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In this work, high surface area antimony doped tin oxide (Sb-SnO,) has been synthesized by a
modified sol gel synthesis method. The bulk and surface properties of the metal oxide support have
been investigated as a function of the processing conditions. A change in the Sb-SnO, processing

conditions, while preserving an overall invariant bulk composition, led to substantial modification
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of the surface stoichiometry. Accelerated stability test protocols have shown that the surface

composition represents a crucial parameter for the electrochemical stability of Sb-SnO,. Model
Pt/Sb-Sn0O, electrodes have been developed depositing Pt nanoparticles by magnetron sputtering on

the optimized Sb-SnO, porous surface. Significant enhancement in the corrosion stability upon
1000 potential cycling between 0.5 and 1.5 V (RHE) at 50 mV s™' has been observed for the Pt/Sb-
SnO, system compared to Pt/carbon.

Introduction

For a sustainable economic growth, many efforts have been
directed in the last decades towards the development of
efficient energy conversion systems using environmental
friendly, renewable energy resources. In the scenario,
particularly for automotive applications, the development of
polymer electrolyte fuel cells (PEFCs) plays a critical role
towards the development of a sustainable hydrogen-based-
economy.' State-of-the-art PEFC cathodes are based on Pt
nanoparticles supported on high surface area carbons. The
latest developments in experimental techniques and
computational studies have led to significant progress in the
atomic level understanding of electrocatalyst behavior and to
the development of advanced catalysts.> However, despite the
good performance, Pt-based catalysts supported on high
surface area carbons suffer from corrosion stability which
represents at present one of the main issues hindering PEFC
widespread market penetration.

Particularly for automotive applications, the cathode of a PEFC
can experience under real operation conditions potentials as
high as 1.5 V (RHE), which cause severe oxidation of the
carbon support.® Carbon oxidation results in a decrease of the
support surface area® with consequent detachment of the Pt
nanoparticles and, thus, in a rapid failure of the fuel cell.
Therefore, alternative support materials to carbons showing
adequate stability under typical PEFC operative conditions are
needed to meet the durability requirements for practical
applications.' Besides being resistant against corrosion at high
potentials, support materials for PEFCs must be also
chemically stable under acidic conditions, good electronic
conductors, and low cost and high surface area materials. In the
search for alternative Pt supports, several materials such as
graphitized carbons, carbides, and oxides, have been
investigated so far.”’ Graphitized carbons show higher
corrosion stability than high surface area carbon black;®
however the use of carbon-based supports makes the corrosion
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issue only kinetically delayed and not thermodynamically
resolved since carbon oxidation can occur at a potential as low
as 0.207 V (RHE).> Other possible candidates as support
materials are carbides, particularly WC due to its high
electrical conductivity and chemical stability in acidic
environment.”” However, carbide-based supports will be again
thermodynamically driven to oxidation and formation of the
respective oxides under the high oxidative conditions of a fuel
cell cathode, as already observed for WC.? Furthermore, since
the synthesis of carbides is mainly through high temperature
processes,’ this class of materials cannot provide the required
specific surface area for a support material. Therefore, the most
successful approach in developing a high surface area, electron
conductive, and corrosion resistant support appears to be the
use of metal oxides. In fact, this class of materials can achieve
high electrochemical stability when used in their highest
oxidation state, high electronic conductivity through doping, as
well as high surface area when produced by wet chemical
synthesis methods, e.g., through flame pyrolysis.'% !

Among chemical stable metal oxides in acidic conditions, we
selected SnO,-based supports because thermodynamic
calculations'? and experimental studies'® have shown that SnO,
in its highest oxidation state is redox inactive in the potential
range of interest at pH=1. The first papers investigating the use
of SnO, as support material for Pt catalysts appeared already in
the late 70’s.'* ' The main motivation for replacing carbon
with SnO, was to take advantage of a strong-metal-support-
interaction (SMSI). It was postulated that dispersing group VIII
metals on transition metal oxides having surface cations able to
be reduced to lower valence states would alter the metal
catalytic and chemisorption properties.'® '7 Indeed, it was
consequently discovered that interactions between SnO, and Pt
can occur, promoting the electrooxidation of CO and other low
molecular weight alcohols, such as methanol and ethanol, on
the Pt surface.'®? Furthermore, earlier studies on Pt
nanoparticles supported on SnO, have shown excellent
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corrosion stability compared to Pt supported on carbon upon
potential cycling between 0.6 and 1.3 V (RHE) at room
temperature®® and between 0.7 and 1.2 V (RHE) at 70°C.*
Besides the better corrosion resistance, Pt supported on SnO,
or on a carbon/SnO, mixture displayed higher catalytic activity
towards oxygen reduction reaction (ORR) compared to
Pt/carbon electrodes under the same experimental conditions.*®
27 However, SnO, is an unfeasible support material due to its
poor electronic conductivity. Therefore, doped SnO, supports
must be developed in order to fulfil the conductivity
requirement.'

Antimony-doped tin oxide is known to possess high electrical
conductivity and it is a widely used material as a transparent
conductive oxide, solid state gas sensor and catalyst for
selective oxidation of hydrocarbons.”® Sb-doped tin oxide has
been already investigated as Pt support material alternative to
carbons for improving corrosion resistance under typical PEFC
cathode conditions. However contradictory results regarding
the stability of Pt/Sb-doped SnO, systems were reported. Yin et
al.?? reported almost no change in the Pt electrochemical active
surface area (ECSA) and in the mass activity towards ORR for
Pt/Sb-doped SnO, system after 3000 potential cycles at 50 mV
s and between 0.35-0.85 V vs. SCE. Similarly, Kakinuma et
al.'"” reported only a small decrease in ECSA for Pt/Sb-doped
SnO, upon stepping the potential for 5000 times between 0.9
and 1.3 V (RHE), with a holding period of 30 s at each
potential. Differently, Sasaki et al.*® showed that significant
degradation occurred upon 4000 potential cycles at 50 mV s
and between 0.6-1.3 V (RHE). Besides the use of different
experimental conditions and stability test protocols, literature
disagreements might result from a lack of support surface
chemistry characterization. Thermal treatments at relatively
high temperature are generally required to obtain crystalline
metal oxides; however they can critically affect their structural
properties, such as particle size and surface area, as well as
their stoichiometry and dopant distribution. Particularly, severe
thermal treatments can lead to a surface composition
significantly different from that of the bulk. This phenomenon
has been reported for Sb-doped SnO, oxides where dopant
surface enrichment took place to an extent dependent upon
bulk composition and calcination temperature or time.*'”’ It
was also reported that the catalytic performance towards
selective oxidation of hydrocarbons and CO for Sb-doped SnO,
oxides strongly depends upon processing conditions, which
also influence the Sb surface content.** *® Therefore, it appears
quite evident that a careful investigation of the surface
properties of the metal oxide support is crucial for
understanding its electrochemical properties and its stability
under typical PEFC cathode conditions.

In this work, high surface area antimony doped tin oxide (Sb-
SnO,) has been synthesized by a modified sol gel synthesis
method. Particular interest has been directed towards the
investigation of the bulk and surface properties of the oxide
support as a function of the processing conditions.
Interestingly, it has been found that a change in the Sb-SnO,
processing conditions, while preserving an overall invariant
bulk composition, can lead to substantial modification of the
surface stoichiometry. Accelerated stability test protocols have
shown that the surface composition represents a crucial
parameter for the electrochemical stability of antimony-doped
tin oxide. After the evaluation of the Sb-SnO, electrochemical
stability, 2D model electrodes have been developed by
depositing Pt nanoparticles on the optimized Sb-SnO, porous
surface. The electrochemical stability under typical PEFC
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cathode conditions, and the activity and selectivity towards
ORR of the Pt/Sb-SnO, catalysts have been investigated by the
thin-film rotating ring disk electrode (RRDE) technique.*
Significant enhancement in the corrosion stability upon
potential cycling between 0.5 and 1.5 V (RHE) has been
observed for the Pt/ Sb-SnO, system compared to Pt/carbon
under identical experimental conditions.

Experimental

Nominal  SnggsSbgosO, (Sb-Sn0O,) powder has been
synthesized by a modified sol gel method. SnCl, (Aldrich,
99.99%) and Sb,03 (Aldrich, 99.99%) has been used as staring
materials. Both SnCl, and Sb,0O; were first dissolved in a 0.1 M
HNO; aqueous solution. After the two solutions were mixed,
NH,4OH solution (Aldrich) was used as a pH regulator (pH ~5).
Chelation of the metal cations was then achieved by adding
citric acid to the aqueous solution in a 2:1 ratio with respect to
the total metal cations. Ethylene glycol was added in the last
step to polymerize the organic precursor. The solution was
heated under stirring and once the gel was obtained, it was
washed and then dried at 150 °C overnight. Thermogravimetric
analysis (TGA) of the powder precursor was performed in air,
heating the sample at 5 °C min"' from room temperature to
1000 °C (Perkin Elmer). The calcination process was carried
out in O, at 550 °C for 2 and 10 h with a heating/cooling rate of
5 °C min’!. After calcination, Sb-SnO, phase identification was
carried out using X-ray diffraction (Bruker D8 system) with Cu
Ko radiation (A = 0.15418 nm) in Bragg-Brentano geometry.
The specific surface areca of the powder was determined by
Brunauer-Emmett-Teller (BET). Sb-SnO, powder composition
was investigated by energy-dispersive X-ray spectroscopy
(EDX, Zeiss Supra) and by X-ray photoelectron spectroscopy
(XPS). XPS measurements were performed using a VG
ESCALAB 220iXL spectrometer (Thermo Fischer Scientific)
equipped with an Al K, monochromatic source (spot size: 500
pm, power: 150 Watt) and a magnetic lens system. Survey
spectra were initially recorded at low resolution, and high
resolution spectra were collected for quantitative analysis of
Sb-SnO, composition. Microstructural analysis was carried out
by scanning electron microscopy (SEM, Zeiss Supra) and
transmission electron microscopy (TEM, FEI Morgagni 268).
Electrochemical impedance spectroscopy (EIS) was used to
evaluate the electrical conductivity of the supports. The support
powders were kept under a constant pressure of 0.6 MPa and
the electrical resistivity was evaluated by EIS 4-wire
measurements using metallic plate as current collectors. EIS
measurements were performed at room temperature applying a
50 mV bias voltage, between 500 kHz and 0.1 Hz.

For the electro-chemical characterization, Sb-SnO, porous thin
films were prepared by drop-coating an electrode ink on glassy
carbon disks. The inks were prepared from a suspension made
of 15 mg of the oxide powder, 20 pl of Nafion solution, and 5
ml of 2-propanol. Carbon inks were also prepared using the
same composition by replacing the Sb-SnO, powder with
acetylene black (AB, Alfa Aesar, surface area 85 m”> g'). The
working electrodes were immersed under potential control (0.7
V RHE) in 0.1 M HCIO, electrolyte saturated with Ar at room
temperature and the measurements were performed using a
hydrogen reference eclectrode (RHE) and a gold counter
electrode in a 3-electrode configuration. Cyclic voltammetry
(CV) measurements were carried out to evaluate Sb-SnO, and
AB electrochemical stability; 1000 potential cycles at room
temperature, between 0.05 and 1.6 V (RHE), and with a scan
rate of 50 mV s™! were performed.

This journal is © The Royal Society of Chemistry 2012
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Pt/Sb-SnO, electrodes were prepared depositing Pt
nanoparticles on the Sb-SnO, porous thin films by DC
magnetron sputtering.*® To test the electrochemical stability of
Pt/Sb-SnO, catalysts under conditions similar to PEFC load-
change and start/stop cycles,*’ CV measurements were
performed over 1000 potential cycles between 0.5 and 1.5 V
(RHE) using a scan rate of 50 mV s™' at room temperature. The
oxygen reduction reaction (ORR) activity and selectivity of the
Pt/Sb-SnO, catalysts were measured before and after the
stability test by rotating ring disk electrode (RRDE) technique.
RRDE measurements were performed in O,-saturated 0.1 M
HCIO, by cathodically scanning the disk electrode at 5 mVs™'
between 1 and 0.05 V (RHE) at different rotation speeds, while
the Pt ring electrode was held at 1.2 V (RHE). The resulting
disk polarization curves were corrected by the ohmic drop in
the electrolyte measured by EIS. The collection efficiency of
the Pt ring was 0.2 £ 0.02 determined according to ref. *2.
Stability tests and ORR activity measurements were also
performed for Pt/AB electrodes prepared in the same way as
described for the Pt/Sb-SnO, electrodes but replacing the Sb-
SnO, with AB.

Results and discussion

Sb-SnO, supports: structural, chemical and electrical
characterization
Several characterization techniques have been used to

understand the physical properties of the antimony-doped tin
oxide (Sb-SnO,) support.

Thermogravimetric analysis (TGA) of the powder precursor is
shown in Figure la. The main weight loss (~75 %) occurred
between 130 and 550 °C due to the decomposition of the
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Fig. 1 TGA results of the Sb-SnO, powder precursor heated in
air at 5 °C min™' (a); XRD patterns of Sb-SnO, powder calcined
at 500 °C for 2 h (blue line) or 10 h (red line) in O, (b).
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organic matrix. At higher temperatures no significant weight
loss occurred. Based on the TGA result the calcination
temperature for the Sb-SnO, powder precursor was set to 550
°C and the annealing process was carried out in oxygen
atmosphere for 2 or 10 h. The O, atmosphere was selected in
order to obtain metal oxides having cations in the highest
oxidation state since this would represent the most
thermodynamically stable system under the high oxidative
conditions of a PEFC cathode.'

Figure 1b shows the XRD patterns of Sb-SnO, powders after
calcination at 550 °C for 2 and 10 h. Both calcination processes
led to single phase materials with a rutile structure, even
though the longer annealing time resulted in sharpening of the
XRD peaks. The crystallite size, calculated by the Scherrer
equation, increased from 6 + 1 to 35 £ 2 nm increasing the
calcination time from 2 to 10 h.

The specific surface area of Sb-SnO, powders was measured by
Brunauer-Emmett-Teller (BET) analysis; for the powder
calcined at 500 °C for 2 h the BET surface area was 53 + 8 m?
¢!, while for the sample calcined for 10 h a significant
decrease in BET surface area was observed (18 = 5 m? g™').
Scanning electron microscope (SEM) analysis revealed that
increasing the annealing time not only increased the average
particle size but also the amount and the size of particle
agglomerates.

For the highest surface area Sb-SnO, powder transmission
electron microscopy (TEM) investigations were carried out to
unveil the primary particle size. A typical TEM image is shown
in Figure 2; primary particle size is in the range of 10-20 nm,
with the primary particles forming larger agglomerates.

Fig. 2 Typical TEM image of Sb-SnO, powder after calcination
at 550 °C for 2 h.

Besides structural and microstructural characterizations, the
chemical composition of the calcined powders was investigated
by means of energy-dispersive X-ray spectroscopy (EDX) and
X-ray photoelectron spectroscopy (XPS). Both techniques
allow the evaluation of the chemical composition, but while for
the EDX the penetration depth of the X-ray probe is typically
in the micrometer range, for the XPS the penetration depth is
generally within the first nanometers. Therefore, with an
average primary particle size in the 10-20 nm range, we can
assume that by using both techniques we can distinguish
between the bulk and the near-surface chemical composition.
EDX and XPS results are summarized in Table 1. EDX showed
that independently of the annealing process the two samples
presented very close values of bulk Sb content, which resulted
slightly higher than the projected value (5 at%). However, as
reported in ref. % doping SnO, with 5 or 8 at% Sb only results
in a relative small difference in electrical conductivity.
Contrarily to the EDX results, XPS analysis showed different
Sb content as a function of the calcination time. Comparing the
EDX and XPS results (bulk vs. surface composition,
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Table I Sb at% measured by EDX and XPS for Sb-SnO,
powders as calcined at 550 °C for 2 and 10 h, and after the
electrochemical stability test in 0.1 M HCIO, at 50 mVs™'
between 0.05 and 1.6 V RHE.

Sb-SnO, annealed XPS EDX
at 550°C for Sb at% Sb at%
2h As calcined 6.7£0.5 |85+0.5
After stability test | 8.9+ 1.0 |8.4+0.95
As calcined 146 +0.8 | 8.3+£0.6
10h After stability test | 5.6 £1.1 | 0.8+ 0.6

respectively) it is evident that the 10 h annealing process led to
segregation of Sb ions at the surface. Formation of a surface
rich in the dopant element after a high temperature or
prolonged annealing treatment was already observed for
different SnO, dopant elements such as Y, Ce, In, Nb and Sb.31
37. 43 Cross and Pyke® investigated the effect of calcination
treatment on the surface composition of Sb-doped SnO, oxides
prepared by a co-precipitation method. Via XPS analysis
antimony surface concentration was measured varying the
calcination temperature (at a constant calcination period of 16
h); an increase in Sb surface concentration was observed for
temperature above ~400 °C, reaching a maximum at 1000 °C.
At higher temperatures, a decrease in Sb concentration was
observed due to the formation of macroscopically
distinguishable Sb,0,4 phase and consequent vaporization of the
latter oxide. The authors concluded that the oxide preparation
forces Sb into a non-favorable environment, so that at high
temperatures surface segregation takes place allowing an
energetically more favorable state for antimony ions.*
Similarly, Dusastre et al.** showed that a variation of the
calcination temperature produced systematic changes in surface
composition of Sb-doped tin oxide as determined by XPS
analysis. Furthermore it was observed that at constant
calcination temperature and time the Sb surface enrichment is
strongly influenced by the bulk composition (by a factor of 10
between 0.5 and 5 at% Sb-doped compounds at 800 °C).** It
has been also reported that at low doping levels (below ~ 10%)
antimony is mostly present with a 5+ oxidation state. With a
further increase in the doping concentration, antimony ions
appear also in 3+ oxidation state, with the Sb(III) content even
exceeding the Sb(V) one for high doping level.*” * The latter
situation results in a decrease of the electrical conductivity
since when both Sb(V) and Sb(IIl) exist, compensating effects
take place. ** In fact, Sb(V) acts as electron donor, forming a
shallow donor level close to SnO, conduction band, while
Sb(III) behaves as an electron acceptor. Computational studies
of Slater et al.*’ suggested that Sb(III) is mostly associated with
in-plane surface oxygen species, while Sb(V) is incorporated
below bridging oxygen ions in a more bulk-like environment.
Therefore, when surface dopant segregation occurs due to
harsh processing conditions, the Sb ions occupying the upmost
surface layers are expected to be mostly present as Sb(III) ions,
which would not act as n-type donors but instead trap electron
pairs reducing the oxide conductivity.*’

Electrochemical impedance spectroscopy (EIS) has been used
to evaluate the electrical conductivity of the Sb-SnO, supports
as a function of the calcination temperature, i.e. dopant
distribution. The Sb-SnO, powders were kept under a constant
pressure of 0.6 MPa and the electrical resistivity was evaluated
by EIS 4-wire measurements at room temperature. It must be
remarked that the present conductivity measurements can only
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give relative conductivity results, i.e. applying a higher
pressure would result in a lower oxide resistivity due to an
improved contact between particles and agglomerates. Figure 3
shows typical EIS complex impedance plane plots obtained for
the Sb-SnO, samples calcined at 550°C for 2 and 10 h. Both the
Nyquist plots in Figure 3 show in the low frequency range two
small depressed semicircles most probably related to the
oxide/current collector contact resistance. At high frequency,
for the sample calcined for 2 h a resistance in series with an
inductive contribution (the latter originating from the
measuring device and the electrical connections) were
observed. For the sample calcined for 10 h a high frequency
semicircle, originating from the oxide impedance, appeared.
The difference in the two Nyquist plots arises from the
different oxide impedances (note the different x-axis scale);
assuming the same specific capacitance for the two samples,
the lower the material impedance the higher the frequencies at
which the material response occurs.*’” Therefore, for the sample
calcined for 2 h and showing lower impedance, the semicircle
corresponding to the oxide impedance is observed at too high
frequencies, which cannot be measured due to frequency limits
of the EIS spectrometer. The overall support powder resistance
was determined from the first intercept at high frequency of the
Nyquist plot with the real axis. Knowing the compressed
powder thickness and the geometric electrode area, the
resistivity was evaluated to be 50 = 10 Q cm and 2700 + 60
Qcm for the sample calcined at 550 °C for 2 and 10 h,
respectively. The increase in resistivity of more than one order
of magnitude for the sample annealed at 550 °C for 10 h can
result from (i) inhomogeneous distribution of the Sb ions, (ii)
compensating effects between Sb(III) and Sb(IV) ions, (iii)
higher contact resistance between particles and agglomerates,
or (iv) from combination of all factors. For comparison, the
resistivity of acetylene black was also measured in the same
conditions and a value of 0.87 = 0.04 2 cm was obtained in
agreement with literature data.*®
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Fig. 3 Typical Nyquist plots for Sb-SnO, powders calcined at
550 °C for 2 h (a) and for 10 h (b) recorded at room

temperature and under a constant pressure of 0.6 MPa.

Sb-SnO,; supports: electrochemical characterization

The dopant distribution might also influence the
electrochemical behavior of Sb-SnO, in aqueous environment.
It was already reported in heterogeneous catalysis that Sb
surface segregation affected the rate of surface-catalyzed
combustion of hydrocarbons and carbon monoxide over Sb-
doped SnO, oxides.** *® In the present work, electrochemical
stability test of Sb-SnO, powder supports were carried out by
cyclic voltammetry (CV) measurements in Ar-saturated 0.1 M
HCIO,4 at room temperature. Thin porous films of Sb-SnO,
powders calcined at 550 °C for 2 and 10 h were potential
cycled at 50 mV s™! between 0.05 and 1.6 V for 1000 times. By
the use of this electrochemical stability test it is possible to
simulate accelerated PEFC load-change and start/stop cycles,
and also to test the stability of the oxide in more reductive

This journal is © The Royal Society of Chemistry 2012
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Fig. 4 Cyclic voltammograms of Sb-SnO, calcined at 550 °C for 2 h (a) and 10 h (b), and of acetylene black carbon (c) at 50 mVs™'
in Ar-saturated 0.1 M HCIO, initial (3" cycle) and final (1000™ cycle) potential scan between 0.05 and 1.6 V RHE at 50 mVs™!
and room temperature. The current is normalized by the surface area of the support as measured by BET.

conditions (between 0.05 and 0.5 V RHE) than the typical
operating PEFC potentials. For comparison, the same stability
test was also performed using acetylene black carbon (Alfa
Aesar), which was selected for a reason that will become clear
later. Figure 4 shows the CVs related to the 3™ and the 1000™
cycles for the Sb-SnO, calcined at 550 °C for 2 h (a) and for 10
h (b), and for the acetylene black carbon (c). For the Sb-SnO,
calcined at 550 °C for 2 h a fairly visible redox couple at about
0.9-0.6 V (RHE) could be observed. The redox couple can be
associated to reduction /oxidation of Sb ions between 5+ and
3+ oxidation state according to:*’
Sb,0s +4H" + 4 ¢ = Sb,0; +2H,0  E° =0.649 V vs. NHE
For the Sb-SnO, sample calcined at 550 °C for 10 h, the redox
couple was more clearly visible, consistently with the larger
surface concentration of Sb ions for this sample. Furthermore,
the larger potential difference between the redox peaks could
account for the initial lower conductivity of the sample
calcined at 550 °C for 10 h (see Fig. 3). After the stability test
for the Sb-SnO, calcined at 550 °C for 2 h a decrease of 7%
and 4.5% for the anodic and cathodic charge, respectively, was
observed. For the sample calcined for 10 h a strong
modification of the CV was observed, going towards a
reduction of ~12% of both anodic and cathodic charges. Even
though it is not possible to give a quantitative evaluation of the
support degradation during the electrochemical stability test by
merely CV measurements, the strong change in the
voltammogram for the sample annealed at 550 °C for 10 h
suggests that a significant modification of this Sb-SnO, support
occurred. Therefore, the present results indicate that the doping
distribution in Sb-SnO, is also a crucial factor in determining
the electrochemical stability upon potential cycling in aqueous
environment.

Figure 4c illustrates the CVs of acetylene black carbon before
and after the same electrochemical stability test. As expected, a
strong oxidation current at the highest potential was observed,
mostly due to oxidation of the carbon support. Upon cycling
the anodic current strongly decrease and growth of the
quinone/hydroquinone redox couple around 0.55-0.7 V (RHE)
was observed. Therefore, the comparison of the cyclic
voltammograms before and after the electrochemical stability
test indicates that the better corrosion resistant support is the

This journal is © The Royal Society of Chemistry 2013

metal oxide Sb-SnO, having homogeneous distribution of the
dopant.

For a quantitative evaluation of the support corrosion during
the potential cycling, XPS and EDX analysis was carried out
for the two oxide supports also after the stability test. Table 1
reports the bulk (measured by EDX) and surface (measured by
XPS) composition for the Sb-SnO, samples after the
electrochemical stability test. For the sample annealed at 550
°C for 2 h a slight enrichment of Sb concentration occurred
(from 6.7 to 8.9 at%), while almost no change in the bulk
concentration could be observed. Differently, for the Sb-SnO,
annealed at 550 °C for 10 h and already presenting Sb
enrichment at the surface, a decrease in the surface antimony
content took place. Also the Sb bulk concentration significantly
decreased, indicating that a loss of Sb occurred upon potential
cycling. Therefore, it appears that when the surface layers
already present dopant enrichment potential cycling between
0.05 and 1.6 V (RHE) favours a further migration of Sb at the
surface followed by Sb dissolution in the electrolyte, leaving
the bulk composition depleted in dopant concentration.
Differently, starting from a Sb-SnO, support with
homogeneous Sb distribution, potential cycling only results in a
minor Sb segregation at the surface without further dissolution
of the dopant.

Combining literature data about surface Sb segregation and
the present results it is possible to develop a general
segregation/dissolution mechanism, schematically shown in
Figure 5. Starting from a situation where Sb ions are
homogeneously distributed into the SnO, matrix, either
calcination temperature, calcination time, and potential cycling
can induce an initial Sb surface enrichment. Sb surface
segregation can further proceed till Sb-oxide is formed on the
SnO, surface and, then, finally removed (vaporized in case of
harsh annealing process or dissolved in case of potential
cycling in aqueous media), leaving a bulk material poor in
dopant concentration.

[ ]
l— — — —
®

Phase Sh vaporization
separation or dissolution
increasing annealing temperature and/or time,
potential cycling

31-37

Surface segregation

Fig. 5 Schematic sketch representing segregation/dissolution
process of Sb dopant in SnO, matrix upon harsh annealing
treatment and/or potential cycling in aqueous environment.
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Therefore the present results indicate that not only in
heterogeneous catalysis Sb surface segregation can lead to
different catalytic properties.>> * Also in terms of
electrochemical stability achieving a homogeneous Sb
distribution within the SnO, host matrix is essential to
maximize the corrosion stability of Sb-doped SnO, in acidic
media. Having established the superior -electrochemical
stability of the Sb-SnO, support calcined at 550 °C for 2 h,
more detailed electrochemical investigations have been carried
out on this support material. Particularly, CV measurements
were performed progressively opening the potential window
within 0 and 1.4 V (RHE) and also by extending the potential
range down to -0.4 V (RHE). Figure 6a shows the cyclic
voltammograms of Sb-SnO, calcined at 550 °C for 2 h with a
lower potential limit of 0 V (RHE) and progressively
increasing the upper potential from 0.8 to 1.4 V (RHE). The
CV measurements in Figure 6a showed that the more positive
the upper potential limit during anodic sweep the larger the
reduction current in the subsequent cathodic sweep becomes.
Table 2 reports the anodic and cathodic charges varying the
potential window. When the upper potential limit is above 1 V
(RHE), the cathodic charges exceeded the positive ones by
about 5%, while in the 0-0.8 V RHE potential range the
cathodic charges were ~10% higher than the anodic ones. This
result suggests that a non-reversible process is occurring at the
surface of Sb-SnO, metal oxide. The -electrochemical
properties of Sb-SnO, were further investigated in the negative
potential range. Figure 6b shows a CV measurement between 1
and -0.4 V (RHE). A further reduction current was observed
going to more cathodic potential than 0 V (RHE), which is
most likely associated to reduction of Sb-SnO,. By the use of a
Pt ring electrode held at a constant potential of 0.4 V (RHE),
where H, oxidation is purely under mass transport limited
control, it was possible to exclude that H, evolution occurred
from the Sb-SnO, surface. After -0.4 V (RHE) being reached,
on the subsequent anodic sweep a peak at about 0.35-0.4 V
(RHE) appeared; the latter was already observed for SnO,
samples'” and mostly associated to SnO, re-oxidation.
Therefore, it appears that potentials more negative than 0 V
(RHE) can rapidly reduce the Sb-SnO, surface.

b)

0.3

A

i/ mAcm?

054

2064

DI4 0'5 0‘8 ‘\ID 1‘2 ‘\‘4 —0'4 —0'2 0‘0 0‘2 0'4 0‘6 0‘3 1‘0
E / Vvs. RHE E / Vvs. RHE

Fig. 6 CV measurements for Sb-SnO, calcined at 550 °C for 2 h
in 0.1 M HCIO* at 50 mVs™' and room temperature varying the
potential window (RHE).

T T
00 02

Table IT Anodic and cathode charge (uC cm? i) calculated in
different potential ranges (RHE) from the cyclic voltammograms
shown in Figure 6a.

Charge 0-08V | 0-10V | 0-1.2V | 0-14V
(RCem™ige)

anodic 30.0 38.8 47.1 55.6

cathodic 33.2 40.8 49.6 58.6
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Pt nanoparticles supported on Sb-SnQO,: electrochemical
activity, selectivity, and stability

The Pt/Sb-SnO, catalysts were prepared by depositing on the
top layer of Sb-SnO, porous thin film 10 pg cm™ of Pt by
magnetron sputtering. In a previous work™ the Pt deposition
parameters were optimized to obtain the desired Pt loading and
the primary particle size was determined to be 2-3 nm in
diameter; however particle agglomerates are expected to be
created on the surface of Sb-SnO, The catalytic activity
towards the ORR for the Pt/Sb-SnO, catalysts was investigated
by rotating ring disk electrode (RRDE) measurements. Figure 7
shows the ORR polarization curves on a negative-going
potential scan for Pt/Sb-SnO, catalyst in O,-saturated 0.1 M
HCIO,, at 5 mV s and for different rotation speeds. For each
ORR curve, a typical mass transport/kinetically mixed region at
low overpotential and a mass transport limited region at higher
overpotential was observed, comparable to those obtained for
conventional Pt/carbon catalysts.*> " 32 At potentials more
cathodic than ~0.1 V (RHE), a decrease in the ORR current can
be observed. Similar behaviour has been observed for Pt
polycrystalline®® and single crystal electrodes.’® Literature
studies™ ascribe such decrease in ORR current to an increase in
the hydrogen underpotential deposition (H,,q) coverage which
results to a larger amount of hydrogen peroxide produced
during the ORR. Indeed, as shown in Figure 7, the
corresponding ring current (due to the oxidation of the
hydrogen peroxide produced on the disk) confirmed an
increase in H,O, formation at high overpotentials. At the
lowest measured potential (S0 mV RHE) the H,O, production
reach up to 13 %, while it progressively decreased to 7% at 0.1
V (RHE) and went to almost zero at potential higher that ~0.6
V (RHE), similar to relatively low Pt loading catalysts.'* > The
small amount of hydrogen peroxide formation indicates that the
ORR on Pt supported on Sb-SnO, mostly invlolves a 4-
electrons transfer process. From the Levich-Koutecky
relationship, a first order dependence of ORR kinetics and a 4
electron transfer process could be confirmed for the Pt/Sb-
SnO, catalysts.

0.03
O,-saturated 0.1 M HCIO,
< 0.02- Ring at 1.2 V vs. RHE
S (1600 rpm)
- ——400 rpm
— \ —— 900 rpm
0.017 \ —— 1600 rpm
\ —— 2500 rpm
04 \”‘\\\*——
o -2
£
[&]
<
g -4
—_ N
‘8 T T T T
0.0 0.2 0.4 0.6 08 1.0
E / Vvs. RHE

Fig. 7 Ring and disc current/potential curves for 10 pgem™ Pt
on Sb-SnO, in O,-saturated 0.1 M HCIO,, at room temperature,
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5 mVs" and cathodic direction of the potential scan; the Pt ring
electrode was held at 1.2 V (RHE).

After having established that the ORR on Pt nanoparticles
supported on Sb-SnO, follows a 4 electron transfer process, the
electrochemical stability of the catalysts has been investigated
by performing 1000 potential cycles between 0.5 and 1.5 V
(RHE) at 50 mV s and in Ar-saturated 0.1 M HCIO,. The
present stability test is helpful to mimic the PEFC load-change
cycles and the potential excursion at the cathode during
start/stop cycles.*' Figure 8 shows the initial and final CV
measurements of the stability test for the Pt/Sb-SnO, catalyst.
0.2

0.1

0.0+

i / mAcm?

-0.14

-0.3 T T T T T
04 0.6 0.8 1.0 1.2 1.4 1.6
E / Vvs.RHE
Fig. 8 initial (5™ and final (1000™) cycle of the Sb-SnO,
electrochemical stability test performed by CV at 50 mVs'

between 0.5 and 1.5 V (RHE) in Ar-saturated 0.1 M HCIO,.

initial cycle
final cycle

The most noticeable change in the cyclic voltammograms upon
cycling is related to the shift of the Pt-oxide reduction peak
(~0.7 V RHE) towards higher potential. The shift in the Pt-
oxide reduction peak can be correlated to Pt nanoparticle
growth and agglomeration during potential cycling. During
potential cycling in the 0.5-1.5 V (RHE) range, Pt undergoes to
different degradation processes, namely dissolution, Ostwald-
ripening, and coalescence.> ® ** The latter phenomena lead to
growth and agglomeration of the Pt nanoparticles. It has been
previously reported that the Pt-oxide reduction peak potential
can vary with Pt particle size and distribution.®" % 3360
Particularly, isolated nanoparticles show higher adsorption
energy of oxygenated species compared to extended surfaces.’”
' Therefore, the Pt-oxide reduction peak occurs at more
cathodic potential for isolated nanoparticles compared to
agglomerates/extended layers.”? In the present work, the shift
to higher potentials of the Pt-oxide reduction peak during the
potential cycling indicates a growth/agglomeration of the Pt
nanoparticles.

To understand the change in Pt activity before and after the
electrochemical stability test, the ORR activity has been
measured before and after the potential cycling. Figure 9 shows
ohmic and mass transport corrected polarization curves in O,-
saturated 0.1 M HCIO4 measured on a negative-going sweep at
5 mV s and 1600 rpm for pristine Pt/Sb-SnO, catalysts and
after 1000 potential cycling between 0.5 and 1.5 V (RHE). The
activity of the pristine Pt/Sb-SnO, catalyst (taken as the ORR
kinetic current density at 0.9 V RHE) was 0.155 + 0.022 mA
cm™. Normalizing the ORR kinetic current by the Pt loading a
mass activity of 15.5 + 2.2 mA mgp, ' was obtained. After the
stability test the ORR activity for the Pt/Sb-SnO, catalyst
decreased by 26 + 10%. It must be highlighted that replacing

This journal is © The Royal Society of Chemistry 2012
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carbon with a more electrochemically stable support material,
only the support corrosion is suppressed but not the Pt
dissolution, Ostwald-ripening, and coalescence. Therefore,
decrease of the Pt/support catalytic activity upon potential
cycling within 0.5-1.5 V (RHE) range is expected due to the
above mentioned Pt degradation phenomena. In order to
compare the stability of the Pt/Sb-SnO, catalyst with that of a
Pt/carbon system we selected as carbon support commercial
acetylene black (AB). AB shows similar surface area than Sb-
SnO, and, therefore, magnetron sputtering of Pt nanoparticles
would lead to similar Pt distribution on the two supports.
Figure 9 shows ohmic drop and mass transport corrected ORR
curves taken on a negative going scan at 5 mV s and 1600
rpm before and after the stability test. The ORR kinetic current
at 0.9 V (RHE) for the Pt/AB pristine catalysts was 0.125 +
0.019 mAcm™, which corresponds to a mass activity of 12.5 +
1.9 mAmgPt'l. After the electrochemical stability test, the ORR
activity of the Pt/AB catalysts decrease by 65 + 7 %, basically
more than a factor of 2 compared to Pt/Sb-SnO, after the same
stability test. These results demonstrate a superior corrosion
resistance upon potential cycling of the Pt/Sb-SnO, compared
to Pt/AB.

0.92 T T

0.90 |

0.88 -

E / Vvs.RHE

0.86

a) Pt/ SbSnO,

10 100

0.92

=

©

o
|

.........................................................

0.88 -

E / Vvs. RHE

oss - b)Pt/AB

10 100 )
i, / pAcm
Fig. 9 Tafel plots of Pt/Sb-SnO, (a) and Pt/AB (b) catalysts

before (blue symbols) and after (red symbols) stability test. The
polarization curves are measured on a negative-going sweep at
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5 mVs' and 1600 rpm in O,-saturated 0.1 M HCIO,. The
polarization curves are ohmic-drop and mass transport
corrected.

The minor degradation in terms of ORR activity of the Pt/Sb-
SnO, catalyst could simply derive from the better
electrochemical stability of Sb-SnO, metal oxide compared to
carbon. During potential cycling, carbon oxidation leads to
detachment of the Pt nanoparticles with consequent dissolution
or agglomeration of the latter. Preventing the degradation of
the support through the use a stable metal oxide slows avoiding
Pt loss due to the support failure. Furthermore, based on
literature data, a SMSI between oxide support and Pt might
take place. The occurrence of a SMSI between Pt and Sb-doped
Sn0,”® or between Pt and TiO, and WO;* was already
reported based on XPS data analysis. Further measurements are
under progress in order to understand if a SMSI occurs also for
the present catalyst systems.

Conclusions and outlooks

The present results have demonstrated that the careful analysis
of the metal oxide surface composition is of high importance
for the development of stable and conductive support materials.
In case of Sb-Sn0O,, a prolonged annealing treatment results in
surface layers, enriched in Sb ions, which are involved in
electrochemical reactions. This leads to a reduced electrical
conductivity and electrochemical corrosion resistance. Based
on the present results, the controversial results reported in the
literature about the stability of Pt supported on Sb-doped tin
oxides may be explained by a difference in the support surface
chemistry. Therefore, it appears misleading pointing to Sb-
doped SnO, as a corrosion resistant or unstable PEFC support
material; the nominal bulk composition and the processing
conditions seem to play a critical role in determining the
corrosion resistance of Sb-SnO, upon potential cycling in
acidic environment. Sb ions tend to segregate to SnO, surface
upon harsh annealing treatments or potential cycling, leading
eventually to Sb vaporization or dissolution, respectively.
However, minimizing the concentration of Sb ions at the
surface, still keeping a reasonable electrical conductivity, may
kinetically delay this phenomenon leading to a much more
stable Pt support than commercial carbon. Upon potential
cycling in 0.1 M HCIO,4 between 0.05 and 1.6 V (RHE) at
50mV s, the optimized Sb-SnO, support have shown
improved corrosion resistance compared to carbon. This result
has been further confirmed by the superior stability of Pt/Sb-
SnO, catalysts compared to Pt/carbon catalysts after the
stability test. Preventing the support corrosion has allowed
avoiding loss of Pt during the accelerated corrosion stability
test, which can account for the superior stability of the Pt/Sb-
SnO, catalyst compared to the Pt/carbon one.
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