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Abstract: Pt-Sn bimetallic catalysts, especially Pt-Sn alloys, are 
considered highly CO-tolerant and are thus candidates for reformate 
derived hydrogen oxidation and for direct oxidation of fuel cell 
molecules. However, it remains unclear if this CO-tolerance originates 
from Sn in the Pt-Sn alloy or whether SnO2, present as a separate 
phase, also contributes. In this work, a carbon-supported Pt-SnO2 was 
carefully synthesized to avoid the formation of Pt-Sn alloy phases. 
The resulting structure was analysed by scanning transmission 
electron microscopy (STEM) and detailed X-ray absorption 
spectroscopy (XAS). CO oxidation voltammograms of the Pt-SnO2/C 
and other SnO2-modified Pt surfaces unambiguously suggest that a 
bifunctional mechanism is indeed operative at such Pt-SnO2 catalysts 
for stable CO oxidation at low overpotentials. The results from these 
studies suggest that the bifunctional mechanism can be attributed to 
the co-catalysis role of SnO2, in which the surface hydroxide of SnO2 
(Sn-OH) reacts with CO adsorbed on Pt surface (Pt-COads) and 
regenerates via a SnII/SnIV reversible redox couple (-0.2–0.3 V vs. 

reversible hydrogen electrode). 

Introduction 

Carbon monoxide oxidation remains an important reaction in 
proton-exchange membrane (PEM) fuel cells, as CO is present 
as an impurity from reformate gas[1] and is also an intermediate or 
incomplete oxidation product of small fuel molecules (methanol, 
ethanol, etc.)[2]. CO poisons Pt surfaces and thus severely retards 
the oxidation of fuel molecules[3]. Amongst CO-tolerant catalysts, 
Pt-Sn alloys stand out[4], due to a combination of the following 
promotional effects: (i) bifunctional effects, through which the Sn 
sites provide the adsorbed hydroxide (OHads) reactant at much 
lower potential than at Pt[5]; (ii) electronic/ligand effects, through 
which alloyed Sn atoms alter the electronic properties of Pt and 
thus weaken the Pt-CO interaction[4d, 6]; and (iii) ensemble effects, 
through which the binding site geometry of CO on Pt is altered 
because the Pt surface is diluted by CO-inert but hydrophilic Sn 
atoms[6]. Nevertheless, for practical applications, the instability of 
the active Pt-Sn alloy surfaces and Sn dissolution narrow the 
useful upper limit of the potential window to 0.5~0.6 V (vs. the 

standard hydrogen electrode, which will be used as the reference 
for all potentials referred to in the introduction) in acidic 
electrolytes[7]. Additionally, the ensemble effects of surface-
alloyed Sn have been shown to inhibit C-H bond dissociation in 
methanol oxidation[8] and to lower the CO2 selectivity in ethanol 
oxidation[2a, 8a, 9].  

Pt modified SnO2, Pt-SnO2, in which the contributions from the 
ligand and ensemble effects no longer exist, has been shown to 
promote the oxidation of CO and other site-blocking intermediates 
via a bifunctional mechanism similar to that for the Pt-Sn alloy [4b, 

10]. Our group[11] reported a study of well-characterized Pt-Sn 
nanoparticles, in which the SnO2-to-alloyed Sn ratio was changed 
by heat treatment in different atmospheres. We found that whilst 
the onset potential of CO stripping increased, it was not 
proportional to the fraction of SnO2 (~0.39 V for the sample with 
~92 at % SnO2 out of total Sn), implying that both SnO2 and 
alloyed Sn may facilitate CO oxidation on Pt[11]. This relationship 
is supported by other studies on Pt-Sn bimetallic catalysts[12], and 
the promoted CO oxidation can be also found on Sn modified Pt 
nanoparticles, in which the Sn was suggested to exist as SnO2

[9b, 

13]. In addition, the surfaces of Pt-Sn alloys tend to segregate into 
Pt-Sn4+ or Pt-SnO2 due to the instability to air exposure[14], as 
observed during low-temperature CO oxidation [15], suggesting 
that the bifunctional effects reported on Pt-Sn bimetallic catalysts 
may be partly attributed to SnO2. 

If a bifunctional mechanism is active for Pt-SnO2 catalysts, a 
redox couple corresponding to the formation and dissociation of 
Sn-OH should exist, as Hayden et al.[5a] found on Pt(111)/Sn 
surface alloys. Cathro[16] proposed that increased activity of a Pt-
Sn catalyst, electrodeposited from a mixed solution of H2PtCl6 and 
SnCl4 at 0.05 V, for the oxidation of C1 fuel molecules oxidation 
could be ascribed to the Sn(OH)3

+/Sn2+ couple (0.142 V[17]). On 
the other hand, Rabis et al.[18] showed two irreversible redox 
couples on a SnO2 thin film, the presence of which depends on 
the (reducing or oxidising) synthesis conditions; SnO2 prepared 
under reducing conditions at ~0.1 V/~0.4 V and that prepared 
under oxidising conditions at ~-0.2 V/~-0.3 V. Lim et al.[19] 
reported an irreversible redox couple at ~0.7 V/~0.5 V of partially 
alloyed PtSn and attributed this to the absorption and desorption 
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of oxygen-containing species of SnO2. Matsui et al.[20] observed a 
similar redox couple on a SnOx supported Pt catalyst.  

Although bifunctional effects from SnO2 are likely to exist and 
have comparable enhancement for CO oxidation to that of the 
alloys, unambiguous evidence of the bifunctional effects is still 
lacking. To ascertain the contribution of the bifunctional 
mechanism from SnO2, a catalyst Pt-SnO2 in which no Pt-Sn 
alloying is present is required. The study reported herein has been 
carefully designed to achieve such a catalyst to enable 
unambiguous exploration of the contributions of SnO2 to the 
bifunctional mechanism. 

To obtain such an unalloyed Pt-SnO2 catalyst, the choice of 
Sn precursors and the reducing condition need to be taken into 
careful consideration to avoid the formation of the strong Pt-Sn 
intermetallic bond whilst increasing the number of Pt-SnO2 
interfaces. First, the commonly used stannous chloride (SnCl2) 
should be avoided, because the oxidation state of Sn is not the 
targeted one, and more importantly because SnCl2 can form a Pt-
SnCl3 complex with Pt precursors[21]. Secondly, the reducing 
agent should be of modest strength, so as to selectively reduce 
only the Pt ions and should not contain organic residues that 
complicate the interpretation of results. Considering these two 
factors, sodium stannate (Na2SnO3) and stannic chloride (SnCl4) 
could be good choices for the Sn precursor, and room-
temperature reduction in a H2(g) atmosphere could reduce Pt 
(hydro)oxides (PtOx) to metallic Pt whilst leaving the SnO2 

unaltered, based on the differences between the standard 
electrode potentials of Pt, Sn, and H, in which the reducing 
potential of H2/H+ (0 V) is much lower than that of PtIIO /Pt or 
PtIVO2/Pt (both ~1.0 V) but higher than that of SnO2/Sn0 (both 
~-0.1 V) [17]. Room temperature reduction is also used to prevent 
intermixing Sn and Pt atoms, as heat treatment (≥200 °C) is 
required for the formation of Pt-Sn alloy nanoparticles [11, 22]. 

In this work, a Pt-SnO2 nanoparticle catalyst supported on 
carbon (Pt-SnO2/C) is synthesised based on the above 
considerations. The distribution of Pt and SnO2 and the 
morphology are studied by analytical electron microscopic 
techniques and the Sn speciation is interrogated by detailed X-ray 
absorption spectroscopy analysis. On Pt-SnO2/C, CO oxidation at 
low overpotentials is promoted and capable of proceeding without 
being poisoned, supporting our hypothesis that bifunctional 
effects from SnO2 are active in CO oxidation. The bifunctional 
mechanism of SnO2 is also supported by mixtures of commercial 
Pt/C and SnO2 nanoparticles and is further studied by depositing 
SnO2 nanoparticles on Pt disc electrodes and carbon electrodes.  

Results and Discussion 

 

 
 

Figure 1. Elemental distribution and morphology of Pt-SnO2/C. (A) A SEM image and (B) the corresponding EDS mapping image of Pt Mα1 (red) and Sn Lα1 (green). 
(C) An overview TEM image, (D) BF and (E) HAADF STEM images zooming in on a mixed Pt-SnO2 region, and (F) the corresponding STEM-EELS composite map, 
using Pt M4,5 edge (red), and overlapping Sn M4,5 and O K edges (green). The SEM sample was drop-casted as a thin film on a carbon-coated Cu grid.



3 

 

The elemental distribution and morphology of the as-prepared 
samples were studied using analytical electron microscopic 
techniques. Figure 1 shows a SEM secondary electron (SE) 
image (Figure 1A) and corresponding EDS map of a Pt-SnO2/C 
sample (Figure 1B). The sample was deposited as a thin film on 
a carbon-coated Cu grid to minimize particle stacking. At this large 
field of view (~ 5 μm), the Sn and Pt signal appear to co-locate, 
suggesting that, on the whole, SnO2 in Pt-SnO2/C distributes 
evenly, rather than forming large-scale agglomerates and 
separating from Pt and carbon. Figures 1C-D show 
representative bright field (BF) (S)TEM images of Pt-SnO2/C with 
fields of view ~600 nm and ~40 nm, respectively, displaying that 
the nanoparticles are uniformly deposited on the carbon support 
in the form of isolated nanoparticles (~1.9 nm, Figure S3) and 
nanoparticle clusters (~10 nm). The well-dispersed and isolated 

nanoparticles are found to be pure Pt, i.e., with no detectable Sn 
or O STEM electron energy loss spectroscopy (EELS) signal 
(Figure S4 and Figure S5). These isolated Pt particles dominate 
in the as-prepared Pt/C (Figure S6). Close-up BF and high angle 
annular dark field (HAADF) STEM images (Figure 1D-E, Figure 
S7A-B for another region) reveal that the nanoparticle clusters of 
Pt-SnO2/C are assemblies of nanocrystals. STEM-EELS results, 
see both elemental maps (Figure 1F, S7C, S8B) and EEL spectra 
from selected regions (Figure S8C-E), suggest that the 
nanoparticle clusters consist of Pt and tin oxide nanoparticles with 
comparable particle sizes, and that these two types of particles 
are in intimate contact. 

Crystalline phases of the as-prepared samples were also 
identified using powder X-ray diffraction (XRD). Figure 2 shows 
XRD patterns of Pt-SnO2/C and Pt/C, along with standard peak 
positions of face-centred cubic (fcc) Pt and rutile SnO2 as vertical 
bars in the diagram. Pt-SnO2/C largely shares a pattern with Pt/C, 
with a broad diffraction peak (~25°) from Vulcan XC-72R carbon 
(Figure S11) and a set of peaks (~40°, 46° and ~67°) from fcc Pt. 
The only mismatches found on Pt-SnO2/C are the weak yet 
discernible peaks at ~34° and ~52°, which can be indexed to 
SnO2(101) and SnO2(211), respectively. The SnO2 diffraction 
peaks are also observed in the precursor of Pt-SnO2/C before H2 
reduction (Figure S11A), and they become more dominant and 
more defined when the SnO2 loading is increased (Figure S11B). 
Thus, the weak signal of the SnO2 phase in Pt-SnO2/C is possibly 
due to the nanocrystalline nature of the SnO2 and the low 
concentration of SnO2 (~4 wt%). Other than those from Pt, SnO2 
and carbon, no extra diffraction peaks relating to crystalline Pt3Sn 
phases or other Pt-Sn alloys are observed, indicating that the 
crystalline Sn of Pt-SnO2/C is in the form of SnO2 rather than 
alloyed Sn. In addition, from the width of the Pt (111) diffraction 
peak, average Pt crystallite sizes of Pt-SnO2/C and Pt/C were 
estimated to be ~1.8 nm and ~2.1 nm, respectively, which are in 
agreement with the particle size measured from the 
corresponding TEM images.

 

Figure 2.  XRD patterns of Pt-SnO2/C and Pt/C powder samples, along with 
the standard patterns of fcc Pt (JCPDS No. 04-0802) and rutile SnO2 (JCPDS 
No. 41-1445). The peak ascribed to the carbon support is indicated. The Pt 
loading of Pt/C is ~12.6 wt%, and the Pt and SnO2 loadings of Pt-SnO2/C are 
~12.3 wt% and 4.0 wt%, respectively. 

Figure 3.  Fourier transforms without phase correction of k3-weighted EXAFS spectra of Pt-SnO2/C at (A) Pt L3 edge and (B) Sn K edge, compared to those of the
reference samples, Pt/C at Pt L3 edge, SnO2 nanopowder at Sn K edge and Pt-Sn alloy/C at both edges. The comparison is also shown in both k space and the 
real part of R space (Figure S12 for the Pt edge data and Figure S13 for the Sn edge data). The samples were measured as BN pellets and in H2(g), except for
the SnO2 nanopowder and one of Pt-SnO2/C samples, which were measured in air. 
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  Table 1.  Structural parameters of Pt-SnO2/C, Pt-SnO2/C_air (Pt-SnO2/C measured in air), Pt-Sn alloy/C, Pt/C, SnO2 nanopowder, and Pt foil, obtained from 
EXAFS fitting. Double dataset fitting was conducted on Pt-Sn alloy/C[e]. 

Sample Edge [a] Scattering path* R (Å) [b] N [c] σ2 (x103 Å2) [d] ΔE0 (eV) R factor (%) 

Pt-SnO2/C 

Pt L3 Pt–Pt 2.754(2) 8.8(3) 6.5(2) 5.6(4) 0.68 

Sn K 
Sn–O 2.054(7) 5.6(3) 4.3(8) 

5(1) 1.2 
Sn–Sn 3.21(2) 2(1) 7(3) 

Pt-SnO2/C_air Sn K 
Sn–O 2.052(4) 6.1(2) 4.2(5) 

4.2(6) 0.4 
Sn–Sn 3.21(1) 1.6(7) 6(2) 

Pt-Sn alloy/C 

Pt L3 
Pt–Pt 2.779(1) 8.2(2) 6.9(1) 

4.9(2) 

0.88 
Pt–Sn 2.788(5) [e] 2.2(2) 12(1) [e] 

Sn K 
Sn–O 2.02(3) 1(1) 4(8) 

3(1) 
Sn–Pt 2.788(5) [e] 9(2) 12(1) [e] 

Pt/C Pt L3 Pt–Pt 2.756(2) 9.3(3) 6.2(2) 6.8(3) 0.57 

SnO2 Sn K 
Sn–O 2.055(4) 6.0(2) 4.0(5) 

4.2(6) 0.33 
Sn–Sn 3.201(7) 1.2(5) 2(2) 

Pt foil [f] Pt L3 Pt–Pt 2.765(1) 12 4.9(1) 7.2(3) 1.6 

[a] For the Pt L3 edge data, only the first coordination shell is presented;  

[b] R, the average distance of absorber–backscatterer pair scattering; [c] N, the coordination number of the scattering; [d] σ2, the mean square relative displacement 
of the R. 

[e] For Pt-Sn alloy/C data, Pt–Sn and Pt–Sn scatterings were constrained to have an equal R and σ2; 

[f] The coordination numbers of different shells were kept the same as the theoretical model (ICSD No. 52250). 

 
Although only SnO2 and no crystalline Pt-Sn alloy could be 

found by XRD, this evidence alone is insufficient to assert that no 
Pt-Sn alloy phase exists in Pt-SnO2/C. If there were alloyed Sn 
species, they might be oxidized after exposure to air[14], and/or at 
concentrations below the detection limit of XRD. Thus, the Sn 
speciation of Pt-SnO2/C was further characterised from aspects 
of local coordination environment and oxidation state and by 
combining XAS spectra obtained at the Pt L3 and Sn K edges. The 
spectra were collected in H2(g) to mimic the synthesis condition, 
which minimises the air-induced oxidation and dealloying of 
potential Pt-Sn alloy phases.  

At the Pt L3 edge, Pt-SnO2/C shows a Fourier-transformed 
(FT) extended X-ray absorption fine structure (EXAFS) spectrum 
matching that of Pt/C but with slightly decreased magnitude 
(Figure 3A), which is also reflected in the k space and the real 
part of the R space plots (Figure S12), suggesting similarity in the 
Pt coordination environment. Quantitative results of Pt 
coordination were found from the corresponding multiple-shell 
fitting using a constrained model, where the symmetry of Pt fcc 
structure is used to minimise the number of variables. The fits of 
both Pt-SnO2/C and Pt/C yield good R-factors (<0.7%), with Pt–
Pt distances (R) within the error of fitting, 2.754(2) Å vs. 
2.756(2) Å, respectively (Figure S14 and Table 1). As the fitted 
values for the mean square relative displacement (σ2) are also 
similar, the decreased FT magnitude for the Pt-SnO2 is attributed 
to the lower coordination number (CN) of Pt–Pt (~8.8 for the first-
shell) than Pt/C (~9.3), which is consistent with the smaller Pt 

particle size of Pt-SnO2/C indicated by TEM and XRD. In contrast, 
the Pt-Sn alloy/C data show a Pt–Sn scattering path, R (~2.79 Å) 
(Figure 3A), due to the alloying of Sn atoms[9b, 11] and a Pt–Pt 
distance (~2.779 Å) which is significantly longer than that of Pt/C 
(~2.756 Å, Figure S15 and Table 1).  

The contrasting Sn speciation of Pt-SnO2/C and Pt-Sn alloy/C 
can be more readily distinguished from the perspective of Sn. At 
the Sn K edge, the FT of the EXAFS for the Pt-SnO2/C shows a 
similar profile to that for the SnO2 nanopowder (Figure 3B and 
Figure S13), whilst that for the alloy sample is dominated by a 
unique Sn–Pt scattering path (~2.79 Å, Figure S15  and Table 1), 
which cannot be detected or fitted for the Pt-SnO2/C data (Figure 
S16). Further examination reveals that the FT magnitude of Pt-
SnO2/C is lower than that of the SnO2 in two regions, the Sn–O 
region (1.0–2.0 Å) and the high R region (2.5–3.8 Å). The lower 
magnitude in the former region yields a CN of 5.6(3), less than the 
theoretical value of SnO2 (CN = 6, Figure S17), which indicates 
that the SnO2 of Pt-SnO2/C is unexpectedly reduced to a limited 
extent. To clarify the origin of the reduced SnO2, Pt-SnO2/C was 
also measured in air. A good match with SnO2 nanopowder is 
shown in the Sn–O region (Figure 3B), with the fit yielding a CN 
of 6.1(2), suggesting that the SnO2 in the as-prepared Pt-SnO2/C 
is fully oxidized with a SnO6 first shell coordination. For the high 
R region, the decreased FT magnitude of Pt-SnO2/C (measured 
in air and in H2) is attributed to the crystallite size of SnO2. Sn–Sn 
scattering paths between neighbouring SnO6 units dominate in 
this region, and such a decrease is also observed when the SnO2 
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nanopowder (8–10 nm) is compared with a SnO2 standard sample 
(Figure S18). The small crystallite size of SnO2 in Pt-SnO2/C is 
consistent with the nanocrystalline nature observed by STEM 
(~2–3 nm). Thus, the mismatches between Pt-SnO2/C and SnO2 
in the Sn K edge EXAFS spectra originate from a combination of 
the measurement atmosphere and the size of the SnO2 particles, 
rather than the presence of alloyed Sn in the as-prepared Pt-
SnO2/C.  

The dominance of SnO2 in the Sn speciation of Pt-SnO2/C is 
corroborated by X-ray absorption near-edge structure (XANES) 
spectra at Sn K edge (Figure 4). Compared to Sn references 
(SnO2 nanopowder, Pt-Sn alloy/C, SnO and Sn foil), Pt-SnO2/C 
samples, measured in air and in H2(g), show a nearly identical 
spectrum to that of the SnO2 in terms of white line intensity (the 
sharp feature at the top of the rising edge), peak position (selected 
as the maximum of the first derivative, the inset of Figure 4) and 
other fine structures above the edge (29250–29400 eV), 
consistent with the EXAFS results. The concentration of each 
possible Sn species in the as-prepared Pt-SnO2/C (measured in 
air) was estimated by linear combination fitting (LCF) using two 
components, SnO2 and the other Sn references. The fitting 
suggests that the Sn species of the Pt-SnO2/C are comprised of 
100% SnO2. We note for completeness that X-ray absorption 
spectroscopy (XAS) is unable to exclude the presence of trace 
amounts of alloyed Sn in the sample. STEM-EELS microanalysis 
of one region (see Figure S9, Figure S10 and the related 
discussion in the supporting information) shows that Sn, most 
likely in the form of bulk alloyed Sn, was present in Pt particles in 
contact with SnO2, the exact origin of which is unclear. Thus, 
based on the differences between SnO2 and alloyed Sn in XANES 
and the nearly identical spectra of Pt-SnO2/C and SnO2, we 
estimate that >99.9 % Sn atoms exist as SnO2 in the as-prepared 
Pt-SnO2/C.  

Further inspection of the Pt-SnO2/C XANES spectra reveals a 
slight reduction of the SnO2 when the spectra were measured in 
H2(g), consistent with the EXAFS data, and LCF yields (99.1 ± 
1.5)% SnO2 and (0.9 ± 1.5)% reduced SnO2, using Pt-Sn alloy/C 
as the component of the reduced species (Figure S19). The 

possible speciation of the reduced SnO2 is then discussed. 
Careful comparison of the FT EXAFS spectra measured in H2(g) 
and air (Figure 3B and Figure S13) reveals a small yet 
discernible mismatch in position at a radial distance of ~2.3 Å, 
which would suggest a new scattering path. Such a mismatch is 
supported in the fit of Pt-SnO2/C (Figure S16), in which the 
scattering paths were generated using rutile SnO2 (ICSD 
No.647469) as the input file, present as a peak at ~2.2 Å in the 
residual plot (Figure S20). However, the mismatch at ~2.3 Å and 
the residual peak at ~2.2 Å cannot be attributed to the formation 
of new phases, as the common Sn references like alloyed Sn and 
SnO show no major scattering path in these two regions (Figure 
S20 and Figure S21). We therefore suggest, as the most likely 
explanation, that the reduced SnO2 arises from surface oxygen 
vacancies on SnO2, in which oxygen-containing ligands were 
partly depleted by H2. This suggestion is consistent with the 
surface composition and structure of SnO2: low index SnO2 
surfaces under reducing conditions tend to lose surface lattice 
oxygen and relax into a SnII state termination[23]. One may notice 
that this surface SnII can be easily oxidised under ambient 
conditions, as shown in the XAS data measured in air. This dual 
valency gives us the first indication that a redox couple may exist 
on the SnO2 surface. 

Figure 5 shows the CO-stripping voltammograms of the as-
prepared samples, Pt-SnO2/C and Pt/C, as well as a commercial 
Pt/C (20 wt%) (Johnson Matthey (JM)). After a saturated CO 
adlayer was formed at 0.2 V in 0.1 M HClO4, the potential was 
swept backwards to 0.05 V in CO-free electrolyte and cycled from  
0.05 – 1.0 V for three cycles. The hydrogen adsorption/desorption 
(Hads/des) features from Pt (0.05 – 0.35 V) are absent in the first 
cycle, as the Pt surface is completely blocked by the adsorbed 
CO (COads) and appear in the 2nd and 3rd cycles when the COads 
is stripped off. The Hads/des pseudocapacitive current of Pt-SnO2/C 
largely overlaps that of the Pt/C catalysts with comparable charge, 
whilst those of Pt-Sn alloy/C are considerably smaller (Figure S22 
and Table S1). 

For the 1st CO stripping sweeps, whilst the Pt/C catalysts 
show a main peak at ~0.8 V and small pre-peaks between 0.4 V 

Figure 4.  Sn K edge XANES spectra and (the inset) their first derivatives of Pt-
SnO2/C and the reference samples SnO2 nanopowder, SnO, Pt-Sn alloy/C and 
Sn foil. The spectra of Pt-SnO2/C, Pt/C and Pt-Sn alloy/C were collected in 
H2(g), and the others in air.   

Figure 5.  CO stripping voltammograms of Pt-SnO2/C, Pt/C and Pt/C (Johnson 
Matthey) in N2-saturated 0.1 M HClO4 solution at a scan rate of 20 mV s-1. A 
saturated CO adlayer was adsorbed by potential hold at 0.2 V for at least 15 
min, followed by displacement of dissolved CO from the solution by N2.  
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and 0.7 V (the inset of Figure 5), and compared to the prepared 
Pt/C the larger contribution of the pre-peak and the earlier onset 
of CO stripping observed for the commercial Pt/C can be 
attributed to the agglomeration of Pt particles and the larger 
particle size (Figure S6 and Figure S23)[24]. In contrast to the 
Pt/C catalysts, Pt-SnO2/C gives a broad peak, from 0.3 V to 1 V, 
with significantly more contribution from the pre-peaks and less 
from the main peak. Two CO stripping features of Pt-SnO2/C are 
noteworthy. The first is the low onset potential (~0.3 V), which is 
close to the reported value for Pt-Sn alloys[5a, 6a] and Sn-modified 
Pt[25], indicating that CO oxidation at the Pt-SnO2 catalyst is 
indeed promoted. The second is the broad peak shape, 
suggesting that highly active and less active sites (pure Pt sites) 
coexist on Pt-SnO2/C. The multiplicity of active sites is consistent 
with the STEM results revealing that some Pt particles are 
isolated from SnO2. The percentage of highly active sites can be 
estimated by a CO pre-stripping voltammogram (Figure S24), in 
which ~36% COads was removed by potential hold at 0.5 V prior 
to CO stripping. 

The CO stripping voltammogram features of Pt-SnO2/C are 
reproducible in sulfuric acid electrolyte (Figure S25), and for 
catalysts comprising physical mixtures of two commercial 
components, Pt/C (60 wt%, JM) and SnO2 nanopowders (8–10 
nm), prepared over a range of molar ratios of Pt to SnO2 (3:1, 1:1 
and 1:3, Figure 6A). A consistent trend is clearly obtained; 
increased SnO2 loading is accompanied by a greater change to 
the pre-peak region. As a control the promoted SnO2 was 
replaced by Al2O3, resulting in no promotion of the CO oxidation 
(Figure S26). The charge in the pre-peak region decreases 
significantly when the configuration of thin-film electrodes was 
changed from physical mixtures to layer-by-layer structures (a 
SnO2 layer on a Pt/C layer and vice versa), suggesting that the 
promotion effects from SnO2 depend not simply on the presence 
or content of SnO2, but also on the contact between Pt and SnO2 
(Figure 6B). 

Since SnO2 itself is inert for CO oxidation (Figure S27), the 
CO stripping voltammograms of the Pt-SnO2/C and the physical 
mixtures of Pt/C and SnO2 clearly indicate that CO adlayer 
oxidation at the Pt surface is facilitated by SnIVO2. The 
conventional bifunctional mechanism from alloyed Sn, in which 
water molecules are activated by the oxidation of the Sn sites[5a, 

6a], fails to explain the promotional effect from SnO2. One may 
argue that the mechanism is still applicable at SnO2 by forming 
OHads adsorbed on SnO2, as hypothesised by many previous 
studies[10, 19a, 26]. We argue otherwise that it is the OH species on 
the SnO2 surface, (SnO2)Sn-OH, that are the active species for 
the bifunctional mechanism from SnO2. Our reasons are twofold. 
First, SnIV of SnO2 is in the highest oxidation state of Sn and has 
a saturated first coordination shell, as ascertained by XAS above. 
These two factors do not allow the addition of OH coordination by 
further oxidation of SnIV. Second, the presence of surface 
hydroxyl species on SnO2 has been previously verified and found 
to be formed by the absorption and dissociation of water [23, 27]. In 
heterogeneous catalysis the surface hydroxyl on SnO2 has been 
found to participate in CO oxidation on Pt at low temperature[28]. 
Thus, based on the widely accepted Langmuir-Hinshelwood (L-H) 
type reaction of CO oxidation on Pt[2d, 4a, 29], the bifunctional 
mechanism from SnO2 can be tentatively written as 

Pt-COads + (SnO2)Sn-OH + H2O   →   CO2 + H3O+ + e- + Pt + (SnO2)Sn*          (eq. 1) 

where (SnO2)Sn* represents surface oxygen vacancy sites of 
SnO2, possibly as the reduced SnO2 measured by XAS in H2(g), 
and thus the reaction rate is the product of a rate constant and the 
coverage of Pt-COads and (SnO2)Sn-OH at Pt-SnO2 interfaces. 
However, the surface defect site of SnO2 may or may not form 
back to Sn-OH under the experimental conditions. If not, or with 
slow kinetics, the Sn-OH would be consumed, and the reaction 
would be discontinued. 

To further investigate the regeneration of the Sn-OH species, 
CO oxidation at Pt-SnO2 was studied by CO continuous oxidation 
voltammetry. The measurements were carried out in a CO-
saturated electrolyte, and the mass transport of the dissolved CO 
was controlled by rotating disc electrode (RDE) configuration, so 
that the COads coverage is kept constant. The upper limits of the 
potential windows were chosen to emphasise the pre-peak 
characteristic, i.e., 0.6 V for Pt-SnO2/C and 0.7 V for the Pt/C 
catalysts.  

Figure 6.  CO stripping voltammograms of electrodes modified by 60 wt% Pt/C 
(Johnson Matthey) and SnO2 nanopowder with different (A) SnO2 contents 
and (B) microstructures. (A) Physical mixtures of the Pt/C and the SnO2 (Pt:Sn 
molar ratios of 3:1, 1:1 and 1:3), with a constant Pt loading on the electrodes 
(~61 μgPt cm-2) and with the SnO2 loadings of 0  μg cm-2 (black), ~15 μg cm-2 
(red), ~46 μg cm-2 (blue) and ~138 μg cm-2 (green). Arrow shows increasing 
SnO2 loading. (B) Layer-on-layer structures formed via drop-casting 
sequences (a Pt/C layer on a SnO2 layer, and vice versa), keeping the Pt and 
SnO2 loading constant, ~61 μg cm-2 and ~46 μg cm-2, respectively. The 
voltammograms were conducted in N2-saturated 0.1 M HClO4 solution with a 
scan rate of 20 mV s-1, and the insets magnify the first sweeps of the 
voltammograms at the onset of COads oxidation. 
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Figure 7 shows the CO continuous oxidation voltammograms 
of Pt-SnO2/C, Pt/C and commercial Pt/C. As Pt surface sites are 
continuously blocked by COads in CO-saturated electrolyte, the 
voltammograms show no Hads/des features in all three cycles. 
Compared to the 1st sweep of CO stripping voltammograms, the 
CO oxidation currents are enhanced with the continuous supply 
of CO, but the extent of enhancement varies with the catalyst 
(Figure S28). Pt-SnO2/C shows the most enhancement under 
stationary conditions, especially at the onset of CO oxidation, and 
the current can be further enhanced by increasing the rotation rate 
(Figure 7), which is not observed on the Pt/C catalysts even when 
the upper limit of the potential windows were extended to 0.9 V 
(Figure S29 and Figure S30). The rotation rate-dependent 
current indicates that the CO oxidation kinetics on Pt-SnO2/C are 
so fast that the diffusion of dissolved CO becomes the rate-
determining step when the potential is ≥ 0.4 V. Such fast kinetics 
at such a low potential have rarely been reported. Gasteiger et 

al.[1a] reported similar rotation rate-dependent CO oxidation 
current on a well-characterised Pt3Sn electrode but over a 
narrower potential windows (< 0.5 V) to avoid Sn dissolution.  

From the kinetically controlled portion of the voltammogram, 
a constant Tafel slope of ~134 mV dec-1 was obtained for the low 
potential CO oxidation (over 6–50 A gPt

-1, Figure S31). The value 
is similar to those in two previously reports, one for the pre-peak 
CO oxidation on Pt(111) in an alkaline electrolyte 
(130 mV dec-1)[30] and another simulated on Pt in an acidic 
electrolyte when OH coverage is saturated and potential-
independent (120 mV dec-1)[31]. Both cases consider the L-H 
reaction between Pt-COads and OHads to be the rate-determining 
step of CO oxidation.  

In addition to the enhanced current, no shift is observed in the 
CO continuous oxidation voltammograms for Pt-SnO2/C during 
the sequence of successive cycles at different rotation rates 
(Figure 7 and Figure S28), compared to a continuous positive 
shift observed for the Pt/C catalyst (Figure S29 and Figure S30). 
The deactivation of Pt/C has been attributed to the reconstruction 
of surface defects[32]. The stable CO oxidation at Pt-SnO2/C was 
supported by chronoamperometry with a steady current for 0.5 h 
at 0.4 V (Figure S32). Transferring the rotation-rate-dependent 
and stable CO continuous oxidation on Pt-SnO2 to the proposed 

mechanism in eq. 1 reveals that the (SnO2)Sn-OH and (SnO2)Sn* 
are interconvertible with relatively fast kinetics during CO 
oxidation in a potential window  of 0.3 – 0.6 V.  

Now the question turns to the electrochemistry of the SnO2 
surface. As suggested by the proposed bifunctional mechanism 
of Pt-SnO2, a redox reaction of (SnO2)Sn-OH and (SnO2)Sn* is 
expected at potentials around the onset of CO oxidation (~0.3 V), 
but neither Pt-SnO2/C nor the physical mixtures between SnO2 
and Pt/C shows any evidence relating to SnO2 in the 
voltammograms. The double-layer charging from the carbon 
support may obscure the voltammetric features. Thus, 
commercial SnO2 nanopowders were directly loaded on Pt and 
glassy carbon (GC) electrodes. 

Figure 8A shows CO stripping voltammograms of SnO2 
deposited on a Pt disc electrode with different loadings of SnO2 
nanopowders. On the whole, similar effects of SnO2, as observed 
for Pt-SnO2/C and the Pt/C-SnO2 physical mixtures, are found on 
these SnO2-modified Pt electrodes (unaffected Hads/des features in 
shape, low onset potentials for COads oxidation, and a SnO2-
coverage-induced charge distribution between the main peak and 
the pre-peak). Closer examination of the Hads/des features region 
of the first sweep, in which Pt electrochemistry is completely 
blocked by COads, reveals an unconventional pseudo-capacitance, 
the charge of which increases proportionally to the SnO2 loading.  

The electrochemistry of SnO2 was then studied on a SnO2-
modified glassy carbon (GC) electrode. Figure 8B and 8C show 
window-opening and scan-rate dependent voltammograms, 
respectively. The pseudo-capacitance of SnO2 is repeatable on 
GC in the same potential region and found to be related to a highly 

Figure 7.  CO continuous (dissolved) oxidation voltammograms of Pt-
SnO2/C, Pt/C and Pt/C (Johnson Matthey) in CO-saturated 0.1 M HClO4 
solution with a scan rate of 20 mV s-1. The rotation rates are indicated in the 
figure legend. The CO oxidation currents of the Pt/C catalysts show no 
enhancement with rotation rate (Figure S28). 

Figure 8.  (A) CO stripping voltammograms of SnO2 nanopowder on a 
polycrystalline Pt disc electrode (5 mm diameter) with a scan rate of 50 mV s-1 
and with the SnO2 loading varied by adding different amounts of  SnO2. The 
inset magnifies the Hads/des region on the first cycles of the voltammograms. The 
voltammogram of Al2O3 on Pt is also present for comparison.  (B) The window-
opening and (C) scan-rate-dependent cyclic voltammograms of SnO2 
nanopowder on a glassy carbon electrode (GC, 5 mm diameter), with the inset
showing the linear relationship between the current at 0 V and the 
corresponding scan rate. In the window-opening experiment, the scan rate is 
200 mV s-1 and the blank (GC) data is also present as a reference.  



8 

 

reversible and surface-bounded redox couple. The redox couple 
is operative between -0.2 – 0.3 V, and its kinetics allows a 
symmetric peak shape to be maintained at sweep rates up to 1 
V s-1. According to the well-accepted dual valency of Sn in tin 
oxide chemistry[23, 27a] and the standard electrode potential data of 
Sn[17], the redox couple is attributed to the reversible 
interconversion between SnIV and SnII on the SnO2 surface. 
Further decreasing the potential drives the irreversible 
transformation from SnIV to SnII, or even SnII to Sn0. The presence 
of the reversible SnIV/SnII redox couple is in agreement with the 
surface reduction of SnO2 in H2(g) as suggested by XAS, and 
more importantly corroborates the proposed bifunctional 
mechanism from SnO2. Thus, the regeneration of Sn-OH, 
following the L-H reaction of CO oxidation (eq.1), can tentatively 
be written as  

(SnO2)SnIV(OH)2 + 2 H+ + 2e-  ⇌  (SnO2)SnII + 2 H2O             (eq.2) 

It should be noted that the exact coordination structure of this 
SnIV/SnII couple is unclear and that the double coordinated OH in 
SnIV(OH)2 is only used to balance the change of the Sn oxidation 
state in eq. 2.  

From the voltammetry studies presented above, SnO2 is 
suggested to enable CO oxidation at a low overpotential by 
providing Sn-OH. Assuming the SnO2 component of the Pt-SnO2 
interface has a similar nature to that of plain SnO2, the bifunctional 
mechanism at Pt-SnO2 can be attributed to the co-catalysis of 
SnO2, in which the Sn-OH is constantly supplied by a reversible 
redox couple located on the surface of SnO2. By such a 
mechanism, the catalysis cycle of CO oxidation, disconnected on 
the pure Pt surface due to unfavourable formation of Pt-OHads at 
low potential[2d, 4a], is completed on Pt-SnO2 (Figure 9). Dissolved 
CO molecules chemisorb on active Pt sites, forming Pt-COads 
(step ①), and then the COads reacts with Sn-OH species (step ②), 
releasing CO2, a free Pt site and a SnII that can be oxidised back 
to Sn-OH species at the same potential (step ③).  

As both the SnO2-promoted CO oxidation and the redox 
reaction of SnIV/SnII involve the formation/cleavage of SnIV-OH, 
the appropriate SnIV-OH energetics, or matching between these 
reactions in potential, may be responsible for the unique property 

of SnO2 for CO oxidation at low overpotentials. To support this 
hypothesis, two other metal oxide nanoparticles, Al2O3 (Figure 
8A) and TiO2 (P25, Figure S33) deposited on Pt disc electrodes 
were measured. The deposition of these two metal oxides shows 
site-blocking effects on Pt rather than any promotional effects. On 
TiO2-modified GC electrodes a reversible redox couple relating to 
TiIV/TiIII [33] is found at a potential close to but more negative 
(< -0.1 V) than that of SnO2 (Figure S34), suggesting that a 
stronger driving force is required to dissociate the TiIV-OH bond. 
Similarly, the effects of other oxides have previously been 
investigated. CeO2, which has a redox couple of CeIV/CeIII > 1 V[34], 
was reported to show no promotional effect when being loaded 
on Pt[35]. Recently, Olu et al. studied enhanced CO oxidation 
activity on Pt electrodes modified by RuO2 nanosheets [36] and by 
WO3 nanoparticles[37], but different promotional mechanisms were 
found. The RuO2 forms ‘Ru metal-like’ sites that provide ligand 
effects to Pt and additional sites for CO absorption[36], and the 
WO3, the hydroxyl formation on which is less reversible than that 
of SnO2, can only assist in the removal of weakly adsorbed COads 
via a bifunctional-type reaction [37]. 

Conclusion 

A Pt-SnO2/C catalyst was designed to study the role of SnO2 
in the bifunctional mechanism of CO oxidation. Using the 
analytical capabilities of electron microscopy and the equipped 
spectroscopies, the distribution of the Pt and SnO2 nanoparticles 
were observed and found to be present as two forms, isolated Pt 
nanoparticles on carbon and Pt-SnO2 nanoparticles clusters, 
comprising ~2 nm Pt and SnO2 nanoparticles in contact with each 
other. The Sn speciation of Pt-SnO2/C was interrogated by XRD 
and detailed XAS analysis. XRD and XAS (measured in air) 
suggest that in the as-prepared samples SnO2 is the dominate Sn 
species (>99 at% out of total Sn), and when measured in H2(g) 
the XAS suggests that the SnO2 was reduced, corresponding to 
surface-reduced SnO2 species rather than alloyed Sn or SnO.  

CO stripping voltammetry on the Pt-SnO2/C shows that the 
CO oxidation is strongly promoted, with an onset potential of 
~0.3 V and significant contribution in the pre-peak region. Such 
promotional effects of SnO2 were corroborated by comparison to 
Pt-SnO2 surfaces constructed from mixtures of Pt/C and SnO2 
nanoparticles and SnO2-modified Pt electrodes. CO continuous 
oxidation voltammetry of Pt-SnO2/C suggests that CO oxidation 
on Pt-SnO2 at low overpotentials is so fast that the diffusion of 
dissolved CO becomes the rate-determining-step beyond ~0.4 V, 
and that a redox couple continuously supplying the necessary Sn-
OH species exists at Pt-SnO2 to maintain the diffusion-determined 
current. The presence of a reversible SnIV/SnII redox couple 
between -0.2–0.3 V was found in voltammetric studies on SnO2-
modified GC electrodes. We, therefore, propose that the 
bifunctional mechanism of Pt-SnO2 originates from the co-
catalysis role of SnO2, in which Sn-OH species are consumed in 
reacting Pt-COads at the interface and regenerated by dissociating 
water. The unique promotional effect of SnO2 were then 
discussed in relation to the appropriate energetics of the metal-
hydroxide bond. As the promotional effect does not rely on the 
modification of the Pt electronic structure, the CO-tolerant Pt-
SnO2 is expected to have unique catalytical properties for alcohol 
oxidation. 

Figure 9. Catalysis cycle of CO oxidation on Pt with the co-catalyst SnO2. 
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Experimental Section 

Hexachloroplantic acid (H2PtCl6·6H2O, 99.999% metals basis) and 
tin(IV) oxide nanopowder (SnO2, >99.9%, 8-10 nm) were purchased from 
Alfa Aesar. Representative results from X-ray diffraction (XRD) and 
transmission electron microscopy (TEM) imaging analysis of the SnO2 
nanopowder are shown in Figure S1. Sodium stannate trihydrate 
(Na2SnO3·3H2O, 95%), sodium hydroxide (NaOH, ≥98%) and Nafion 
perfluorinated resin solution (5 wt%) were purchased from Sigma Aldrich. 
Vulcan XC-72R carbon and commercial Pt/C (20 wt%) were supplied by 
Cabot and Johnson Matthey, respectively. High-purity N2 (≥99.998%), H2 
(≥99.999%), and CO (≥99.9%) were supplied by BOC. All materials were 
used as received.  

100 mg Vulcan XC-72R carbon was dispersed into 200 mL ultrapure 
water (18.2 MΩ) by sonication for 1 h. To the colloid solution, a H2PtCl6 
solution (~0.2 M), NaOH solution (~0.2 M) at 4 molar equivalent to H2PtCl6, 
and Na2SnO3 solution were introduced stepwise with an interval of 5 min 
sonication and 30 min stirring. The resultant solution was heated under 
reflux at 90 °C for 1 h, then allowed to settle overnight. The solid product 
was collected via centrifugation and washed three times with water before 
being dried under vacuum. The total metal loading (Pt + Sn) on the carbon 
was controlled to be 20 wt%. Using the same method, PtOx-SnO2/C 
catalysts with nominal Pt/Sn molar ratios of 3/1 and 1/3, as well as PtOx/C, 
were synthesised.  

PtOx/C and PtOx-SnO2/C were reduced into Pt/C and Pt-SnO2/C, 
respectively, by exposure to H2 (g) at room temperature. The reduction 
was carried out in an air-tight cell fitted to a flow regulator and gas bubbler 
(Figure S2). N2, H2, and N2 gases (40 mL min-1) were purged through each 
sample consecutively for 20 min periods. The resultant samples were 
stored in air-tight vials. Caution – the reduced sample in H2 should not 
be directly exposed to air – fire risk. 

Scanning electron microscopy (SEM) together with energy-dispersive 
X-ray (EDX) analysis (SEM-EDX, FEI XL30 ESEM equipped with an 
Ultradry detector and JEOL JSM5400 SEM equipped with an Oxford INCA 
x-sight 7418 EDS probe) and thermogravimetric analysis (Netzch TG209) 
under 40 mL min-1 O2/Ar were carried out to determine the composition 
and metal loading of the as-prepared samples. For our targeted sample 
Pt-SnO2/C, the atomic ratio of Pt to Sn, and the loadings of Pt and SnO2 
are 2.62 ± 0.12, ~12.3 wt% and ~4.0 wt%, respectively. The morphology 
and the size of the deposited metal nanoparticles were imaged using a 
transmission electron microscope (TEM; FEI, Tecnai T12) at 80 kV. X-ray 
diffraction (XRD) patterns were obtained using a Bruker D2 Phaser 
diffractometer with Cu Kα radiation (λ = 1.5418 Å) and a LYNXEYE detector.  

Scanning transmission electron microscopy (STEM) measurements 
were carried out on an aberration-corrected Nion UltraSTEM 100MC at the 
SuperSTEM Laboratory (Daresbury, UK). The microscope was operated 
with an accelerating voltage of 60 kV, using a 31.5 mrad beam 
convergence semi-angle for an electron probe size of about 1 Å. The 
electron energy loss (EEL) spectrometer collection semi-angle was 44 
mrad and, the bright field (BF) and high-angle annular dark field (HAADF) 
detector angular ranges were 0-14 mrad and 100-230 mrad, respectively. 
Sn M4,5 (onset 485 eV) and O K (onset 532 eV) ionization edge spectrum 
images were acquired with an energy dispersion of 0.6 eV per channel and 
an acquisition time of 0.02 s per spectrum. Due to its high energy onset at 
2202 eV, it was more practical to acquire Pt M4,5 edge spectrum images 
separately from those covering the Sn M4,5 and O K edges, maintaining the 
same dispersion (0.6 eV per channel), but increasing the exposure time to 
0.5 s. EELS spectrum images were de-noised using Principal Component 
Analysis (PCA) as implemented in the MSA plugin for Gatan’s Digital 
Micrograph Suite. The MSA plugin is commercially available from HREM 
research. EELS signal maps were obtained by integrating the intensity 
over a window of 485–530 eV for Sn M4,5 and of 2150–2300 eV for Pt M4,5, 
after background subtraction using a conventional power-law model over 
a window of 420–480 eV for Sn M4,5 and of 2000–2100 eV for Pt M4,5. Red 
(Pt M4,5) and green (Sn M4,5 and O K) colour maps in Figure 1F, Figure 
S7C, Figure S8B and Figure S9C are superimposed from the 
complementary datasets from the same sample regions.  

X-ray absorption spectra were acquired at the B18 beamline of the 
Diamond Light Source (UK) using a Quick EXAFS mode with a ring energy 

of 3.0 GeV and a ring current of 299–302 mA. Each sample was finely 
ground and mixed with boron nitride to form a homogeneous mixture, and 
then compressed into a pellet. The pellets were measured in transmission 
mode by ionization chambers at the Pt L3 and Sn K edges, along with a 
corresponding foil in the reference channel. The measurements were 
conducted in an airtight gas cell under H2(g), unless otherwise indicated 
and for the oxide reference samples, which were measured in air. The 
measured spectra were processed and analysed using ATHENA and 
ARTEMIS (both in the Demeter software package)[38], respectively. The 
energy shift of each spectrum was calibrated in two steps: choosing the 
first peak in the derivative of both the sample spectrum and the 
corresponding reference spectrum as E0, and then assigning the E0 of the 
reference spectrum to the tabulated value provided by ATHENA. The edge 
step of each sample was normalized by subtracting the linear pre-edge 
and quadratic post-edge function, and the ranges of pre-edge and post-
edge are chosen as the same for each edge. The background in the 
extended X-ray absorption fine structure (EXAFS) region was subtracted 
using the AUTOBKG algorithm. The multiple-shell EXAFS fitting was 
carried out on Pt L3 edge data using a model based on the face-cubic 
structure of Pt. The same model was applied to a Pt foil spectrum to obtain 
the amplitude reduction factor of Pt, 0.84. Similarly, the amplitude 
reduction factor of Sn is 1.03, obtained by a two-shell fit of a SnO2 
reference sample. The Fourier transformation from EXAFS spectra in k 
space to those in R space was conducted over a k range of 3.0–15.0 Å-1 
for the Pt L3 edge and a k range of 3.5–13.4 Å-1 for the Sn K edge. The 
spectra in R space, presented in the text, are not phase-corrected. 

Electrochemical measurements were performed on a standard three-
electrode cell connected to a PGSTAT12 potentiostat (Metrohm Autolab, 
with a SCANGEN module). A Pt gauze was used as the counter electrode, 
and a home-made reversible hydrogen electrode (RHE) equipped with a 
Luggin capillary as the reference electrode. The RHE consists of a Pt 
gauze electrode over which a slow yet continuous stream of H2 (g) bubbles 
were passed, using the same electrolyte as the main cell compartment. 
The values of potentials in the text are referenced against this RHE, unless 
stated otherwise.  

For powder catalysts, the working electrode was prepared by drop-
casting 10 μL of a catalyst ink onto an inverted polished glassy carbon 
(GC) electrode (5 mm diameter, Pine) and drying at 700 rpm and under an 
IR lamp (250 W). The catalyst ink was prepared by dispersing 2 mg of each 
sample into 1 mL isopropanol alcohol (IPA) aqueous solution (20 vol% of 
IPA). The catalyst inks of Pt/C-SnO2 physical mixtures were prepared by 
dispersing SnO2 into a commercial Pt/C ink whilst maintaining the 
concentration of Pt/C as 2 mg mL-1. Prior to measurements, the prepared 
working electrodes were conditioned in N2-purged 0.1 M HClO4 (Suprapur, 
Merck) by cycling between 50 mV and 800 mV for at least 10 cycles with 
a scan rate of 100 mV s-1.  

For the CO stripping voltammetry, CO was bubbled into degassed 0.1 
M HClO4 for 20 min whilst the potential of the prepared working electrode 
was held at 0.2 V. Subsequently, N2 was purged for another 20 min to 
remove CO from the electrolyte and the potential was then swept to 0.05 
V at a scan rate of 20 mV s-1 and then cycled between 0.05 V and 1 V for 
3 cycles with the same scan rate.  

Oxide modified Pt and GC electrodes were also used as working 
electrodes. Each metal oxide, SnO2 (8–10 nm, Alfa Aesar), Al2O3 (0.05 μm, 
BUEHLER) or TiO2 (P25), was loaded onto a Pt electrode (5 mm diameter, 
Pine) or a polished glassy carbon (GC) electrode (5mm diameter) using 
the drop-casting method as described above. Metal oxide suspensions 
were prepared by sonicating 5 mg of each metal oxide in 1 mL IPA 
aqueous solution (40 vol% of IPA). Each bare Pt electrode was polished 
and then conditioned by cycling between 0.05–1.40 V in N2-purged 0.1 M 
HClO4 with 200 mV s-1 for at least 40 cycles. Before electrochemical 
measurements, the modified Pt and GC electrodes were conditioned over 
a narrower potential window (0.05–1.0 V). The CO stripping voltammetry 
on the Pt electrodes was carried out at a scan rate of 50 mV s-1. 
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The CO oxidation is strongly promoted on Pt-SnO2 interfaces (Pt-SnO2/C, mixtures of Pt/C and SnO2 nanoparticles, and SnO2-
modified Pt electrodes). The kinetics at low overpotential is so fast that the diffusion of dissolved CO becomes the rate-determining-
step beyond ~0.45 VRHE. By identifying a redox couple of SnIV/SnII on the SnO2 surface, the promotional mechanism of Pt-SnO2 is 
attributed to the co-catalysis role of SnO2. 
 


