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A B S T R A C T   

Developing high-performance electrocatalysts for the oxygen reduction reaction (ORR) is of significance for 
metal-air batteries and fuel cells. The platinum (Pt) catalyst is considered as the most ideal candidate for its 
highest catalytic activity towards ORR. However, the practical application of Pt catalyst is impeded for its high 
cost and poor catalytic stability. Here, we seek to use the SnO2 support to modify the electronic structures of Pt 
catalyst to boost its catalytic activity and durability. We synthesized Pt/SnO2 heterojunction catalyst with Pt 
nanoparticles anchored on SnO2 supports, which has the similar morphology to commercial Pt/C with Pt 
nanoparticles anchored on carbon supports. By means of X-ray photoelectron spectroscopy, we find that the 
electron density of the Pt nanoparticles supported on SnO2 is increased, while no such features are found in the 
Pt/C catalyst. Comparing with the Pt/C catalyst, the Pt/SnO2 catalyst exhibits higher activity and better dura-
bility for ORR catalysis, which can be ascribed to the strong metal-support interactions between Pt nanoparticles 
and SnO2 supports.   

1. Introduction 

The electrochemical oxygen reduction reaction (ORR) is crucial for 
the development of various energy systems and technologies, like metal- 
air batteries and fuel cells [1–5]. To date, platinum (Pt) catalysts possess 
the highest ORR activities, but their potentials have not yet fully 
unfolded [6–8]. Further advancements in enhancing the intrinsic ac-
tivities and catalytic stabilities of Pt-based ORR catalysts are desired to 
meet the requirements of practical applications. 

Recently, semiconducting metal oxides (e. g. TiO2, SnO2, WO3 and 
ZrO2, etc.) were reported as promising catalyst supports for various 
electrochemical reactions [9–15]. Strong metal-support interactions 
were found in such heterojunction electrocatalysts, which could modify 
the electronic structures of metal active sites and enhance their intrinsic 
activities [16–24]. As a typical semiconducting metal oxide, tin oxide 
(SnO2) has great potential due to its nontoxicity, low cost and superior 
electrochemical stability. As reported, the SnO2 has shown great po-
tential to function as support for boosting the catalytic activity and 
stability of electrocatalyst [10,25,26]. Moreover, it was found that the 
SnO2 could also facilitate the desorption of oxygen-containing 

intermediates during the ORR process [12]. We posit that designing 
Pt/SnO2 hybrid catalysts with nanostructured Pt and SnO2 support can 
induce strong interactions between them and modify the electronic 
structures of Pt, thus obtaining enhanced ORR performance. 

Here, we report a facile approach to prepare Pt/SnO2 heterojunction 
catalysts with Pt nanoparticles anchored onto SnO2 supports. Using X- 
ray photoelectron spectroscopy (XPS), we have found that the SnO2 
supports can induce electron-rich features of Pt nanoparticles in Pt/SnO2 
catalyst, which are found to be beneficial for enhancing the intrinsic 
activities of Pt active sites towards ORR catalysis. In sharp contrast, no 
such features are found in commercial Pt/C catalyst with Pt nano-
particles anchored onto carbon supports. Comparing with the com-
mercial Pt/C, the Pt/SnO2 exhibits higher half-wave potential and lower 
Tafel slope, verifying its superior ORR performance. Besides, the Pt/ 
SnO2 catalyst shows greatly improved catalytic durability compared 
with the Pt/C catalyst. These results, taken together, indicate the sig-
nificant role of metal-support interactions for enhancing the ORR per-
formance of Pt catalyst. 
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2. Experimental 

2.1. Materials 

Polyvinylpyrrolidone (PVP) (M.W. 10000), Tin (IV) chloride (SnCl4) 
and commercial Pt/C (20 wt%) were got from Sigma-Aldrich. The 
oleylamine (technical grade, 80%), oleic acid (technical grade, 90%), 
cyclohexane and ethanol were brought from Energy Chemical. Ethylene 
glycol (98%) and chloroplatinic acid (99%) were brought from MACK-
LIN. All chemicals were used without further purification. 

2.2. Preparation of Pt/SnO2 hybrid catalysts 

First, SnO2 supports were prepared via a hydrothermal method [27]. 
Typically, SnCl4 (199 μL) were added into a mixed solvent of oleylamine 
(2.5 mL) and oleic acid (20 mL) under stirring, followed by the addition 
of ethanol (10 mL). The mixture solution was kept at 160 ◦C for 6 h in 
one Teflon-lined autoclave. After centrifugation and washing for 5 
times, the precipitates were collected and dried in vacuum for 5 h to 
obtain SnO2 supports. The PVP and chloroplatinic acid were separately 
dissolved in ethylene glycol by using the phial under ultrasonic treat-
ment. Afterwards, the as-obtained SnO2 powders (40 mg) were added 
into ethylene glycol (30 mL) under stirring and the mixture was kept at 
160 ◦C, followed by drop-by-drop addition of PVP solution (10 mg/mL, 
3 mL) and chloroplatinic acid solution (80 mg/mL, 3 mL). After 1 h 
treating, the resulting precipitate was collected by centrifugation and 
washed by using ethyl alcohol. Finally, the Pt/SnO2 hybrid catalyst was 
obtained after drying the precipitates at 50 ◦C in vacuum for 5 h. 

2.3. Electrochemical measurements 

An electrochemical workstation (CHI-760D) was used to perform the 

electrochemical tests. The Ag/AgCl electrode is employed as the refer-
ence electrode and the graphite rod was used as the counter electrode. 
Cyclic voltammetry (CV) curves and Linear sweep voltammetry (LSV) 
curves were recorded with a three-electrode system by using the rotating 
ring disk electrode (RRDE) technique. 

3. Results and discussion 

The SnO2 supports were first synthesized through a hydrothermal 
method, followed by a solvothermal process to prepare Pt/SnO2 hybrids. 
As shown in the transmission electron microscopy (TEM) image of the 
synthesized Pt/SnO2 sample (Fig. 1a), the Pt nanoparticles are uniformly 
attached on the SnO2 supports and the diameters of Pt nanoparticles are 
about 4–7 nm. In the TEM image of Pt/SnO2, it is clearly seen the 
characteristic lattice spacing of the (111) crystal plane of Pt and the 
(110) crystal plane of SnO2 (Fig. 1b). As displayed in Fig. 1c, the TEM 
and corresponding energy dispersive spectroscopy images of Pt/SnO2 
reveal a homogeneous distribution of Pt, Sn and O elements. Large 
contact areas are formed between the Pt nanoparticles and SnO2 sup-
ports to induce strong metal-support interactions. 

The powder X-ray diffraction (XRD) was employed to analyze the 
compositions of obtained samples. As shown in the XRD pattern, the 
diffraction peaks of SnO2 sample can be indexed to SnO2 (PDF No. 
41–1445) in tetragonal phase (Fig. S1). We further compare the struc-
tures of the synthesized Pt/SnO2 catalyst and commercial Pt/C, with 
respect to the effect of catalyst supports. Upon comparison of the XRD 
patterns of the above two samples (Fig. 2a), it can be seen that their 
characteristic peaks are similar, indicating the same crystal form of Pt in 
both samples. No diffraction peaks of impurity are found in the XRD 
pattern of the prepared Pt/SnO2. In the TEM image of the Pt/C catalyst 
(Fig. S2), it is clearly observed that the Pt nanoparticles are anchored on 
carbon supports with uniform diameters in the range of 3–5 nm. The Pt/ 

Fig. 1. (a, b) TEM images of Pt/SnO2 sample. (c) TEM and corresponding elemental mapping images of Pt/SnO2 sample.  
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C catalyst shows similar morphology and crystal structure to the ob-
tained Pt/SnO2 catalyst. 

The chemical state of elements in the Pt/C and Pt/SnO2 samples were 
further assessed by XPS measurements. As shown in Fig. 2b, the signals 
of Pt elements are observed in the XPS spectra of these catalysts, while 
the characteristic peaks of Sn elements are only seen in the corre-
sponding spectrum of Pt/SnO2 catalyst. In the high-resolution Pt 4f 
spectra of catalysts (Fig. 2c), two prominent peaks can be respectively 
indexed to Pt 4f7/2 and Pt 4f5/2 peaks. Notably, the Pt 4f7/2 and Pt 4f5/2 
peaks of the Pt nanoparticles in Pt/SnO2 catalyst show ~0.70 eV 
downshift compared with those of the commercial Pt/C, suggesting that 
the Pt nanoparticles supported on SnO2 have higher electron density 
than those on carbon supports. As reported, the metal-support in-
teractions between SnO2 supports and Pt nanoparticles can tune the 
electronic structures of Pt [14,28]. It is possibly that the electrons 
transfer from the SnO2 supports to Pt nanoparticles at the heterojunction 
interfaces, thereby increasing the electron density of Pt nanoparticles 
supported on SnO2. Accordingly, the Sn 3d5/2 and Sn 3d3/2 peaks and the 
O1s peak of SnO2 of Pt/SnO2 catalyst all exhibit positive shifts compared 
with those of Pt/C catalyst (Fig. 2d and Fig. S3), which verifies the 
electron transfers from the SnO2 supports to Pt nanoparticles in the 

Pt/SnO2 catalyst. 
To evaluate the effect of SnO2 and carbon supports towards ORR 

catalysis, we further carried out the electrochemical measurements of 
the Pt/SnO2 and Pt/C catalysts. As shown in Fig. 3a and Fig. S4, addi-
tional reduction peaks can be seen in the CV curves of these two catalysts 
measured in the O2-saturated electrolytes compared with the CV curves 
in N2-saturated electrolytes, indicating the existence of ORR process. 
Notably, the reduction peak in the CV curves of Pt/SnO2 catalyst is more 
positive than that of commercial Pt/C catalyst, which indicates the Pt/ 
SnO2 has higher ORR activity. We further carried out the LSV tests of 
these catalysts using RRDE technique (Fig. 3b). The LSV curve of Pt/ 
SnO2 catalyst shows an improved half-wave potential (0.862 V vs. 
reversible hydrogen electrode, RHE), higher than that of Pt/C (0.851 vs. 
RHE), indicating the superior ORR activity of Pt/SnO2 catalyst. Notably, 
the pure SnO2 support shows poor catalytic activity toward ORR 
(Fig. S5). The increased catalytic activity of Pt/SnO2 catalyst is attrib-
uted to the enhancement of intrinsic activity of Pt nanoparticles 
anchored on the SnO2 support. Moreover, comparing with Pt/C catalyst, 
the Pt/SnO2 catalyst has smaller Tafel slope (Fig. 3c), which suggests its 
increased reaction kinetics towards ORR catalysis. 

We further calculated the electron-transfer number and peroxide 

Fig. 2. (a) XRD patterns of Pt/SnO2 and Pt/C samples. (b) XPS spectra of SnO2, Pt/C and Pt/SnO2 samples. (c) High-resolution Pt 4f spectra of Pt/C and Pt/SnO2 
samples. (d) High-resolution Sn 3d spectra of SnO2 and Pt/SnO2 samples. 
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(H2O2) yield of Pt/SnO2 and Pt/C catalysts from their RRDE polarization 
curves. The electron transfer number of Pt/SnO2 catalyst is much closer 
to 4 than that of Pt/C catalyst during the ORR process (Fig. 3d). Besides, 
comparing with Pt/C catalyst, the Pt/SnO2 catalyst owns a lower H2O2 
yield, which illustrate the prepared Pt/SnO2 catalyst has better ORR 
performance (Fig. 3e). In conjunction with XPS analysis and electro-
chemical results, it is reasonable to conclude that the improved ORR 
activity of Pt/SnO2 catalyst is attributed to the electron-rich features of 
Pt catalytic sites in Pt/SnO2 catalyst. The current versus time (i–t) 
chronoamperometric test was performed to study the durability of cat-
alysts. As shown in Fig. 3f, the Pt/SnO2 has a good current retention 
(93%) after 50 h of continuous operation, while the Pt/C catalyst suffers 
fast current decay (17%) during the test. 

4. Conclusion 

In summary, we report one facie strategy to prepare Pt/SnO2 het-
erojunction catalyst with Pt nanoparticles uniformly anchored onto 
SnO2 supports. The generated strong metal-support interactions be-
tween Pt and SnO2 can modify the electronic structures of Pt sites. Using 
XPS studies, we have verified that the SnO2 supports can increase the 
electron densities in Pt nanoparticles of the Pt/SnO2 catalyst while no 
such features are found in Pt/C catalyst. Comparing with Pt/C catalyst, 
the Pt/SnO2 catalyst exhibit superior catalytic activity and durability 
towards ORR, indicating the significant role of metal-support in-
teractions in the Pt/SnO2 catalyst. In a broader context, this work pro-
vides a general principle to structure heterogeneous catalysts with 
optimal supports in various electrochemical reactions. 
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