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ABSTRACT: Antimony-doped tin dioxide (ATO) is considered a promising
support material for Pt-based fuel cell cathodes, displaying enhanced stability
over carbon-based supports. In this work, the eﬀect of Sb segregation on the
conductance and catalytic activity at Pt/ATO interface was investigated
through a combined computational and experimental study. It was found that
Sb-dopant atoms prefer to segregate toward the ATO/Pt interface. The
deposited Pt catalysts, interestingly, not only promote Sb segregation, but also
suppress the occurrence of Sb3+ species, a charge carrier neutralizer at the
interface. The conductivity of ATO was found to increase, to a magnitude close
to that of activated carbon, with an increment of Sb concentration before reaching a saturation point around 10%, and then
decrease, indicating that Sb enrichment at the ATO surface may not always favor an increment of the electric current. In addition,
the calculation results show that the presence of Sb dopants in ATO has little eﬀect on the catalytic activity of deposited threelayer Pt toward the oxygen reduction reaction, although subsequent alloying of Pt and Sb could lower the corresponding catalytic
activity. These ﬁndings help to support future applications of ATO/Pt-based materials as possible cathodes for proton exchange
membrane fuel cell applications with enhanced durability under practical applications.
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1. INTRODUCTION

durability of PEMFC, alternative materials need to be
investigated as the support of Pt.
Among various materials,13,14 tin dioxide (SnO2) was
proposed as a promising candidate for the Pt support.15−17
From a thermodynamic point of view, SnO2 is quite stable
under the operating conditions of PEMFC.5 So far, a large
number of experimental studies have demonstrated the
signiﬁcant corrosion-resistant improvement of SnO2 compared
to that of carbon black.18−21 It is worth noting that a SnO2
support possessing a high surface area can be synthesized by
using ﬂame spray pyrolysis (FSP). FSP is an alternative
versatile, scalable synthesis route that can be applied for
nanostructuring and morphology tailoring of complex material
systems.22 As another beneﬁt, the SnO2 supporting material
may promote the catalytic activity of the Pt nanoparticles owing
to the strong metal−support interaction (SMSI),23 which is in
fact the initial motivation of using SnO2 as the support as early
as 1970s.24 It was later found that the catalytic performance

Because of its high energy eﬃciency and ultralow pollutant
emissions, compared with conventional energy conversion
devices such as combustion engines, the proton exchange
membrane fuel cell (PEMFC) is particularly attractive for the
future automotive industry.1 The advantages of low operating
temperature, rapid start-up capability, and highly dynamic
response make PEMFC extremely suitable for portable,
stationary, and transportable applications.2 Currently, the
electrochemical reactions on both electrodes of the PEMFC
are usually catalyzed by the Pt-based nanoparticles,3 which are
deposited on support materials. As a suitable support, the
material should have good electronic conductivity, high surface
area, and be low cost; moreover, the material should be stable
and corrosion resistant at high bias voltage and under acidic
conditions.4 The state-of-the-art support material is carbon
black, which is cheap and processes good conductivity and high
surface area. However, the carbon support is unstable and
suﬀers severe oxidation at the cathode, especially under a high
potential or a low pH.5−8 The oxidation-induced corrosion of
the carbon support will lead to a decrease of the surface area9,10
and the detachment of the Pt catalysts,11,12 which will cause a
rapid degradation of the PEMFC. To improve the long-term
© 2015 American Chemical Society
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for the ATO systems since previous experiments have shown that the
change of the lattice constant caused by replacing 10% of Sn by Sb in
SnO2 is less than 0.2 pm.42 The SnO2(110) substrate was modeled by
six atomic trilayers, containing six tin and 12 oxygen atoms within each
trilayer, plus a 14 Å thick vacuum region. The Brillouin zone samplings
were carried out using 3 × 5 × 1 Monkhorst−Pack grids43 for the
optimizations and 5 × 7 × 1 for the static calculations. Dipole
corrections for the total energy were added to eliminate the dipole−
dipole interactions between image supercells along the vertical
direction. During the optimizations, the bottom two trilayers of
SnO2 were frozen, while all other atoms were allowed to relax until the
forces were below 0.02 eV/Å.
The transport calculations were performed using DFT combined
with nonequilibrium Green’s function (NEGF) method, as implemented in Atomistix ToolKit (ATK) version 13.8.44−47 For the sake of
consistency, again the exchange−correlation interaction was described
by the functional GGA-PBE.39 For the atomic basis sets, double-ζ plus
single polarization basis sets (DZP) were used for Sn, O, and Sb, while
the double-ζ basis sets (DZ) were used for Pt. The norm-conserving
pseudopotentials were employed to describe the interactions between
valence electrons and ion cores. The 3 × 5 Monkhorst−Pack grids43
were used to sample the Brillouin zone for DFT and transmission
spectrum calculations, while 100 k-points were used along the
transport direction. Increasing the number of k-points for the
transmission spectrum calculations does not change our conclusion
(see Figure S1, Supporting Information). The electron temperature
was set to be 300 K, and the real-space density mesh cutoﬀ was 150
Ry. The geometries of the interface (central region) and the Sb-doped
electrode come from the optimizations in the VASP calculations.
Although DFT within the local density (LDA) or generalized
gradient (GGA) approximations has been very successful in calculating
the geometries and energetics of diﬀerent materials, the Kohn−Sham
gap calculated from these functionals severely underestimates the
fundamental gap from experiments. Taking the rutile SnO2 bulk as an
example, the calculated band gap is only 0.64 eV from the PBE
functional, which is much lower than the experimental value of 3.59
eV.25 By using higher-order methods, such as hybrid functionals or the
GW approach for instance, the description of the band gap can be
signiﬁcantly improved for semiconducting and insulating materials.
The band gap of rutile SnO2 bulk was calculated to be 2.96 eV48 from
the hybrid functional HSE06, and 3.65 eV49 from G0W0 calculations
(using the HSE03 results as the starting point). Both hybrid
functionals and the GW approach, however, are computationally
expensive and not practically feasible for the large ATO/Pt interface
under investigation here, which contains 231 atoms in total. Moreover,
since the ATO/Pt system is a hybrid interface including both a metal
and a semiconductor, these methods might not provide a suﬃciently
satisfactory description as in the cases of simple systems. In particular,
it has been recently shown that hybrid functionals could lead to wrong
prediction on the basic properties of metallic systems.50

toward CO oxidation could be promoted by the SnO2
support.15
In bulk form, the rutile SnO2 is a semiconductor with a band
gap of 3.59 eV.25 Because of the poor conductivity, the SnO2
support must be doped to meet the requirements of high
electronic conduction. Antimony is one of the most commonly
used elements for the SnO2 doping. A Sb atom could provide
an extra electron as the charge carrier (in the form of Sb5+),
behaving as an n-type dopant. Thus, antimony doping can
eﬀectively improve the electronic conductivity of the SnO2
support.26−29 It should be noted that the distribution of the
doping Sb atoms is not uniform within the SnO2 support. In
fact, several experiments have demonstrated an enrichment of
the Sb-dopant atoms within the surface region of SnO2, which
makes the surface composition signiﬁcantly diﬀerent from that
of the bulk.30−34 The compositional changes in the surface
region would critically inﬂuence the transport properties of the
antimony-doped tin dioxide (ATO) system. For example, in the
aggregation region of Sb, Sb3+ species may appear and
compensate the charge carrier from Sb5+, as indicated in the
measurement of X-ray photoelectron spectroscopy,35 and
thereby result in the deterioration of the transport properties.
In addition, the doping with Sb atoms may also aﬀect the
catalytic activity of the adsorbed Pt catalysts toward the oxygen
reduction reaction (ORR). Therefore, a careful investigation of
the doping Sb distribution within ATO and its inﬂuence on
electron transport and catalytic properties of the ATO/Pt
system will be important for performance improvement of the
ATO/Pt materials applied at cathode of PEMFC.
In this work, we have performed a synergetic computational
and experimental study of Sb segregation at the ATO/Pt
interface. The driving force and diﬀusion pathway of Sb within
ATO were systematically investigated by density functional
theory (DFT) calculations with and without Pt deposition.
Meanwhile, the actual Sb distribution was measured using
several experimental approaches. It was found that the
deposited Pt catalysts not only promote segregation of the
Sb-dopant atoms, but also suppress the occurrence of Sb3+
species, a charge carrier neutralizer, at the interface. For the
electron transport properties, we studied the eﬀects of Sb
concentration and location at the interface region. It was found,
from both experiments and calculations, that the conductivity
of ATO initially increases with an increment of Sb
concentration before reaching a saturation point, and then
decreases. We also computationally investigated the eﬀect of Sb
segregation on the binding energy of hydroxyl group on Pt and
found that Sb-dopant atoms within ATO have little eﬀect on
the catalytic activity of the deposited three-layer Pt toward the
crucial ORR.

3. EXPERIMENTAL METHODS
3.1. Synthesis of Sn0.93Sb0.07O2 via Flame Spray Pyrolysis.
Nanostructured powder based on SnO2 doped with Sb was produced
by ﬂame spray pyrolysis (NPS10, Tethis S.p.A.). The precursors were
Tin(II) 2-ethylhexanoate and Antimony(III) ethoxide, while p-xylene
was used as solvent. The precursor/solvent mixtures were sprayed into
a ﬂame (CH4/O2 ﬂow rates: 1.5/3.0 L/min) using a liquid ﬂow rate of
5 mL/min and 5 L/min ﬂow of dispersion gas (oxygen or nitrogen). A
pressure drop (dispersion gas at nozzle tip) of 2.0 bar was used, and
the powder was collected on a glass microﬁber ﬁlter (Whatman GF6).
Commercially available Sn1−xSbxO2 (with a nominal Sb content of
10 at. %) was purchased from Sigma-Aldrich (>99.5%).
3.2. Catalyst Preparation. The deposition of 20 wt % Pt on
commercial Sn0.90Sb0.10O2 was carried out using a modiﬁed polyol
method, where ethylene glycol was used as reductive agent. Details of
the synthesis procedure can be found elsewhere.51 In addition, the
commercial ATO sample (Sigma-Aldrich) was exposed to the whole
synthesis route (named treated ATO) to investigate the surface

2. COMPUTATIONAL METHODS
The structure optimizations and energy calculations were performed
using Vienna ab initio simulation package (VASP)36,37 within the
framework of the DFT. The electronic wave functions were calculated
by the projector augmented wave (PAW) method,38 and the energy
cutoﬀ was set to be 500 eV for the plane-wave basis sets. The
exchange−correlation interaction was described by the functional
GGA-PBE, that is, generalized gradient approximation using the
Perdew−Burke−Ernzerhof parametrization.39 For the numbers of
valency electrons, the pseudopotentials include ﬁve electrons for Sb,
14 electrons for Sn, six electrons for O, and 16 electrons for Pt
element. Lattice constant of the rutile SnO2 was calculated to be 4.827
Å for a and 3.242 Å for c, which agree very well with experiments40
and previous calculations.41 These lattice parameters were also used
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composition changes and its eﬀect on the electronic conductivity
(section 4.3).
3.3. Impregnation of Sn 1 − x Sb x O 2 with Antimony
(Sn1−xSbxO2@Sby). Sn0.93Sb0.07O2 prepared by ﬂame spray pyrolysis
was impregnated with additional Sb using the incipient wetness
method. Antimony(III) ethoxide in p-xylene was added to a ﬁxed mass
of Sn0.93Sb0.07O2 powder in suﬃcient amount to ﬁll up all pores (taking
a pore volume of 0.5 mL/g determined from BET/BJH measurements). Impregnation was performed aiming to produce an average Sb
content of 10% (pristine ATO sample was impregnated with 3.5 at. %
Sb) and 15% (pristine ATO sample was impregnated with 8.5 at. %
Sb), as suggested from the calculations. The powders were heat treated
at 400 °C for 30 min in ambient air resulting in two samples, namely,
Sn0.93Sb0.07O2@Sb3.5 and Sn0.93Sb0.07O2@Sb8.5, respectively. We can
clearly observe that the crystal structure of ATO phase extend all the
way out to the very surface. No signs of any surface coating with a
diﬀerent phase or a diﬀerent crystalline signal than the expected crystal
structure of ATO can be observed (see Figure S2 in Supporting
Information).
3.4. Physicochemical Characterization. The sample powders
were dispersed on holey carbon coated Cu transmission electron
microscopy (TEM) grids. TEM was performed with a double Cs
corrected (probe- and image-corrected) cold-FEG JEOL ARM 200F,
operated at 200 kV and equipped with a large solid angle (0.98 sr solid
angle). Centurio silicon drift detector was used for X-ray energy
dispersive spectroscopy (EDS). Analytical scanning transmission
electron microscopy (STEM) was performed with a 1.0 Å in diameter
electron probe, 120 pA beam current, and 27 mrad beam convergence
angle. These settings were used both for EDS maps and EDS point
analysis. Average chemical compositions were performed by EDS in
TEM mode and with a large diameter (1−2 μm in diameter) electron
beam. Under these settings, the EDS signal comes from several
hundred individual crystals simultaneously and contain both surface
and bulk contributions.
X-ray photoelectron spectroscopy (XPS) measurements were
performed using an Axis UltraDLD XP spectrometer from Kratos
Analytical with a monochromated Al Kα source. The analysis area was
about 700 × 300 μm2, and individual core levels were measured using
a pass energy of 20 eV. The binding energy scale was calibrated relative
to the C 1s component of adventitious carbon at 285.0 eV.
3.5. Conductivity Measurements. Two-probe conductivity
measurement on compressed powder was applied. A constant gas
pressure of 1.5 bar was applied. Taking into account the area of the
pistons and the force applied to the powders (ca. 110 Newton), the
samples were compressed with 5.6 MPa. Pressure is applied to the
powder by means of a pneumatic system, that is, pressurized gas is
used to move the lower piston, whereas the upper piston is ﬁxed. The
height of the powder column between the pistons is then measured.
The apparent conductivity of the sample was calculated from the I−V
data obtained by chronoamperometric measurements using a BioLogic VMP3 potentiostat. The selected potentials were held for 10
min each when the corresponding current was recorded. The applied
bias was from −1.0 to 1.0 V back and forward.

Figure 1. Structure of the Pt/SnO2 interface model. (Left) The unit
cells for both the SnO2(110) and the Pt(111) surfaces. (Right) A side
view of the interface to show the removal of the bridging oxygen atoms
(red spheres) and the bonding between the two surfaces.

the SnO2 substrate, the Pt overlayer is subjected to a very low
compression, with a mean absolute value of only 2.3%. To
ensure a strong binding between the Pt adlayer and the SnO2
substrate, the bridging oxygen atoms at the outermost layer of
SnO2 were removed, as shown in the right of Figure 1. Previous
calculations have shown that a reduced SnO2 surface is
necessary for an eﬀective adhesion; otherwise, the two surfaces
will completely separate from each other.52
The charge density diﬀerence of a three-layer-Pt/SnO2
interface is plotted in Figure 2, panel a. This diﬀerence is
deﬁned as δρ = ρ3Pt+SnO2 − (ρ3Pt + ρSnO2), while the geometries

4. RESULTS AND DISCUSSION
4.1. Simulation Model for the Pt/SnO2 Interface. The
Pt(111) and the SnO2(110) surfaces are not commensurate.
Because of the periodic boundary conditions in our DFT
calculations, it is required to force the matching between the
two surfaces. As a result, strain at the interface is inevitable.
Increasing the size of the unit cell, that is, using a larger
periodicity, can reduce the strain. However, it also leads to a
signiﬁcant increase of the computational cost. Thus, the search
for a suitable interface model should achieve a good balance
between strain and size of supercell. Figure 1 shows the
interface model that was used in the calculations. The model is
equivalent to a supercell of SnO2(110)-3 × 1 and contains 10
Pt atoms per layer. After being rotated by 13.9° with respect to

Figure 2. (a) Charge density diﬀerence of a three-layer-Pt/SnO2
interface. The fuchsia isosurface represents δρ > 0 (excess), while the
cyan one corresponds to δρ < 0 (depletion), with the isovalue being
0.20 from VASP calculations. (b) Adsorption energy of the last
Pt(111) single layer as a function of the total number of the adsorbed
Pt(111) layers. The deﬁnition of the adsorption energy is shown at the
top. Here, n refers to the total number of the Pt(111) layers, while N
represents the number of Pt atoms within one layer (N = 10 in our
model). Pt(strain) means that the geometry of the single Pt(111) layer
is distorted for strain reduction at the interface. The red star represents
the adsorption energy value without the SnO2 substrate.
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Figure 3. Conﬁguration of the Pt/SnO2 device model for transport calculations.

the detailed process and rate of Sb segregation, but it is beyond
the scope of this paper. In the following calculations, only the
lattice positions have been considered for the Sb locations.
At the top of the SnO2(110) surface, there are two kinds of
nonequivalent Sn atoms. In our partially reduced model, in
which the outermost bridging oxygen atoms were removed, one
kind of the top Sn atom is ﬁve-fold coordinated (Sn-5c, shown
as s1a in Figure 4a and s4-s6 in Figure 4b), while the other is
four-fold coordinated (Sn-4c, shown as s1b in Figure 4a and s1s3 in Figure 4b). Before and after Pt adsorption, the most stable
doping site for a Sb atom is diﬀerent. Without the Pt layer, the

of the separated Pt layers and the SnO2 substrate were kept as
the same as those in the interface. One can see that there is a
signiﬁcant redistribution of charge density at the Pt/SnO2
interface, that is, charge accumulation in the area between Pt
and SnO2 and charge depletion mainly at the ﬁrst Pt layer. The
redistribution of the charge density demonstrates a strong
bonding between the adsorbed Pt layers and the SnO2
substrate, consistent with the ﬁndings in ref 52. Moreover,
the charge density redistribution is very small at the third Pt
layer, indicating that here inﬂuence from the SnO2 substrate is
negligible.
In Figure 2, panel b, the adsorption energies (Ead) of the last
Pt(111) single layer are shown as a function of the total Pt layer
numbers (n). It can be seen that good convergence could be
achieved when the adsorbed Pt reaches three layers. This result
agrees very well with previous calculations52 even though a
diﬀerent interface model was used in that investigation. It is
worth noting that the adsorption energy of the fourth Pt layer is
almost equal to the value from a Pt slab without the SnO2
substrate, meaning that inﬂuence of the underlying SnO2
support has been well screened by three Pt layers. Thus, the
device model of the Pt/SnO2 interface for the transport
calculations, as shown in Figure 3, was constructed in the
following way. An interface structure including four Pt layers
and four SnO2 trilayers was ﬁrst optimized by VASP, leaving
the bottom two SnO2 trilayers frozen. The average height of the
fourth Pt layer could be obtained from the coordinates of those
ten Pt atoms. Then the outermost layer of the Pt electrode (in
Figure 3, right electrode, including the electrode extension) was
placed in the position corresponding to the height of that
average value. The geometry of the SnO2 electrode (in Figure
3, left electrode, including the electrode extension) was
generated by extending the coordinates of the two frozen
SnO2 trilayers. The left electrode was reoptimized after Sb
doping. Using the average height of the fourth Pt layer for the
position of the right electrode is appropriate because the height
ﬂuctuation within that layer is only 0.06 Å, much smaller than
the layer spacing of 2.29 Å in the Pt electrode. Moreover, test
calculations have shown that the transport properties are
mainly determined by the doped SnO2 electrode and the Pt/
SnO2 interface, while eﬀect from the Pt electrode is very small
(see Figure S3 in Supporting Information).
4.2. Segregation of Sb Atoms toward the Interface. In
the computational studies of Sb segregation, the Sb dopants
were placed at the thermodynamically preferred Sn-positions in
the diﬀerent layers of the SnO2(110) surface. The thermodynamic driving force of segregation can be well reﬂected by
comparing the energy of the systems for the diﬀerent dopant
positions. Here, for example, the interstitial sites of SnO2 were
not taken into account. Such sites may play an important role in
the elementary process of Sb segregation and may therefore
aﬀect the transport properties of the Pt/ATO interface owing
to the change of electronic structure.53 A study on the role of
the interstitial sites would be very interesting for understanding

Figure 4. Potential energy surfaces for the segregation of one Sb atom
in (a) SnO2 substrate without any Pt layer, (b) SnO2 substrate binding
with three adsorbed Pt layers, and (c) SnO2 substrate doped by ﬁve Sb
atoms in the ﬁrst layer and binding with three Pt layers. The doping
sites in the potential energy surface correspond to the labels on the
structures. The horizontal axis represents the layer of the SnO2 (110)
surface in which the Sb-dopant atom is placed. The energy of the
respective most stable conﬁguration of doping the Sb dopant in the
ﬁrst layer of SnO2(110) is set as the reference energy.
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Sn-4c site (s1b in Figure 4a) is the most favorable site for the
Sb dopant, while after the deposition of the Pt layers, the Sn-5c
doping site (s4 in Figure 4b) becomes more stable.
The potential energy surface for the segregation of one Sb
atom without Pt adsorption is shown in Figure 4, panel a.
There are two nonequivalent diﬀusion pathways for the Sb
atom, that is, toward the Sn-5c (blue line) and Sn-4c (red line)
top site, respectively. It should be noted that the barrier in the
potential energy surface is actually a thermodynamic barrier,
while a higher kinetic barrier is expected to exist between
adjacent doping sites. One can see that the segregation pathway
toward the Sn-4c top site is more favorable. In this case, the Sb
atom overcomes a barrier of 0.20 eV, lower than that of 0.33 eV
toward the Sn-5c top site. The energy decrement in the whole
processes, which is regarded as the driving force for the Sb
segregation, is 0.75 eV in the more favorable pathway.
After the Pt deposition, the situation becomes more complex.
Because of the rotation of the Pt layers in the model
construction and their interaction with the SnO2 substrate, all
the 24 doping sites for the Sb atom are nonequivalent. As a
result, all these sites should be taken into account when
studying the doping and segregation of a Sb atom. The
corresponding potential energy surface is shown in Figure 4,
panel b. Compared to the above case without Pt adsorption,
one of the remarkable diﬀerences is the reduction of the driving
force for the Sb segregation, that is, the energy decrement is
only 0.47 eV, lower than the aforementioned value of 0.75 eV.
Since the interaction between Pt layers and the doping Sb atom
is negligible when the Sb atom locates at the fourth layer of
SnO2, the reduction of the energy decrement could be mainly
attributed to a weaker interaction between the Pt layer and the
Sb atom doped in the ﬁrst layer, compared to the interaction
between Pt and the corresponding Sn atom before substitution.
As observed by the experiments below, the Sb atoms could
diﬀuse across the ATO/Pt interface, which may provide
additional driving force for Sb segregation. Another diﬀerence
of Sb segregation after Pt deposition is the signiﬁcant reduction
of the thermodynamic barrier. From Figure 4, panel b, one can
see that when a Sb atom diﬀuses toward the Pt/ATO interface,
the energy of the whole system could keep decreasing through
a combination of intralayer and interlayer diﬀusion. From the
viewpoint of the Brønsted-Evans−Polanyi relations,54,55 which
relate the kinetic energy barrier to the dissociative chemisorption energy, it is expected that the kinetic diﬀusion barrier
of Sb could also be eﬀectively reduced by the adsorption of the
Pt layers, which makes the segregation of a Sb atom easier to
occur. Overall, our calculations have demonstrated that for a
low concentration of Sb (one Sb in 24 sites, i.e., 4.2%), the
adsorbed Pt layers could promote the segregation of the doping
Sb atoms toward the interface.
Experimentally, we ﬁrst investigated the ATO particles
without Pt deposition. STEM studies (Figure 5) of the
commercial Sn0.90Sb0.10O2 (nominal composition), without
any Pt catalyst added, show a very uneven distribution of Sb
in the ATO particles. EDS measurements on 10 diﬀerent ATO
particles give an average chemical composition of Sn0.91Sb0.09O2
in the center of the particles. However, the outer 1 nm of the
same particles has an average composition of Sn0.55Sb0.45O2.
Furthermore, surface-sensitive XPS was performed on the same
sample (see Figure S4 and Table S1 in Supporting
Information) and shows a Sb/Sn ratio of 0.45:1, indicating
an average chemical composition of Sn0.65Sb0.35O2 in the outer
layers of the ATO particles. When measurements of chemical

Figure 5. (a) High angle annular dark ﬁeld (HAADF) STEM and (b)
bright ﬁeld (BF) STEM images from commercial Sn0.90Sb0.10O2
(Sigma-Aldrich) sample. The red lines are used to label the outer
layers and the center region of the particle.

composition were performed in the center of an ATO particle,
contributions from both the top and the bottom surface region
of the particle were also included. It is because TEM is a
transmission technique and always corresponds to twodimensional projections. As a result, the Sb concentration in
the center of the particles was overestimated, which means that
the real composition in the center of the particles has less Sb
than the measured values.
Generally, the trend is that Sb is primarily found in the outer
few monolayers of the ATO particles, and these experimental
phenomena well conﬁrmed the driving force of Sb segregation
as obtained from the calculations. The ATO particle shown in
Figure 5, panel a, as an example, has a huge diﬀerence in the
Sb/Sn ratio as a function of position on the particle. Along the
edge of the particle, that is, between the two red lines, the Sb/
Sn ratio was measured to be 2.5:1. At the center of the particle,
however, the Sb/Sn ratio becomes 1:80. It should be
mentioned that large variations of the Sb surface concentration
were observed when measuring ATO particles with diﬀerent
sizes (see Table S2 in Supporting Information). At least some
of these variations are believed to come from the nature of the
surface geometry. In other words, some ATO particles have
curved surfaces, while others are multifaceted (see Figure S5 in
Supporting Information). It is likely that the various facets have
diﬀerent properties with respect to the Sb segregation. Such
work is interesting but beyond the scope of this paper;
therefore, no experimental attempts were performed to try to
systematically study the Sb surface concentration on diﬀerent
facets.
We then characterized the catalyst sample with a nominal
composition of Sn0.90Sb0.10O2 + 20 wt % Pt. In Figure 6, we
show the high angle annular dark ﬁeld (HAADF) STEM image

Figure 6. (a) HAADF STEM image. (b) Sn and (c) O element maps
from EDS measurement for the ATO particle of the catalyst sample
(Sn0.90Sb0.10O2 + 20 wt % Pt).
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and the Sn and O element maps. The Sb element map is not
shown here because the Sn and Sb L-peaks partly overlap and
need to be deconvoluted to produce a reliable map for Sb.
However, quantiﬁcation of the chemical composition at a
number of locations (see Table S3 in Supporting Information)
in the catalyst sample shows that in this case, the Sn1−xSbxO2
support has a Sb concentration in the range of x = 0.015 ±
0.003. Hence, most of the original Sb has diﬀused out of the
ATO. It cannot be totally ruled out that the polyol synthesis
condition itself might also contribute until certain extent to the
segregation and dissolution of Sb. It could be concluded,
however, that Pt could play a main role in the promotion of Sb
segregation based on the both calculation and experimental
results.
In the physical characterization of the catalyst sample, we
also studied a small agglomerate of Pt. The Pt particles have a
narrow size distribution with an average particle size of 3.0
(±0.65) nm (measured size of 50 Pt particles). They are not
typically distributed as single, independent particles, but as
agglomerated chains of Pt single crystals (see Figure S6a in
Supporting Information). The corresponding HAADF STEM
image and the element maps are presented in Figure 7. A

Figure 8. Energy diﬀerence between the two conﬁgurations
mentioned in the text, that is, in one conﬁguration, N-1 Sb atoms
locate at the ﬁrst layer with one Sb atom in the fourth layer; while in
the other one, all the N Sb atoms are in the outermost layer. The
energy of the former structure for each N is set as the reference energy,
and a negative value means that conﬁguration containing all Sb atoms
in the ﬁrst layer of ATO is energetically more favorable. (a) SnO2
substrate without Pt layer; (b) SnO2 substrate binding with three
adsorbed Pt layers.

atoms (N) in the ﬁrst layer. Energies of two conﬁgurations were
compared. In one conﬁguration, N-1 Sb atoms locate at the ﬁrst
layer with one Sb atom in the fourth layer; while in the other
one, all the N Sb atoms are in the outermost layer. When
doping by more than one Sb atom per super cell, for example,
when moving Sb-atoms from a low dopant concentration in the
bulk (5−10%) to a dopant rich surface region, the conﬁgurational entropy could aﬀect the calculated potential energy
surface and thermodynamic driving force. Compared to the
large diﬀerences in enthalpies, these eﬀects are expectedly
small56 and have therefore not been included in the
calculations. From Figure 8, panel a, one can see that with
the successive replacement of Sn by Sb atoms, the absolute
value of the energy diﬀerence ﬁrst decreases until three Sn
atoms were substituted; then there is a large increment of the
absolute value, when the fourth Sb atom occupies the ﬁrst Sn5c site. The extra stability can be attributed to the formation of
the Sb5+/Sb3+ pairs after replacement of the fourth Sn atom in
the outermost layer, which is expected to occur at a high doping
concentration of Sb atoms.35 The emergence of the Sb3+
species was also indicated by our optimized structures. Since
the radius of six-coordinated Sb3+ (0.90 Å) species is 0.16 Å
larger than that of Sb5+ (0.74 Å),57 the two diﬀerent Sb species
could be distinguished by the corresponding bond length of the
Sb−O bond. From Table 1, one can see that after the doping of
the fourth Sb atom, one Sb species with a larger Sb−O bond
length is observed, which is identiﬁed to be the Sb3+. As for the
energy change in Sb segregation, our results in Figure 8, panel a
show that the value is always negative, meaning that the driving
force could be maintained during the segregation of Sb atoms.

Figure 7. (a) HAADF STEM image of a small agglomerate of Pt. (b)
Pt and (c) Sb element maps as acquired by EDS from the region
marked by the red frame in the STEM image.

signiﬁcant Sb signal can be observed everywhere there is Pt, as
shown in Figures 7, panels b and c. The observed alloying of Sb
with the Pt crystal may modify its catalytic activity toward
ORR. The average Sb concentration in the Pt crystals was
found to vary within the range of 2−6 at. % (as determined by
EDS). The lattice spacings from the Pt crystals, according to
the Fourier transform of high-resolution TEM and STEM
images, are consistent with the expected face centered cubic
(fcc) unit cell of Pt (see Figure S6b in Supporting
Information), as expected for low concentrations of Sb.
Hence, element mapping and diﬀraction indicate that the Pt
and Sb elements form an fcc solid solution. It is diﬃcult for us
to draw a conclusion about the eﬀects of Pt particle size and
distribution on the alloy formation with Sb. More dedicated
study is still required to address this point, which is beyond the
scope of this manuscript. In addition, extra caution should be
taken that the Pt crystals are very small, and all the TEM data
are two-dimensional projections through the sample thickness.
Hence, we cannot fully exclude the possibility that Sb element
could exist in a Sb-rich (mono-) layer.
Because the Sb atoms prefer to diﬀuse toward the ﬁrst layer
of the SnO2(110) surface (from the calculations), the Sb atom
number in this layer would increase during the segregation
process. In Figure 8, we computationally investigated the
change of the driving force with respect to the number of Sb
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We also investigated the eﬀects of Sb segregation on the
adsorption energy of the outermost single Pt layer, as deﬁned in
Figure 2. The results are listed in Table 3. It was found that

Table 1. Average Bond Lengths of the Sb−O Bonds (Unit:
Å) at the Outermost Layer of Sb-Doped SnO2 Surface
without Pt Adsorption
1
2
3
4
5
6

Sb
Sb
Sb
Sb
Sb
Sb

2.12
2.12;
2.13;
2.13;
2.09;
2.07;

2.13
2.13;
2.13;
2.09;
2.07;

Table 3. Adsorption Energies (Unit: eV) of the Strained Pt
Single Layer As Deﬁned in Figure 2a

2.13
2.13; 2.21
2.13; 2.17; 2.18
2.07; 2.15; 2.15; 2.15

no Sb atom
1 Sb atom (s4)
1 Sb atom (3s4)
2 Sb atoms (s4,s5)
2 Sb atoms (s4,s1)
6 Sb atoms

When the Pt layers were deposited on the SnO2 substrate,
the situation changes as shown in Figure 8, panel b. One can
see that as more Sb atoms move to the surface layer, the energy
diﬀerence is getting closer to zero and ﬁnally becomes a bit
positive. It should be noted that the value of +0.02 eV is within
the error range of our DFT calculations; thus, when doping the
last Sb atom, the two conﬁgurations should be treated as
energetically degenerate. Our results in Figure 8, panel b show
that the driving force of Sb segregation keeps decreasing as
more Sb atoms locate at the outermost layer of SnO2. As a
result, the segregation of Sb atoms would become more and
more diﬃcult from a thermodynamic point of view. The
reduction of the driving force originates from a slightly
repulsive interaction between the Sb5+ species, as indicated by
comparing the energies of diﬀerent conﬁgurations containing
two Sb atoms (see Figure S7 in Supporting Information). It is
interesting to see that after the adsorption of the Pt layers, the
formation of Sb5+/Sb3+ pairs is reduced when more than three
Sb atoms are located at the interface. According to Table 2, one

Sb
Sb
Sb
Sb
Sb
Sb

2.05
2.07;
2.08;
2.09;
2.10;
2.10;

2.08
2.10;
2.11;
2.12;
2.12;

second layer

third layer

−0.79

−0.83
−0.83
−0.82
−0.84
−0.84
−0.91

−1.07
−1.08
−1.08
−1.08
−1.08
−1.05

−0.82

−0.59

a

Labels in the parentheses represent the doping position of the Sb
atom(s), as shown in Figure 4. For the case of the “6 Sb atoms”, all the
doping sites of Sb are in the ﬁrst layer of SnO2. For the partial doped
SnO2 surface, the adsorption energy of the Pt single layer was not
calculated because of the diﬀerent favorable doping site before and
after Pt adsorption.

after all six Sn-sites are doped by Sb atoms in the outermost
layer of SnO2 (6 Sb atoms in Table 3), the adsorption energy of
the ﬁrst Pt single layer decreases from 0.79 to 0.59 eV per Pt
atom, which can be explained by a weaker interaction between
Pt and the oxidized Sb relative to that between Pt and Sn. For
the adsorption of the second and third Pt single layers,
however, the adsorption energies are aﬀected very little. Thus,
only the bonding region between the ATO and the Pt layers is
inﬂuenced the most by the Sb segregation. Our calculations
reveal that to improve the stability of the adsorbed Pt catalysts,
the concentration of the doping Sb atoms should be kept low at
the outermost layer of ATO; otherwise, the Pt catalysts would
detach from the electrode due to the decreased adsorption
energy. Our experiments have shown that the Sb concentration
is low at the outer layers of ATO due to alloying with the Pt
catalyst; thus in reality, the stability of the Pt catalyst will not be
largely inﬂuenced by the Sb segregation.
4.3. Charge Transport Properties across the ATO/Pt
Interface. The SnO2/Pt device model, as shown in Figure 3
for the charge transport calculations, consists of three parts: the
left electrode, the central region, and the right electrode. The
electrodes and the central region are equally important for the
transport properties. If any one of these regimes or interfaces
has a band gap around the Fermi level, the conductivity of the
entire device would deteriorate. Pt electrode is a metallic
system and is always a good conductor, and SnO2 is a
semiconductor having a band gap of 3.59 eV from experiments.25 If the pure SnO2 is used as the left electrode, the
device would exhibit a very low current value within a bias
range of more than 1 V (from DFT-GGA calculations, see
Figure S8 in Supporting Information). To improve the
conductivity, Sb element is commonly doped into the SnO2
bulk because the Sb5+ species could donate an extra electron as
the charge carrier. In our model, the doping concentration of
Sb is 4.2% at the SnO2 electrode.
From the band structure of the SnO2 electrode doped by a
Sb atom (see Figure S9 in Supporting Information), one can
see that along the transport direction (z), an energy band
crosses the Fermi level and has a nearly uniform distribution at
the two sides. Thus, the Sb-doped SnO2 electrode becomes
conductive, and then the transport properties will depend
explicitly on the conﬁguration of the ATO/Pt interface. The

Table 2. Average Bond Lengths of the Sb−O Bonds (Unit:
Å) at the Outermost Layer of Sb-Doped SnO2 Surface after
the Adsorption of Three Pt Layers
1
2
3
4
5
6

ﬁrst layer

2.10
2.11; 2.12
2.12; 2.12; 2.13
2.12; 2.12; 2.13; 2.19

can see that the Sb3+ species may appear only when the last Sb
atom is placed into the ﬁrst layer of SnO2 surface, meaning that
in most cases, there is no formation of Sb5+/Sb3+ pairs. The
presence of Sb3+ species would compensate the donor level
from Sb5+ and lead to a decrease of the conductance.35 Thus,
the disappearance of the Sb3+ species will be beneﬁcial to a
good transport property of the interface, as demonstrated in the
next section.
The potential energy surface after doping ﬁve Sb atoms in
the ﬁrst layer is shown in Figure 4, panel c. In sharp contrast to
Figure 4, panel b, one can see that there is a thermodynamic
barrier of 0.26 eV in the second layer of the SnO2 substrate.
The appearance of the thermodynamic barrier might result in
an increment of the kinetic diﬀusion barrier,54,55 which may
hinder the segregation of the subsequent Sb atoms from the
bulk. However, as revealed by our experiments, the doping Sb
element can diﬀuse out of the ATO particle and alloy with the
Pt catalyst, meaning that the Sb atoms will not necessarily
remain at the outer layer of ATO. Thus, the Sb segregation
would not be remarkably hindered by the expected higher
barrier in the calculations.
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Figure 9. Change of the electric current with respect to the increase of the Sb concentration at the interface. The purple spheres represent the Sbdopant atoms. Only the central regions are shown for geometries of the device.

After the six Sn atoms in the outermost layer have been
completely replaced by Sb, we continued to increase the
number of Sb atoms within the interface and investigated the
eﬀects on the transport properties. The results are shown in
Figure 10. According to the potential energy surface of Figure

band structure of the Sb-doped SnO2 electrode is sensitive to
the concentrations of the Sb dopants and oxygen vacancies,
which means that in reality, the produced conﬁguration of the
left electrode might also be important for the transport
properties. Such eﬀect is beyond the scope of this paper and
will not be discussed further here.
We ﬁrst computationally investigated the dependence of the
I−V curves on the concentration of the Sb atoms at the
interface. In Figure 9, we show the calculated I−V curves when
the number of Sb atoms was increased from zero to one, then
to two, and ﬁnally to six, while the Sb concentration in the bulk
was kept unchanged (4.2%). The absolute bias in the calculated
I−V curves should not be directly compared with the bias in the
experimental ones. In fact, because of the band gap underestimation by the PBE functional, the increase of the electric
current with bias would expectedly be slower than those in the
calculated I−V curves, and the negative resistance would appear
at a higher bias. However, the qualitative dependence of the
electric current on the concentration and the location (in the
next section) of the Sb dopant, which was revealed in
calculations at the PBE level, will not change. The series of
the conﬁgurations in Figure 9 reﬂects the initial process of Sb
segregation, although reaching a high doping concentration of
Sb at the interface is diﬃcult because of the loss of Sb from the
ATO particles to Pt or the corresponding high energy barrier of
Sb aggregation. The Sb concentration in the bulk was treated as
a constant in the calculations to focus only on the eﬀect from
Sb concentration at the interface. It should be noted that in the
experiments, the concentration of Sb in bulk displays a
decrease, which may come from the dissolution of Sb atoms
in the electrolyte4 or the alloying with the Pt catalysts. The loss
of Sb, which would also inﬂuence the transport properties, was
not considered in the calculations.
The results in Figure 9 reveal that putting more Sb atoms at
the outermost layer of SnO2 leads to an increase of the electric
current. We found that the electric current increases monotonically with the addition of the Sb atoms up to ﬁve (see Figure
S10 in Supporting Information). These results demonstrate
that Sb segregation could improve the transport properties of
the system as long as the residual bulk concentration of Sb is
suﬃcient to sustain the bulk transport. The result is consistent
with our ﬁnding that at the Pt/ATO interface, the formation of
the Sb5+/Sb3+ pairs is quite diﬃcult even if the Sb concentration
is quite high in the ﬁrst layer.

Figure 10. Calculated I−V curves across the ATO/Pt interface when
more than six Sb atoms are doped into the ATO part. The doping sites
after six atoms correspond to labels in Figure 4.

4, panel c, the second layer of the SnO2 substrate is no longer
favorable for Sb atom doping. Therefore, among the additional
Sb atoms, most of them would remain in the fourth layer, while
some of them would remain in the third layer of the ATO
substrate. From Figure 10, one can see that in the range of low
positive bias, the electric current does not increase but
decreases to some extent when more Sb atoms segregate
toward the ATO/Pt interface, which means that the transport
performance reaches a saturation point in this bias range, when
the concentration of Sb-dopant is further increased.
To experimentally investigate the transport proprieties in an
ATO sample with Sb-enriched surface (simulating Sb
segregation), impregnation of pristine Sn0.93Sb0.07O2 sample
was performed. Impregnation was done to ensure a similar Sb
concentration in the bulk.
The conductivity of the synthesized Sn0.93Sb0.07O2 and the
Sb-impregnated (Sn1−xSbxO2@Sby) sample was calculated by
chronoamperometric measurements applying constant voltages
from −1.0 to 1.0 V. Figure 11, panel a shows the current
transients during the positive bias (0−1.0 V; back and forward)
performed to the pristine Sn0.93Sb0.07O2 (black line) and the Sbimpregnated samples (Sn0.93Sb0.07O2@Sby) with 3.5 (red line)
and 8.5 (blue line) Sb at. %, respectively. The current recorded
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Figure 11. (a) Chronoamperometric measures and (b, c) resulting I−V curves for not-impregnated (black line) and Sb-impregnated (3.5 at. %, red
line and 8.5 at. %, blue line) Sn0.93Sb0.07O2 samples. (d) The calculated apparent conductivity from compressed (5.6 MPa) samples is plotted as a
function of the applied potential.

after the giving time was used to generate the I−V curves
shown in Figure 11, panels b and c. Finally, from the I−V
curves, the corresponding apparent conductivity was determined as a function of the applied potential as shown in Figure
11, panel d. One can see that at the concentration of 10%, the
highest conductivity value reaches to about 0.08 S/cm (the red
line), close to that of activated carbon.58 Increasing the Sb
concentration to 15% (the blue line) by Sb-impregnation leads
to a decrement of the conductivity. It is worth noting that the
conductivity also depends on the applied synthesis approach.
For example, ATO with higher conductivity can be reached by
electrospinning59 or by coprecipitation methods (results from
our group not shown here) where the conductivity can be even
above 1.5 S/cm with a Sb-doping-level of 15 at. %. Such high
conductivities may, however, be associated with the diﬀerent
morphologies generated from the applied synthesis procedure
as well as how the Sb atoms are distributed in the outermost
SnO2 layers.
In addition to the impregnation approach, another test was
performed to conﬁrm the eﬀect of Sb-surface content on the
conductance. Thus, commercial as-received ATO was exposed
to the whole synthesis route applied to deposit Pt on ATO to
induce changes in the surface composition. As mentioned
earlier, XPS analysis has shown a Sb/Sn surface ratio of 0.45:1
for the as-received commercial ATO sample; for the treated
sample, the surface ratio was measured to be 0.23:1 (see Table
S1 in Supporting Information). The conductance for both the
as-received and the treated commercial ATO samples was
measured as 0.0099 and 0.0114 S/cm, respectively. Again, this
result shows that a continuous surface enrichment by Sb
appears to aﬀect the conductance negatively.
In general, these experimental results conﬁrm and validate
the calculational observations that in the initial segregation
processes, the conductance of the system increases with the
enrichment of the surface by Sb. After reaching a saturation
point at a particular concentration, the transport current will

then decrease. Experimental and computational results are in
good agreement. As can be observed in Figure 11, Sbenrichment of the outermost layer induces an increment and
stabilization of the conductivity (red lines in Figure 11). This
observation might also be explained by formation of higher
number of percolation paths provoking a better electronic
transport through any better Sb-layer assembly as result of the
nanoparticles compaction, and hence through a segregated
distribution a network among particles is well formed.60 This
segregated distribution would induce a higher and more stable
conductivity (e.g., red line in Figure 11d). On the other hand,
an excess of segregated (or impregnated) Sb might induce a
random distribution, where network continuity relies on the
probability of contact between contiguous sites. In this case,
isolated particle might be also formed between conductive ones
inducing in general a decrease of the electronic transport and
hence of the conductivity (e.g., blue line in Figure 11d).
Both studies have shown that Sb segregation can improve the
electron transport properties of the system. However, as has
been shown, a further segregation or enrichment of the surface
by Sb might not favor an increment of the electric current (as
shown in Figure 11b) even though a stabilization of the
conductivity compared to that in the nonimpregnated sample is
obtained. It means that the electronic conductivity with Sb
doping appears to exhibit a volcano-like behavior. It would be
very interesting to ﬁnd a single descriptor for the concentration
dependence. Such a descriptor, however, might not be easy to
identify because with the increase of Sb concentration, several
factors, such as the distribution of Sb dopants, the electronic
structure of ATO, and the coupling between ATO and Pt, to
name a few, would be aﬀected. Moreover, the question would
become more complex since the conductance of the interface
would also be aﬀected by the applied synthesis approach.
Therefore, more studies are still required to address this point.
For the segregation of Sb atoms toward the ATO/Pt
interface, before arriving at the ﬁrst layer, the Sb atom has to go
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Figure 12. Change of the electric current with respect to the diﬀerent locations of a Sb atom within the surface layers. The purple spheres represent
the Sb-dopant atoms.

Figure 13. Eﬀect of the Sb atom location on the electric current after ﬁve Sb atoms have occupied the ﬁrst layer of SnO2. The purple spheres
represent the Sb-dopant atoms.

second and third layer show a larger current value. The only
diﬀerence is that the current value in Figure 13 is usually larger
than the corresponding one in Figure 12 because the
concentration of Sb atoms in the ﬁrst layer has also been
increased, an eﬀect that was revealed in Figure 9.
4.4. Catalytic Properties of the Adsorbed Pt Layers
toward ORR. The Pt layers deposited on SnO2 substrate are
used to catalyze the ORR at the fuel cell cathode. The catalytic
properties can be eﬀectively tuned by strain (changing the
lattice constant) or ligand (electronic interaction between
diﬀerent elements) eﬀects,61,62 for example, by alloying in the
Pt-layers.63 Moreover, after deposition, the catalytic properties
may also be inﬂuenced by the interaction with the substrate.
Here, calculations were performed to investigate the possible
eﬀects of the ATO substrate on the adsorbed Pt layers. Eﬀects
from alloying between Sb and Pt, which may also prove
important for the catalytic activity, were not taken explicitly
into account in light of the low concentrations of Sb observed
in the Pt-layers.
Because of the existence of the scaling relations, which
establish the energy correlations for diﬀerent reaction
intermediates and transition-states, catalytic activity can be
well described by a small number of independent values, that is,
so-called descriptors.54,55 For the oxygen reduction reaction,
the adsorption energy of the OH group is a good descriptor,
and it was found that the optimal catalyst should bind the OH

through each of the SnO2 layers below. In each layer, there is a
corresponding dwelling time for the Sb atom, determined by
the kinetic energy barrier of diﬀusing out of that layer. Because
it is possible to ﬁnd the doping Sb atom in each layer during
segregation, it is necessary to investigate the inﬂuence of Sb
atom location on the transport properties of the interface. The
computational results are shown in Figure 12, where it can be
seen that the electric current has a signiﬁcant increment when
the doping Sb atom locates at the second or the third layer,
which means that the transport properties are sensitive to the
location of the doping Sb atoms. It should be noted that the
current value of doping a Sb atom in the second layer (green
line in Figure 12) is even larger than that of doping six Sb
atoms in the entire ﬁrst layer (blue line in Figure 9).
Unfortunately, the second layer of SnO2 is not the most
favorable doping site for the Sb atoms; otherwise, a remarkable
improvement of the transport properties could be expected, at
least for a bias below 1.0 V. Finding a better doping element
that could combine the most stable doping position with the
largest electric current is of great importance. Such study is
being carried out by our group and will be discussed elsewhere.
In Figure 13, we investigated the eﬀect of the Sb atom
location on the electric current after ﬁve Sb atoms have
occupied the ﬁrst layer of SnO2. Compared with the case of
doping only one Sb atom in Figure 12, very similar results were
obtained. Again, conﬁgurations containing Sb atom in the
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group about 0.1 eV weaker than the Pt(111) surface.63−66 Here,
we calculated the adsorption energies of OH and compared the
catalytic properties of the diﬀerent interfaces. The energy of
OH was calculated directly from DFT, not with reference to
H2O and H2 as in ref 67, and the binding energy is deﬁned as in
eq 1. The hydroxyl group was placed at the atop site of the Pt
layers, corresponding to a coverage of 1/10. It is worth noting
that the PBE functional, which is used to provide a good
description on ATO, induces an overbinding of OH on the
surface68 compared to, for example, the RPBE results.63 Since a
correction would also be needed to account for the GGA errors
in describing the oxygen/hydroxide references,67 the binding
energies in Table 4 were given relative to the calculated OH
binding energy on an unstrained Pt three-layer slab (see Table
4):

Figure 14. Estimated catalytic activity toward the oxygen reduction
reaction according to the OH binding energies of Table 4. The pink
line is the activity volcano plot from the formulas of ref 65, where j is
the current density in the electrochemical reaction. The red, blue,
green, and orange dot(s) represent the system of Pt/SnO2 (without Sb
dopants), Pt/ATO, strained Pt, and unstrained Pt layers, respectively.

Ead(OH) = ESurf(Pt − SnO2) − OH − (ESurf(Pt − SnO2) + EOH)
(1)

Table 4. Change of the OH Adsorption Energies (Unit: eV)
on a Three-Layer Pt with and without ATO Substrates,
Relative to the Calculated Value on an Unstrained Pt ThreeLayer Slaba

reason is that alloys like Pt7Sb and Pt5Sb have a somewhat
larger lattice constant and should therefore bind OH a bit
stronger than Pt, which makes the activity toward ORR lower
(see Figure 14). Another reason is that under oxidizing
conditions, there will likely be a thermodynamic driving force
for segregating and oxidizing of the Sb atoms on the surface of
Pt. We computationally investigated the possible location of a
Sb-dopant atom in the Pt layers. The Sb atom was placed in the
second layer or the third layer (i.e., the outermost Pt layer) of
the ATO/Pt interface, by substituting a Pt atom, or was put on
the Pt layers at a hollow site. The energy of the whole system
decreases by 0.61 eV when the Sb atom moves from the second
to the third Pt layer and has a further decrement of 0.38 eV
when it diﬀuses out of the Pt layers, that is, adsorbs on the Pt
layers. The Sb atom could be further stabilized by forming
oxides. Thus, some of the Pt-sites will be blocked by Sb oxides,
resulting in a lower activity. More work is needed to thoroughly
understand the catalytic consequences of Pt−Sb and Pt−Sn
alloying in this system.

three layers
no Sb atom
1 Sb atom (s4)
1 Sb atom (3s4)
2 Sb atoms (s4,s5)
2 Sb atoms (s4,s1)
6 Sb atoms
Pt slab (strained)
Pt slab (unstrained)

0.11
0.10
0.11
0.09
0.09
0.07
0.07
0.00

a

A positive value represents a weaker adsorption. Labels in the
parentheses represent the doping position of the Sb atom(s), as shown
in Figure 4.

From the results of Table 4, one can see that the OH binding
energy changes quite little (within 0.04 eV) after successive Sb
segregation. The Sb-dopant atoms do not contact with the
topmost Pt layer, and their inﬂuence on the adsorption of OH
is well blocked by the intermediate Pt layers. We then evaluated
the catalytic properties of the adsorbed three-layer Pt toward
the oxygen reduction reaction. The OH adsorption energy on a
three-layer Pt(111) slab without any substrate was also
calculated as a reference, and this value agrees well with
previous calculations.69,70 It is interesting to see that compared
to the value on the Pt slab (unstrained), the adsorption energy
of OH is 0.07−0.11 eV weaker on the supported Pt layers,
depending on the Sb concentration, indicating that the Pt/
ATO interface might possess an improved catalytic activity
toward ORR, as shown in Figure 14. When we exerted the
same strain on the Pt(111) slab, the OH adsorption energy is
very close to those of Pt layers supported by the ATO
substrate, meaning that the ligand eﬀect is negligible here, and
strain is the main reason for the improved catalytic properties.61
It should be mentioned, however, that the compression that
had been exerted on the Pt layers is artiﬁcial when we
constructed the Pt/ATO interface. Extra eﬀorts should be
exercised when trying to apply a similar strain in the
experiments.
The alloying of the Sb dopants with the Pt catalyst would
lower the corresponding catalytic activity toward ORR. One

5. CONCLUSIONS
In summary, through a combined computational and
experimental investigation, we studied the distribution of Sb
within ATO and its inﬂuence on electronic transport and
catalytic properties of the ATO/Pt system. The doping Sb
atoms were found to segregate toward the ATO/Pt interface,
and the deposited Pt catalyst could not only promote the Sb
segregation, but also suppress the occurrence of Sb3+ species, a
charge carrier neutralizer at the interface. We show that the
conductivity of ATO increases to a magnitude close to that of
activated carbon, with an increment of the surface Sb
concentration, as obtained through Sb-impregnation, before
reaching a saturation concentration around 10% of Sb, and then
a decrease. In addition, the calculation results show that the
presence of Sb dopants in ATO has little eﬀect on the catalytic
activity of deposited three-layer Pt toward the oxygen reduction
reaction, although subsequent alloying of Pt with Sb could
lower the catalytic activity. These ﬁndings help to support
future applications of ATO/Pt-based materials as possible
cathodes for PEMFC applications with enhanced durability
under practical applications.
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