transistor switching.

For Sb, dissolution was observed at potentials below 0.3 VRHE,
which is triggered by the reduction of Sb-oxides.24,51 Interestingly, for
anodic antimony dissolution in the presence of platinum, the onset
potential of antimony dissolution (0.6 VRHE) is significantly reduced
compared to pure ATO (1.1 VRHE,

24). We hypothesize that OH*/O*
adsorption on neighboring platinum atoms accelerates the re-oxidation
of partly reduced Sb- to Sb(IV)-species that goes along with the
observed dissolution.40 During the cathodic scan, the onset of
antimony dissolution is shifted to a more positive potential from 0.3
VRHE for pure antimony to 0.8 VRHE where reductive dissolution of
platinum takes place (Fig. 5a). The high antimony dissolution rate has
a drastic impact on the applicability in membrane electrode assemblies
as described in detail in the SI. Significant antimony accumulation in
the membrane, and antimony species permeating the membrane were
observed after activity and degradation tests (Fig. S12).

Consequently, the stability window of antimony in ATO needs to
be carefully adhered to in order to avoid mobilization of antimony
by oxidation and reduction. Nevertheless, the best measure to reduce
the amount of mobile species is to minimize the total antimony
amount prone to mobilization. It has been shown that the concentra-
tion of weakly bound antimony surface species can be reduced by

selecting an optimized antimony doping concentration as well as
proper preparation and activation conditions.

Conclusions

In summary, we have provided an overview over platinum
catalysts supported on various ATO materials and elaborated on
their applicability regarding the oxygen reduction reaction. By
altering the antimony concentration while keeping the Pt loading
and Pt size, and overall support morphology the same, a detailed and
fundamental understanding of the antimony influence on the
catalytic performance of supported platinum catalysts was obtained.
Our work demonstrates that antimony has a strong and overall
negative impact on the ECSA and therefore performance of the
platinum catalysts. The specific activity of Pt-ATO is at the same
level compared to carbon supported Pt. The strong affinity of
antimony to platinum, however, blocks catalytically active Pt-sites
and results in a low overall performance. Antimony and platinum
possess high affinity to each other and form agglomerates and alloys.
The strong interaction is the main reason for the reduced mass
activity and the decreased ECSA. Also obvious was the high
mobility of antimony during electrochemical tests as both, the
one- and two-pot synthesis result in similar ORR performances
prior to and after AST-1.0 and AST-1.4. Due to the major impact of
antimony on the catalyst and the membrane electrode assembly
performance, the preparation of ATO support materials has to be
optimized significantly to reduce the concentration of mobile
antimony species; significant improvements might only be possible,
if antimony leaching and mobilization can be prevented. However,
as hitherto it appears that at the current stage of development Pt-
ATO cannot compete with Pt-carbon in terms of mass activity.

Figure 5. (a) Dissolution of antimony, tin and platinum during stability test (two CV 5 mV·s−1 from 0.05 VRHE and 1.5 VRHE in 0.1 M HClO4) for Pt-HGS and
Pt-11% Sb-ATO samples. Antimony dissolution for the latter sample was reduced by a factor of five. (b) Normalized dissolution (to the maximum value) vs
potential graph from the first CV for the two samples shown in (a). (c) ECSA values determined by HUPD and total Pt-dissolution during the electrochemical
protocol normalized to the specific platinum surface (by HUPD, left) and normalized to platinum mass (right). Data was compiled from four separate
measurements. Platinum mass was determined from the dispersions by ICP-MS. The corresponding current-voltage diagram to (a) can be found in Fig. S13.
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