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Abstract 

Antimony-doped tin oxide (ATO) nanoparticles are synthesized by a simple one-step hydrothermal method. The oxygen reduction 
reaction (ORR) activity of the PtPd/C catalyst is promoted by the presence of ATO. Moreover, after accelerated durability testing, the 
PtPd/C-ATO catalyst reserves most of its electrochemically active surface area (ESA) and ORR activity compared to the PtPd/C catalyst. 
The improved electrochemical stability and activity of PtPd/C-ATO is attributed to the high stability of ATO support and the strong 10 

interaction between Pt and ATO. 

Introduction 

Although proton exchange membrane fuel cells (PEMFCs) are 
ideal future power sources due to their high efficiency, zero 
emission, low-temperature operation, and fast response 1, there 15 

are still some critical issues that need to be overcome before the 
commercialization of PEMFCs, which include the sluggish 
kinetics of the oxygen reduction reaction (ORR) and the 
unsatisfactory long-term durability of the cathode catalysts 2, 3. At 
present, the most widely used cathode catalyst system is Pt in the 20 

form of small nanoparticles supported on amorphous carbon 
particles. These carbon support materials can be oxidized when 
both oxygen and liquid water are present at high electrode 
potentials 4, 5, and when fuel hydrogen starvation occurs during 
fuel cell operation 6-8. The electrochemical corrosion of the 25 

carbon support causes agglomeration and sintering of the Pt 
catalyst particles, resulting in a decreased electrochemical surface 
area (ESA) and deteriorative activity of the catalyst 9. These 
effects would lead to a rapid degradation of the Pt catalyst and 
thus shorten the lifetime of the PEMFCs. Consequently, more 30 

robust catalysts with enhanced activity and stability, such as Pt-
based alloy and core-shell catalysts have been studied as potential 
alternatives for PEMFCs 10, 11. 

Carbon-supported PtPd catalysts with highly catalytic activity 
and long-term durability have received increasing interest for the 35 

application in ORR. The incorporation of Pd into Pt can modify 
its electronic state and reduce the local O coverage at high 
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potentials and thus stabilize the Pt surface due to separation and 
dilution of the active site 12. To solve the carbon corrosion issue, 
alternative supports are being developed with the objectives to 50 

increase both the support durability and the catalyst activity 
through improving the catalyst-support interaction by replacing 6, 

7, 13-17 or combining 18, 19 carbon with transition metal oxides, such 
as antimony-doped tin oxide (ATO) 20-27. Dou et al. 20 used ATO 
as catalyst support material for oxygen reduction reaction, and 55 

found that the ATO support maintains significantly its stability 
and the performance of the tested electrocatalyst compared to 
Vulcan XC-72. Furthermore, Yin et al. 25 proved that the 
electrochemical activity and stability of Pt for Pt/ATO/C catalysts 
is increased with the addition of ATO because of modified 60 

electronic structure of Pt by the presence of the ATO phase in the 
catalyst supports, which was found to significantly enhance the 
catalyst durability. 

In this work, as an effort to improve the durability and activity of 
the catalysts, we developed a carbon-ATO composite support 65 

(abbreviated as C-ATO), and deposited PtPd catalyst on this 
support for oxygen reduction reaction. For comparison, PtPd 
supported on pure carbon support was also prepared. Their 
electrochemical performance and durability were evaluated, and 
the results are reported here. 70 

Experimental  

Material synthesis 

The ATO nanoparticles were synthesized by a simple one-step 
hydrothermal method. Typically, 2 g tin (purity 99.99%) and 
calculated amount of Sb2O3 (purity 99.99%) (5 at% to Sn) were 75 

dissolved in 80 mL 8.3 mol L-1 HNO3 solution and formed a 
yellow colloid. The colloid solution was transferred to an 
autoclave and kept at 150 oC for 10 h in an oven. When air cooled 
to room temperature, the resulting bluish-colored products 
(characteristic of ATO particle) were collected and washed with 80 

water and ethanol, and finally dried at 100 oC for 5 h in an oven. 
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The C-ATO composite supports were prepared by mixing 13.6 
mg ATO with 27.2 mg XC-72 in ethanol to obtain well-blended 
support suspensions. 

The PtPd/C-ATO catalyst was prepared by a modified aqueous-
phase synthesis method using amphiphilic triblock copolymers as 5 

the reductant and capping agent, according to Zhang et al. 11. 
Typically, a given amount of Na2PdCl4 (Aladdin, Shanghai, 
China) aqueous solution was injected into 14 g L-1 Pluronic F127 
(Sigma-Aldrich) solution to give a final PdCl4

2- concentration of 
4.2 m mol L-1. After stirring at 80 oC for 2 h in an oil bath, the Pd 10 

colloid solution was obtained. Then calculated amount of 
Na2PtCl4 (Aladdin, Shanghai, China) aqueous solution (Pd:Pt 
atom ratio of 2:1) was injected into the above solution, and kept 
at 80 oC for another 3 h to obtain PtPd nanocrystals (NCs). 
Afterwards, the as-prepared C-ATO support suspensions were 15 

added to the obtained PtPd NCs solution, then the mixture was 
stirred overnight. The product was collected by centrifugation 
and dried at 60 oC under vacuum overnight. For comparison, 
PtPd/C was also prepared by the same method with 40.8 mg XC-
72 as support materials. The Pt/C and Pt/C-ATO were 20 

synthesized by removing the process of the Pd colloid formation 
from the preparation of PtPd/C and PtPd/C-ATO, respectively. 

Material characterizations 

X-ray diffraction (XRD) measurements were carried out using a 
Cu Kα source (PANalytical X’Pert PRO X-ray diffractometer) 25 

operated at 40 kV and 40 mA. Transmission electron microscope 
(TEM) characterization was performed on a JEOL JEM-2000EX 
microscope. The Brunauer-Emmet-Teller (BET) area was 
estimated using a QuadraSorb SI4 system. Elemental analysis 
was carried out on a JEOL 6360LV scanning electron microscopy 30 

equipped with an energy dispersive X-ray spectrometer (EDX). 
The XPS spectra were obtained on an ESCALAB250XI 
spectrometer and the binding energies were calibrated according 
to the C 1s peak (284.8 eV). The conductivities of support 
materials were tested using four-point probe measuring system 35 

(Suzhou Jingge Electronic Co., China). 

Electrochemical measurements 

All electrochemical measurements were conducted using a 
CHI730 electrochemical station. Pt foil and saturated calomel 
electrode (SCE) were employed as the counter and reference 40 

electrode, respectively. All the potentials are given versus the 
normal hydrogen electrode (NHE). Working electrode was 
prepared by coating appropriate amount of electrocatalyst and 
Nafion® on the glassy carbon electrode (d = 4 mm) according to 
the literature 28, 29. Catalyst ink was obtained by sonicating 5 mg 45 

of catalyst, 50 µL Nafion® solution (5 wt.%, Alfa Aesar), and 1 
mL isopropanol into homogeneous slurry. Then, 4 µL this ink 
was dropped on the glassy carbon electrode and allowed to dry in 
air at room temperature. All cyclic voltammetry (CV) 
measurements were profiled in 0.5 mol L-1 H2SO4 solution 50 

deaerated with high purity N2 in the potential range of 0.02 and 
1.2 V at a scan rate of 50 mV s-1. The oxygen reduction curve 
was measured in oxygen saturated 0.5 mol L-1 H2SO4 from 1.0 to 
0.2 V at 10 mV s-1 with a rotating speed of 1600 rpm. A potential 
cycling test from 0.6 V to 1.2 V were conducted to examine the 55 

electrochemical stability of the catalysts. The electrochemical 
surface area (ESA) of catalysts was estimated according to the 
charge of hydrogen desorption after double-layer correction, 
assuming monolayer hydrogen adsorption on Pt surface (0.21 mC 
cm-2). 60 

Results and discussion 

Characterization of ATO Support Material 

 

 

Fig. 1 (a) TEM image and (b) corresponding particle size 65 

distribution histogram of ATO. 

Figure 1a and 1b show TEM image and corresponding particle 
size distribution histogram of ATO. As seen from the TEM image, 
the ATO support material is composed of nanoparticles and has a 
relatively narrow particle size distribution. On the basis of 70 

measuring the size of more than 100 randomly chosen particles in 
the TEM image, the mean particle diameter of ATO support is 
3.3 nm. Energy dispersive X-ray spectroscopy (EDX) analysis of 
the as-prepared support proved the presence of Sb and Sn in 
5.4:100 atomic ratio for ATO, which agrees closely with the 75 

initial atomic ratio (5.0:100) used in ATO preparation. 
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Fig. 2 XRD pattern of ATO. 

Figure 2 displays the XRD patterns of the ATO support material, 
all of the diffraction positions and relative intensities of support 
material match well with standard XRD pattern of cassiterite 5 

SnO2 (JCPDS card No. 00-021-1250). The main characteristic 
diffraction patterns at 2θ = 26.5, 33.8, 37.9, and 51.7, correspond 
to the planes of (110), (101), (220), and (211), respectively. 
Moreover, there are no peaks arising from impurity, such as Sb, 
Sb2O3 and Sb2O5. The average size of the ATO nanoparticles 10 

calculated from the (110) peak using Scherrer’s equation is 3.5 
nm, which is in accordance with the results obtained by TEM. 
Figure 3 exhibits the nitrogen adsorption/desorption isotherms of 
ATO support. As can be observed, the surface area of the ATO 
support synthesized in this study is found to be 146.5 m2 g-1. In 15 

addition, the electronic conductivity of the ATO nanoparticles is 
measured as approximately 1.47×10-3 S cm-1. 

 

Fig. 3 Nitrogen adsorption / desorption isotherms of ATO. 

The electrochemical stabilities of XC-72 and C-ATO supports are 20 

studied by a rotating disk electrode (RDE) in 0.5 mol L-1 H2SO4 
at an elevated potential. Figure 4a and 4b show the CV curves of 
XC-72 and C-ATO before and after potential hold at 1.6 V for 10 
h. As seen in Figure 4a, the carbon support has a significant 
increase in the oxidation current after potential holding. The large 25 

redox couple at 0.6 V indicates that severe carbon corrosion has 
occurred. For C-ATO, there is still a redox couple at 0.6 V 
because of the presence of XC-72. However, the corrosion 
current of C-ATO after 1.6 V for 10 h is smaller than that of XC-
72 (see Figure 4c), indicating that the prepared C-ATO composite 30 

support is rather more stable than commercial XC-72 carbon 
when subjected to high potentials. 

 

 

 35 

Fig. 4 CV curves of XC-72 (a) and C-ATO (b) before and after 
1.6 V oxidation for 10 h in 0.5 mol L-1 H2SO4 electrolyte with a 
scan rate of 50 mV s-1; (c) Chronoamperometric curves of XC-72 
and C-ATO measured at 1.6 V. 

Characterization of the catalysts 40 
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Fig. 5 TEM images of PtPd/C (a) and PtPd/C-ATO (b). 

Figure 5 displays the TEM images of PtPd/C and PtPd/C-ATO 
samples. For PtPd/C catalyst (Figure 5a), there are some irregular 5 

nanoparticles distributing on the carbon support. However, when 
ATO is added, the active component is distributing on both of the 
carbon support and the ATO support in the form of the clusters 
composed of nanoparticles (see Figure 5b).  

 10 

Fig. 6 XRD patterns of PtPd/C and PtPd/C-ATO. 

The XRD patterns of PtPd/C and PtPd/C-ATO are shown in 
Figure 6. The diffraction peaks of the PtPd/C catalyst at around 
40°, 47°, 68°, 81°, and 86° are attributed to the (111), (200), 
(220), (311) and (222) planes of the PtPd alloy (JCPDS card No. 15 

03-065-6418), suggesting good crystallinity of these homemade 
PtPd NCs. The diffraction peak at around 25° comes from the 
carbon black. In terms of the PtPd/C-ATO catalyst, it can be seen 
that the catalyst displays characteristic peaks of PtPd crystalline 
structure, together with diffraction patterns of oxide component 20 

(ATO) with rutile SnO2 structure which also can be found in 
Figure 2a. In addition, the mean crystallite size of PtPd NCs in 
each catalyst could be calculated by Scherrer’s equation and 
found to be 12 and 11 nm for PtPd/C and PtPd/C-ATO catalysts, 
respectively. 25 

 

 

 

Fig. 7 (a) CV curves, (b) ORR Polarization curves and (c) MA of 
PtPd/C and PtPd/C-ATO. 30 
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The electrocatalytic performances of PtPd/C and PtPd/C-ATO 
toward ORR are investigated in 0.5 mol L-1 H2SO4 at room 
temperature. The CV and ORR polarization curves for different 
catalysts are presented in Figure 7a and 7b. The Pt loading of 
PtPd/C and PtPd/C-ATO catalysts obtained by EDX are 13.49 5 

wt.% and 14.23 wt.%, respectively. As seen from Figure 7a, the 
sharp peak, appeared between 0.02 and 0.05 V vs. NHE, may be 
ascribed to hydrogen absorption on Pd. The initial ESA, which is 
based on the Pt mass of the PtPd/C-ATO catalyst, is estimated to 
be 40.9 m2 g-1, which is higher than that of the PtPd/C catalyst 10 

(27.5 m2 g-1). The ORR polarization curves (Figure 7b) of the two 
catalysts show that the PtPd/C-ATO catalyst has more positive 
onset potential and half-wave potential than PtPd/C, which 
indicates the higher catalytic activity of PtPd/C-ATO than PtPd/C 
catalyst. The Pt mass activity (MA) (Figure 7c) is obtained by 15 

normalizing the kinetic current densities ik against the Pt mass of 
these catalysts. The ORR mass activity of the PtPd/C-ATO 
catalyst at 0.9 V is 20.4 mA mgPt

-1, higher than that of PtPd/C 
(12.2 mA mgPt

-1). 

Table 1 Quantitative data of the fits of Pt 4f7/2 XPS spectra for  20 

Pt/C, Pt/C-ATO, PtPd/C and PtPd/C-ATO. 

 

In order to understand the reason for an increase in the 
performance of the ORR activity by introduction of ATO, XPS 
analysis is conducted. Figure 8a, 8b, 8c and 8d show XPS spectra 25 

in Pt 4f region for Pt/C, Pt/C-ATO, PtPd/C and PtPd/C-ATO, 
respectively. The Pt4f peak in Figure 8 can be decomposed into 
pairs of three peaks, which are assignable to Pt (0), Pt (II) and Pt 
(IV) in each of the pairs. The binding energies (BE) of Pt4f7/2 
along with the relative densities of Pt (0) for each catalyst are 30 

listed in Table 1. As for the Pt/C-ATO catalyst, the BE of the Pt 
(0) is shifted to the lower energy with the addition of ATO on the 
support compared to the Pt/C catalyst. This result indicates the 
modulated interactions between Pt and supports by introduction 
of the ATO. In addition, the content of Pt (0) is found to be 35 

gradually increased from 60.18% for Pt/C to 72.07% for the Pt/C-
ATO (see Table 1), further demonstrating the strong metal-
support interactions between Pt and ATO. Similar results have 
also been observed by Yin et al. 25. In terms of the PtPd/C and 
PtPd/C-ATO catalysts, the BE of the Pt (0) for PtPd/C-ATO 40 

shifts positively by 0.08 eV compared to PtPd/C. The result is 
different from the shift of the BE between Pt/C and Pt/C-ATO. 
From XPS analysis, we can see that the surface Pt/Pd molar ratio 
of the PtPd/C catalyst is 0.65: 1. As for the PtPd/C-ATO, the 
surface Pt/Pd molar ratio is 0.57: 1. That is, when ATO is added, 45 

the surface Pt content decreases. Zhang et al. 30 suggest that the 
less Pt content in the surface of the catalyst, the more positive 
shift in the BE of the Pt in the Co@Pt/C catalysts. Therefore, the 
BE of the Pt (0) for PtPd/C shifts positively when ATO is added 
due to the less Pt content in the PtPd/C-ATO catalyst. Moreover, 50 

the content of Pt (0) for PtPd/C-ATO is 75.98%, higher than that 
of the PtPd/C (73.29%) (see Table 1). The result is similar to Liu 
et al. 31， concluding that the content of Pt (0) in the PtAu/C 
increases with the addition of TiO2. Thus, the Pt in the PtPd/C-
ATO possesses higher activity and stability due to the greater 55 

corrosion resistance of Pt (0) 25. 
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Fig. 8 XPS spectra for Pt4f region of Pt/C (a), Pt/C-ATO (b), 
PtPd/C (c) and PtPd/C-ATO (d). 

Furthermore, the long-term stability of PtPd/C and PtPd/C-ATO 
catalysts are evaluated by applying potential cycling between 0.6 5 

and 1.2 V in N2-purged 0.5 mol L-1 H2SO4, and the CV and ORR 
polarization curves before and after degradation are shown in 
Figure 9a, 9b, 9c and 9d. After 1500 cycles, the PtPd/C-ATO 
catalyst lost 67.5% of its initial Pt ESA, whereas the PtPd/C 
catalyst lost approximately 82.2% of its initial ESA. In addition, 10 

the mass activities of the two catalysts estimated from kinetic 
current densities versus the cycle number are shown in Figure 9c. 
As shown, the Pt mass activities of the PtPd/C and PtPd/C-ATO 
catalysts are enhanced in the first 100 potential cycles, which 
may be attributed to the compositional change of PtPd nanoalloy 15 

during potential cycling 32. Some researches 32, 33 have reported 
that the non-noble metal in Pt-M alloy catalysts can be easily 
dissolved under electrochemical operating conditions, leaving the 
surface of the catalyst Pt-rich. Fig. 10 shows XPS spectra of the 
PtPd/C and PtPd/C-ATO catalysts before and after ADT in the 20 

binding energy ranges of Pd3d and Pt4f. It can be seen in Figure 
10b that the Pd peaks of the PtPd/C and PtPd/C-ATO catalysts 
are decreased significantly, while the peak intensity of Pt (Figure 
10a) reduces more slightly, suggesting remarkable Pd dissolution 
and little Pt loss after potential cycling. According to the intensity 25 

ratio of Pd3d and Pt4f, as derived from the area under the peaks, 
the Pd/Pt surface atomic ratio of the PtPd/C catalyst before ADT 
is evaluated to be 1.44: 1, while decreases to 0.84: 1 after ADT. 
The results indicate Pt enrichment on the outer layer. Similarly, 
the Pd/Pt surface atomic ratio of the PtPd/C-ATO catalyst after 30 

ADT (0.57: 1) is smaller than that of the PtPd/C-ATO catalyst 
before ADT (1.76: 1). The smaller lattice parameter of Pd-rich 
core would induce compressive strain in the outer shell, which 
would tend to downshift the d-band center of the Pt-rich shell 34, 
weakening the adsorption energy of the oxygenated species, and 35 

thus enhancing the ORR kinetics of the dealloyed PtPd/C and 
PtPd/C-ATO catalysts 35. Afterwards, the Pt mass activities for 
both of the catalysts are reduced during the potential cycling due 
to the significant decrease of ESA. The ORR activity of the 
PtPd/C-ATO catalyst at 0.9 V decreases to 54.4% of its initial 40 

value, while the PtPd/C catalyst retaines only 39.4% of its initial 
ORR activity after 1500 cycles. Meanwhile, the ORR activity of 
the PtPd/C-ATO catalyst is 2.3 times higher than that of the 
PtPd/C catalyst after potential cycling. These results confirm that 
the PdPt/C-ATO catalyst is more durable than PdPt/C catalyst. 45 

Table 2 The mass activity (MA), specific activity (SA), 
electrochemical surface area (ESA), and decay rate of the PtPd/C 
and PtPd/C-ATO catalysts before and after potential cycling 

between 0.6 and 1.2 V vs. NHE at 50 mV s-1 for 1500 cycles in 
N2-purged 0.5 mol L-1 H2SO4. 50 

 

 

 

 

Fig. 9 CV curves of (a) PtPd/C and (b) PtPd/C-ATO under 1500 55 

potential cycling between 0.6 and 1.2 V; (c) MA given as kinetic 
current densities normalized against the Pt mass of PtPd/C and 
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PtPd/C-ATO as a function of cycle numbers; (d) Normalized 
mass activity as a function of cycle numbers for PtPd/C and 
PtPd/C-ATO. 

 

 5 

Fig. 10 XPS spectra of the PtPd/C and PtPd/C-ATO catalysts 
before and after ADT in the binding energy ranges of (a) Pt4f and 
(b) Pd3d. 

Conclusions 

ATO nanoparticles with large surface area were successfully 10 

synthesized via a simple one-step hydrothermal method. The 
electrochemical stability of XC-72 improved when ATO was 
added. Meanwhile, the PtPd/C-ATO catalyst showed significantly 
enhanced catalytic activity for the ORR compared with the 
PtPd/C catalyst. The improvement of activity is attributed to the 15 

high ESA and modified electronic structure of Pt by the presence 
of the ATO phase in the catalyst supports which was also found 
to significantly enhance the catalyst durability. 
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The oxygen reduction reaction activity and stability of PtPd/C are promoted by 

introduction of antimony-doped tin oxide in the support. 
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