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ABSTRACT: When comparing alloy catalysts with different degrees of ordering, it is
important to maintain surface facets to understand the effect of different arrangements of
surface atoms. This is even more important when both metals are involved in the reaction
steps, which is the case of Pt3Sn for the methanol oxidation reaction (MOR). We have
prepared 95 and 60% ordered Pt3Sn nanocubes with {100} facets for the MOR. We show
that the Sn atoms in the 60% ordered Pt3Sn nanocubes can be electrochemically oxidized
to Sn4+, whereas the Sn atoms in the 95% ordered Pt3Sn nanocubes are more resistant to
oxidation. The Sn4+ in the disordered catalysts makes them more active than the ordered
catalysts. At low overpotentials, the electrochemically formed Sn4+ in the 60% ordered
Pt3Sn nanocubes bind OH, oxidizing the CO intermediate adsorbed on Pt more efficiently.
At high overpotentials, Sn4+ prevents the passivation of the Pt sites due to adsorption of
OH. These effects lead to a 5.6 times higher activity of the 60% ordered nanocubes
compared to the 95% ordered nanocubes. These results illustrate the importance in
catalyst design of controlling the environment and especially the atoms neighboring Pt for intermetallic Pt−M electrocatalysts.
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■ INTRODUCTION

How the amount of ordering of Pt−M electrocatalysts effects
activity and stability for different reactions has been a recent
research focus.1−4 Pioneering studies on Pt−Ni,5 Pt−Co,3 and
Pt−Fe6 systems suggesting that ordered intermetallic catalysts
have higher stability and activity than their disordered
counterparts.7,8 However, there are ambiguities with these
systems that limit our understanding of how different degrees
of order affect catalytic performance. For these systems, a
relatively high annealing temperature is usually required to
achieve the disordered to ordered phase transition. This high
temperature not only alters the degree of ordering but also
destabilizes the surface facets.6,9,10 As surface facets are known
to have an effect on the performance for different electro-
catalytic reactions,11−13 it is best to evaluate the effect of
structural order, independently of any changes to surface
facets. An additional challenge is that secondary metals such as
Ni, Co, and Fe dissolve into the reaction medium under the
conditions used for the electrocatalysis. This can result in the
formation of a pure Pt surface during the electrochemical
reaction.14−16 This dissolution hinders the performance of Pt−
M catalysts in reactions where both Pt and the secondary metal
are involved in critical steps of the reactions.

Herein, Sn was chosen as the secondary metal to make Pt3Sn
nanocubes. Sn was chosen because of the relatively low
temperature required for the order to disorder transition and
the mobility of Sn atoms. This low temperature enables
alterations in the degree of ordering while maintaining other
important features such as surface facets and nanoparticle size.
We have previously demonstrated that it is possible to preserve
the surface facets during the ordered−disordered phase
transition with Pt3Sn nanocubes. This enabled the effect of
the degree of ordering on electrocatalysis to be evaluated
independent of changes to surface facets.17 It was found that
under electrochemical conditions, both Pt and Sn are exposed
at the surface of the nanocubes.17 Furthermore, Sn oxide is
significantly less soluble in acidic electrolyte according to its
Porbaix diagram.18 This opens up an opportunity to explore
the effect of different degrees of order on reactions where both
Pt and Sn are involved in a given reaction.
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The methanol oxidation reaction (MOR) was chosen as the
model reaction to understand the effect of ordering on
reactions involving both alloy metals. For the MOR on Pt−M
bimetallic systems, where M can form oxides such as RuOxHy
or RuO2,

19−22 SiO2,
23 TiO2,

24,25 CeO2,
26−28 Mn3O4,

29 and
SnO2,

30 the methanol dehydrogentation step occurs on the Pt
active sites to form adsorbed CO as an intermediate.
Neighboring OHad from water dissociation at the metal
oxide facilitates the oxidation of COad to CO2, resulting in
higher MOR activity.
In this work, we show how the degree of ordering influences

the formation of Sn oxides at the surface of Pt3Sn nanocubes
and the effect on the activity for the MOR. Our results provide
a mechanistic insight into how the surface metal oxide can
enhance the activity of the Pt active centers and protect Pt
from being blocked by COad and OHad during the MOR for
disordered Pt3Sn nanocubes. These results illustrate the
importance of controlling the environment and the atoms
neighboring Pt in the design of intermetallic Pt−M electro-
catalysts.

■ RESULTS
Ordered Pt3Sn nanocubes were synthesized according to our
previously reported approach.17 The low-magnification trans-
mission electron microscopy (TEM) image in Figure S1a and
the histogram in Figure S1b show that 87% of the
nanoparticles are cubic in shape, which are bounded by the
{100} facets. Acetic acid and thermal treatments were applied
to decrease the degree of ordering while preserving the {100}
facets and prevent the sintering of the nanocubes (Figure S1c−
f). These TEM images, combined with the size distributions
show that the cubic shape and size are maintained after the
post-synthesis treatments. The X-ray diffraction (XRD)
patterns of the acetic-acid-treated and the thermally treated
nanocubes are shown in Figure 1a. The XRD patterns
normalized by the 111 peak were used to calculate the degree
of ordering from the ratio of (110) diffraction peak integration
to its initial value as this peak is characteristic of the L12
ordered structure (highlighted in Figure 1b). The ratios were
found to be 95% for acetic-acid-treated and 60% for thermally
treated nanocubes, in agreement with our previous results.17

The HAADF-STEM images of a 95% ordered nanocube and
a 60% ordered nanocube are shown in Figure 1c,e. The atomic
arrangement of the 95% ordered nanocube in Figure 1c
matches the L12 crystal structure viewing down the [100]
orientation. The image of the 60% ordered nanocube in Figure
1e has areas where the atomic ordering from the L12 structure
is not observable. The degree of ordering is further shown by
fast Fourier transform (FFT) analysis that is shown in Figure
S2a,b, respectively. In the FFTs, the 100 and 110 spots are
much weaker in the 60% ordered nanocube (Figure S2b) than
in the 95% ordered nanocube (Figure S2a), which again
indicates the different degrees of ordering in the two samples.
The location and intensity of the ordered domain (Figure 1d,f)
were obtained from the inverse FFT of only the 110 spots, as
indexed in Figure S2a,b. It shows that the ordered−disordered
domains on the less ordered particle do not form a core−shell
structure but are rather dispersed throughout the nanocube.
The EDX mapping in Figure 1g,h shows the uniform
distribution of Pt and Sn in the 60% ordered nanocubes.
In the Pt−Sn system, the Sn atoms are more mobile than the

Pt atoms, and so the Sn atoms migrate to the surface as the
structure becomes more disordered during thermal treat-

ment.17 As the structure becomes more disordered, the
mobility of Sn increases.31 The higher mobility of the Sn in
the disordered structure results in a greater oxidized Sn-to-Pt
ratio in the XPS analysis of the surface of the 60% ordered
nanocubes compared to the 95% ordered nanocubes (Figure
S3).
Before performing the electrocatalytic measurements, the

Pt3Sn nanocubes were activated by cyclic voltammetry in two
different electrolytes, 0.1 mol L−1 HClO4 and 0.1 mol L−1

KOH, to give different amounts of Sn oxide at the surface of
the nanocubes. Under acidic conditions, oxidation of Sn results
in the formation of insoluble SnO2, whereas under alkaline
conditions, oxidation of Sn results in its dissolution into the
electrolyte.32

Figure 1. (a) XRD patterns of the acetic-acid-treated Pt3Sn/C
nanocubes (red) and thermally treated Pt3Sn/C nanocubes (blue),
normalized by the 111 peaks. (b) Close-up pattern of the (110)
diffractions in (a), which were used to quantify the degree of ordering.
(c, e) High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) images of the 95% ordered Pt3Sn
nanocubes and the 60% ordered Pt3Sn nanocubes; scale bar = 2 nm.
(d, f) Color-graded inverse Fourier transform of Figure S2a,b by
selecting only the 110 diffraction spots; scale bar = 2 nm. (g) Pt map
and (h) Sn map from energy-dispersive X-ray spectroscopy (EDX)
mapping of the 60% ordered Pt3Sn nanocubes on C; scale bar = 5 nm.

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://dx.doi.org/10.1021/acscatal.0c05370
ACS Catal. 2021, 11, 2235−2243

2236

http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c05370/suppl_file/cs0c05370_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c05370/suppl_file/cs0c05370_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c05370/suppl_file/cs0c05370_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c05370/suppl_file/cs0c05370_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c05370/suppl_file/cs0c05370_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c05370/suppl_file/cs0c05370_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c05370/suppl_file/cs0c05370_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c05370/suppl_file/cs0c05370_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c05370/suppl_file/cs0c05370_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c05370/suppl_file/cs0c05370_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c05370/suppl_file/cs0c05370_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c05370?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c05370?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c05370?fig=fig1&ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c05370/suppl_file/cs0c05370_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c05370?fig=fig1&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://dx.doi.org/10.1021/acscatal.0c05370?ref=pdf


No observable changes in the size and morphology of either
60 or 95% ordered nanocubes were observed after the
activation processes, as shown by the identical-location
HAADF-STEM image and low-magnification TEM image in
Figure S4. Also, no differences in strain were observed based
on the same bond length of the Pt−Pt between the 60%
ordered nanocubes and the 95% nanocubes using edge X-ray
absorption fine structure (EXAFS) and pair distribution
function (Table S1).
The resulting ratios of Sn4+ to Pt after the different

activation processes on both nanocubes were obtained from
the integration of the fitted peaks in the Sn 3d5/2 region of the
XPS spectra presented in Figure 2a for the 60% ordered

nanocubes and in Figure 2b for the 95% ordered nanocubes.
The results show that a higher ratio of Sn4+ to Pt is obtained
after activation in the acidic electrolyte than in the alkaline
electrolyte, giving nanocubes with four different surfaces: the
60% ordered nanocubes with Sn4+-to-Pt ratios of 0.34 and
0.10, and the 95% ordered nanocubes with Sn4+-to-Pt ratios of
0.18 and 0.06. We will call these nanocubes “disordered high
Sn4+”, “disordered low Sn4+”, “ordered high Sn4+”, and
“ordered low Sn4+”, respectively.
The ratio of Sn4+ to Pt of 0.34 (Figure 2a) for the disordered

high Sn4+ nanocubes is similar to the as-prepared particles
(Figure S3). Also, inductively coupled plasma mass spectrom-
etry (ICP-MS) analysis of the electrolyte after the activation in
KOH to produce the ordered and disordered low Sn4+

nanocubes shows that less than 0.2% of Pt was dissolved on
both samples (Figure S5), which means that the decrease of
the ratio of Sn4+ to Pt is predominantly due to the dissolution
of Sn4+.

The cyclic voltammograms in acidic electrolyte of both
disordered high Sn4+ (Figure 2c, full line) and ordered high
Sn4+ (Figure 2d, full line) nanocubes present an oxidation peak
at 0.84 V. Although the oxidation peak is at the same potential
for both ordered high Sn4+ and disordered high Sn4+

nanocubes, the peak current density is significantly lower for
the ordered nanocubes. Also, the oxidation peak at 0.84 V is
absent in the disordered low Sn4+ (dashed line in Figure 2c)
and ordered low Sn4+ nanocubes (dashed line in Figure 2d).
This oxidation peak has been previously observed for other
alloys such as Pt−Ni, Pt−Co, and Pt−Cr, and has been
correlated with the degree of ordering, with higher currents
indicating more disordered structures.5,33−35 However, our
results show a correlation between the oxidation peak and the
presence of Sn4+ at the surface that is independent of the
degree of ordering, suggesting that the peak possibly
corresponds to OH adsorption at the SnO2 sites. This
suggestion that the peak corresponds to adsorption of OH
groups derived from water at the surface of the catalyst is
supported by Chung et al.10

The ratio of Sn4+ to Pt of the disordered low Sn4+ nanocubes
increases from 0.10 to 0.31 after 10 MOR cycles in acid
electrolyte, as shown in Figure 2a, becoming similar to the
Sn4+-to-Pt ratio in the disordered high Sn4+ nanocubes. This is
accompanied by the appearance of an oxidation peak at 0.71 V
after the 10 MOR cycles. (Figure 2c dotted line). In contrast,
the Sn4+-to-Pt ratio is maintained for the ordered low Sn4+

nanocubes after the 10 MOR cycles (Figure 2b) and no peak
ascribed to OH adsorption can be found in the cyclic
voltammogram, as shown in Figure 2d (dotted line). This
suggests that the Sn atoms in the disordered domain are more
easily oxidized than in the ordered domains under the MOR
conditions used here. The results show that the Sn atoms in
the ordered domain are highly resistant to electrochemical
oxidation.
The effect of the amount of surface Sn4+ on MOR activity

was evaluated by cyclic voltammetry of the Pt3Sn nanocubes in
0.1 mol L−1 HClO4 electrolyte containing 1 mol L−1 methanol.
The obtained voltammograms presented in Figure 3 show the
typical two MOR oxidation peaks, one in the anodic direction
and the other in the cathodic direction for all samples.36 In
general, the specific current densities are higher for the samples
with a higher Sn4+ amount, suggesting that the presence of
Sn4+ at the surface of the catalysts positively influences the

Figure 2. Fitted Sn 3d5/2 XPS spectra of (a) the 60% ordered and (b)
95% ordered Pt3Sn nanocubes after activation in 0.1 mol L−1 HClO4
(high Sn4+), after activation in 0.1 mol L−1 KOH (low Sn4+) and after
activation in 0.1 mol L−1 KOH + 10 voltammetric cycles between
0.05 and 1.3 V (RHE) in 0.1 mol L−1 HClO4 and 1.0 mol L−1

methanol (low Sn4+ + MOR). The spectra were fitted to give the
contribution of Sn0 (485.6 eV), Sn2+ (486.4 eV), and Sn4+ (487.3 eV).
Cyclic voltammograms of (c) the 60% ordered Pt3Sn nanocubes and
(d) the 95% ordered Pt3Sn nanocubes. The full line is after activation
in HClO4 (high Sn4+), the dashed line after activation in KOH (low
Sn4+), and the dotted line after activation in KOH + 10 cycles in
HClO4 + methanol (low Sn4+ + MOR); electrolyte: 0.1 mol L−1

HClO4; scan rate = 50 mV s−1.

Figure 3. Cyclic voltammograms in 0.1 mol L−1 HClO4 + 1 mol L−1

methanol of (a) disordered high Sn4+, (b) disordered low Sn4+, (c)
ordered high Sn4+, and (d) ordered low Sn4+ nanocubes. Scan rate =
50 mV s−1; full lines = first cycle, dashed lines = 10th cycle. The
Sn4+:Pt ratios were obtained by integration of XPS Sn 3d5/2 peaks.
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MOR activity. By comparing between the samples with the
same degree of ordering but different Sn4+ amounts, the
specific activities (charge obtained from integration of the peak
current in the anodic direction divided by the electrochemical
surface area (ECSA) of Pt) are initially higher for the
nanocubes with high Sn4+ than for the ones with low Sn4+.
With the disordered nanocubes, these are 23.0 and 10.2 mC
cm−2 for the ones with high Sn4+ and low Sn4+, respectively.
The specific activity of the disordered nanocubes with high
Sn4+ is comparable to the recently reported Pt-based
nanocatalysts.37−39

With the ordered nanocubes, the values are 10.0 and 4.3 mC
cm−2 for the cubes with high Sn4+ and low Sn4+, respectively.
In addition to the differences in specific activities, for both
nanocubes with high Sn4+, the anodic peak is positioned at
1.00 V (marked with vertical gray lines in Figure 3), which is
90 and 140 mV more positive than the oxidation peak in the
first voltammetric cycle of the disordered low Sn4+ (full line in
Figure 3b) and ordered low Sn4+ (full line in Figure 3d)
nanocubes, respectively.
The specific current densities increase in the subsequent

cycles for both disordered low Sn4+ and ordered low Sn4+

nanocubes, becoming stable after around 10 cycles (dashed
lines in Figure 3b,d for the disordered and ordered nanocubes,
respectively). For the disordered low Sn4+ nanocubes, the
specific activity increases to 28 mC cm−2 after 10 cycles,
becoming slightly higher than the specific activity of the
disordered high Sn4+ nanocubes (23 mC cm−2). This increase
in specific activity after 10 cycles is accompanied by a shift of
the anodic peak potential from 0.91 to 0.98 V, becoming closer
to the peak at 1.00 V observed for the disordered high Sn4+

nanocubes (Figure 3a). The Sn4+-to-Pt ratio after 10 MOR
cycles increases to 0.31, which is similar to the ratio of the
disordered high Sn4+ nanocubes (Figure 2a). Note that the
current densities were normalized by the Pt ECSA after each
cycle, so the changes in activity are not related to changes in
the amount of Pt at the surface but the actual intrinsic activity
of the sites at the surface.
In comparison to the disordered low Sn4+, the ordered low

Sn4+ nanocubes show a lesser increase in activity after 10 MOR
cycles, increasing to only 5.8 mC cm−2 after 10 cycles

(compared with 10 mC cm−2 for the ordered high Sn4+

nanocubes). The anodic oxidation peak potential also only
exhibited a small shift from 0.86 to 0.89 V, which is
significantly less positive than the 1.00 V peak potential of
the ordered high Sn4+ nanocubes (Figure 3c). Also, no increase
in the Sn4+:Pt ratio (Figure 2b) was observed.
Pure Pt nanocubes of a similar size to the ordered and

disordered Pt3Sn nanocubes discussed thus far (10.4 ± 0.5
nm) and bounded by the identical {100} exposed facets
(Figure S6) activated in either acidic or alkaline electrolyte
show similar specific activity to the ordered nanocubes with
low Sn4+ (Figures S7 and S8). The similar activities between
the Pt nanocubes and the ordered low Sn4+ nanocubes suggest
that possible influences of strain or electronic effect from
alloying Sn with the Pt active sites are negligible and that Sn4+

present at the surface plays a more significant role in the
improved MOR performance.

■ DISCUSSION
The higher specific activity provided by the presence of Sn4+ at
the surface of the catalysts is accompanied by a positive shift of
the oxidation peak in the anodic direction. A closer look into
the peak at 0.98 V of the disordered low Sn4+ after 10 MOR
cycles (Scheme 1, blue linetop) shows that it presents a
shoulder around 0.85 V, which is a similar potential to the
oxidation peak at the ordered low Sn4+ after 10 MOR cycles
(Scheme 1, red linebottom). This suggests that the greater
current with increasing Sn4+ is actually accompanied by the
appearance of a second oxidation process that arises due to a
different mechanistic pathway. We hypothesize the peak
asymmetry is due to a second pathway facilitated by the
presence of Sn4+ at potentials more positive than 0.85 V. SnO2
alone is incapable of oxidizing either methanol or CO at
potentials more positive than 0.85 V, as shown by the CO
stripping and MOR measurements using SnO2 nanoparticles
(Figure S9). Thus, the greater current density at potentials
more positive than 0.85 V is related to how the surface Sn4+

assists in keeping the Pt sites active at higher overpotentials.
At potentials less positive than 0.85 V (Scheme 1, left),

water dissociation to produce OHad (eq 2) is the rate-
determining step for the MOR.36 With the disordered high

Scheme 1. Schematic Illustration of the Relevant Species Involved in Methanol Oxidation Reaction at Different Potentials
along the Anodic Voltammetry Scan on the Disordered (TopBlue) and Ordered (BottomRed) Pt3Sn nanocubesa

aThe dotted line marks the potential of 0.85 V, roughly separating the potential range where Pt−CO* (less positive than 0.85 V) or Pt−OH*
(more positive than 0.85 V) dominates at the surface for pure Pt.
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Sn4+ nanocubes, water dissociation happens mostly at the
SnO2 sites instead of the Pt sites and the COad oxidation to
CO2 (eq 3) on Pt is facilitated by the presence of OHad at the
surface of SnO2. This leads to a lower onset potential with a 60
mV lower overpotential required to reach 0.15 mA cm−2 than
that required for the ordered nanocubes (0.64 and 0.70 V for
the disordered low Sn4+ and ordered low Sn4+, respectively,
both after 10 MOR cycles). The CO stripping by linear sweep
voltammetry in Figure S10a and the percentage of CO
oxidized at different potentials in Figure S10b also show that
the disordered nanocubes can oxidize more COad at less
positive potentials than the ordered nanocubes, which agree
with previously reported cases where higher coverage of Sn on
Pt electrodes enhances CO oxidation at lower overpoten-
tials.40,41

+ → − + ++ −CH OH Pt Pt CO 4H 4e3 ad (1)

+ → − + ++ −H O M M OH H e2 ad (2)

− + − → * + * + + ++ −Pt CO M OH Pt M CO H e2
(3)

At potentials more positive than 0.85 V (Scheme 1, right),
methanol adsorption and oxidation at the Pt sites (eq 1)
becomes the rate-determining step as the formation of Pt−
OHad becomes significant, blocking methanol from accessing
the Pt active sites.36 In the disordered nanocubes, the high
coverage of OHad on the Sn4+ seems to prevent the Pt active
sites from being blocked by OHad, allowing the MOR to
proceed via the no longer limited methanol dehydrogenation
(eq 1) at potentials more positive than 0.85 V (Scheme 1, top
right),42−44 as opposed to the ordered low Sn4+ nanocubes,
where the high Pt−OHad causes the MOR rate to decrease
from potentials more positive than 0.85 V (Scheme 1, bottom
right).
CO tolerance is an important factor in assessing the

industrial value of the catalysts for the direct methanol fuel
cells (DMFCs). Since CO is a common intermediate in
methanol production, this is often present in the fuel45−47 and
concentrations of CO as low as 10 ppm in the electrolyte are
sufficient to deactivate Pt-based catalysts at the anode of
DMFCs.45 The anodic scan of the voltammograms of the
Pt3Sn nanocubes presented in Figure 4 shows how the current
densities are affected when the MOR is performed in Ar-
(dashed lines) and CO- (full lines) saturated electrolytes. It
can be observed in Figure 4a that with the disordered
nanocubes, the peak position does not change with 60% of its
current density at 0.8 V maintained after CO saturation. In
contrast, for the ordered Pt3Sn and Pt nanocubes, the peak has
shifted to more positive potentials from 0.85 to 1.01 V (Figure
4b) and 0.87 to 1.00 V (Figure 4c), respectively, and the MOR
is heavily suppressed between 0.6 and 1.0 V. The fact that the
reaction is suppressed at potentials less positive than 1.00 V in
CO-saturated electrolyte suggests that the MOR cannot
proceed via COad oxidation to CO2 (eq 3) at the ordered
Pt3Sn and Pt nanocubes. Under Ar-saturated electrolyte,
although the Pt sites are partially covered with COad, the
MOR is still possible via the alternative formate pathway as
these two pathways occur in parallel.48 In fact, the ordered
Pt3Sn nanocubes and Pt nanocubes have more than 3 times
higher faradic efficiency in producing formic acid at 0.7 V in
Ar-saturated electrolyte than the disordered Pt3Sn nanocubes
(Figure S11), showing the more important contribution of

formate formation compared to COad oxidation to the total
MOR charge.
By maintaining the size and exposed facets of Pt3Sn

nanocubes during disordered to ordered transition, we were
able to study the effect of degree of ordering on the formation
of surface SnO2 and its relationship with MOR activity, where
both Pt and secondary metal participate in the reaction. It was
shown that the Sn atoms at the disordered sites are more easily
oxidized to form more surface Sn4+ than the Sn at the ordered
sites. The formation of the surface Sn4+ not only facilitates the
oxidation of COad to CO2 but also prevents the deactivation of
the Pt sites caused by OHad. These results show that ordered
catalysts are not necessarily more active than their disordered
counterpart and that tuning the degree of ordering, especially
when both metals are functional in a reaction, is vital to achieve
better performance using alloy catalysts. These results illustrate
the importance of controlling the neighboring atoms
surrounding active species such as Pt, especially when those
neighbors play a role in the reaction. Designing catalysts with
control of neighboring atoms is an important concept that can
guide design of future catalysts all the way from single-atom
catalysts on specific supports to bimetallic nanoparticles.

Figure 4. Anodic scans of cyclic voltammograms in 0.1 mol L−1

HClO4 + 1 mol L−1 methanol electrolyte saturated with Ar (dotted
curves) or CO (solid curves); disordered Pt3Sn nanocubes (a),
ordered Pt3Sn nanocubes (b), and Pt nanocubes (c). Scan rate = 50
mV s−1.
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■ EXPERIMENTAL SECTION

Synthesis of Pt3Sn Nanocubes and Formation of the
60% and 95% Ordered Pt3Sn Nanocubes/C Catalysts. A
modified hot injection approach was used to synthesize the
ordered Pt3Sn nanocubes.49 First, tetradecanediol (66.8 mg,
90%, Sigma-Aldrich) and dodecylamine (300 mg, 98%, Sigma-
Aldrich) were mixed with 1-octadecene (3 mL, 90%, Sigma-
Aldrich) in a 25 mL two-neck flask. The solution was then
heated to 240 °C in an argon environment (Air Liquide) under
mild stirring. Meanwhile, PtCl2 (11.5 mg, 98%, Sigma-Aldrich)
and SnCl2·2H2O (10 mg, 98%, Sigma-Aldrich) were each
mixed with 2.5 mL of 1-octadecene and 100 mg of
dodecylamine using sonication and gentle mixing. Then, 2.25
mL of PtCl2 solution was mixed with 0.75 mL of SnCl2·2H2O
solution and sonicated for 30 s; then, 2 mL of the mixed
solution was injected into the two-neck flask at 0.2 mL min−1.
The reaction was maintained at 240 °C for 10 min after the
injection finished. Finally, the flask was cooled to room
temperature and the particles were washed two times with a
1:1 mixture of isopropanol and n-hexane.
The synthesized particles were then supported on carbon

Vulcan (XC72, Fuel cell Store) by sonication for 2 h followed
by overnight vigorous mixing of the synthesized particles
dispersed in n-hexane and oleylamine with the carbon powder.
Then, the catalyst was washed twice with a 1:1 mixture of n-
hexane and isopropanol. The final catalyst consists of 15−20
wt % Pt, as determined by ICP-MS.
The oleylamine was removed from the fully ordered Pt3Sn

NCs/C catalyst by stirring it in 10 mL of acetic acid at 70 °C
for 10 h, which resulted in a degree of ordering of 95%. The
acetic-acid-treated catalyst was then washed twice with a 1:1
mixture of n-hexane and isopropanol and dried by a rotary
evaporator. To obtain the Pt3Sn NCs/C catalyst with 60%
degree of ordering, the fully ordered Pt3Sn NCs/C catalyst was
thermally treated in a tube furnace at 200 °C for 5 h under
airflow, which also removed the oleylamine from the
nanoparticles surface.50

Synthesis of Pt Nanocubes/C Catalyst. Pt nanocubes
were synthesized by modifying a reported procedure.51

Platinum(II) acetylacetonate (9.8 mg, 98%, Sigma-Aldrich)
was dispersed in a solution of oleylamine (4 mL, 70%, Sigma-
Aldrich) and oleic acid (1 mL, 90%, Sigma-Aldrich) in a 25 mL
two-neck flask connected with a condenser. The mixture was
then stirred gently and heated to 130 °C within 30 min under
an Ar environment. W(CO)6 (25 mg, 97%, Sigma-Aldrich)
was added into the solution after the temperature reached 130
°C. The solution was then heated to 240 °C within 15 min and
kept at 240 °C for 40 min. Finally, the reaction was cooled
down to room temperature and the particles were washed
three times with a 1:1 mixture of isopropanol and n-hexane.
Then, the particles were supported on carbon and thermally
treated at 200 °C to remove the surfactant using the same
procedure for the Pt3Sn nanocubes.
Synthesis of SnO2/C Catalyst. SnO2 nanoparticles were

prepared by modifying a reported hydrothermal synthesis.52

SnCl4·5H2O (82 mg, 99%, Sigma-Aldrich) was mixed with 8
mL of isopropanol and KOH aqueous solution (2 mL, 0.05
mol L−1, Sigma-Aldrich). The mixture was then placed in a
high-pressure glass tube sealed with a Teflon cap and heated in
an oil bath to 125 °C, which was slowly increased to 150 °C in
10 min and kept at 150 °C for 24 h. The particles were washed
twice with ethanol, and 2 mg of SnO2 nanoparticles was then

mixed with 8 mg of carbon Vulcan and 10 mL of ethanol,
sonicated for 2 h, and stirred vigorously overnight. Finally, the
SnO2/C catalyst was washed twice with ethanol and dried
using a rotary evaporator.

Characterizations of Synthesized Nanoparticles. The
XRD patterns were acquired using an MPD (PANalytical)
X’Pert multipurpose X-ray diffraction system with Cu Kα X-
rays. X-ray photoelectron spectroscopy (XPS) characterization
was performed on an ESCALab 250 Xi (Thermo Scientific)
spectrometer with a monochromatic Al Kα source. The
pressure in the analysis chamber during measurement was
<10−8 mbar. The pass energy and step size for narrow scans
were 20 and 0.1 eV, respectively, with a takeoff angle normal to
the sample surface. Spectral analysis was performed using
Avantage 4.73 software and curve fitting was carried out with a
mixture of Gaussian−Lorentzian functions. The peaks were
calibrated to C−C at 284.5 eV. TEM images were obtained
using an FEI Tecnai G2 20 (200 kV, thermionic LaB6 source),
and STEM images and EDX mapping were obtained with a
JEOL JEM-F200 (200 kV, cold field emission gun) equipped
with an annular dark-field (ADF) detector and a windowless
silicon drift X-ray detector. STEM images were acquired with a
convergence semiangle of 8.2 mrad, and an ADF inner
collection angle of 62 mrad (for achieving high-angle Z-
contrast conditions). EDX data were analyzed and processed
using the Pathfinder X-ray microanalysis software (Thermo
Scientific). X-ray absorption spectroscopy (XAS) measure-
ments were conducted on the Biological X-ray absorption
spectroscopy (BioXAS) beamline (energy range: 4−32 keV;
resolution: 1 × 10−4 ΔE/E; spot size: 5 mm × 0.5 mm) at the
Canadian Light Source. Samples were loaded into sample
holders under Ar to prevent air exposure prior to measure-
ments. Energy selection was done using a Si (220) double-
crystal Si monochromator, with a water-cooled toroidal Rh-
coated Si mirror before the monochromator and a second Rh-
coated Si (focusing) mirror after the monochromator.
Ionization chambers were filled with Ar, and samples were
measured in fluorescence using a 32-element Ge detector. X-
ray energies were calibrated using Sn and Pt foils for their K-
and L3-edge measurements, respectively. The data processing
was performed using the IFEFFIT software package.53 The
amplitude reduction factor was found to be 0.80 and 0.86 for
Sn and Pt, respectively.

Setup for Electrochemical Measurements. All experi-
ments were performed using a μAutolab potentiostat
controlled with Nova 2.1.2 software with a three-electrode
assembly consisting of a Pt mesh as the counter electrode and a
Ag|AgCl|3 mol L−1 NaCl as the reference electrode for acidic
electrolyte, or a Hg|HgO|1 mol L−1 NaOH as the reference
electrode for alkaline electrolyte. HClO4 (0.1 mol L−1,
Suprapur, Merck) was used as the acidic electrolyte, and
KOH (0.1 mol L−1, reagent grade, Sigma-Aldrich) was used as
the alkaline electrolyte. The cell was saturated with Ar or CO
during the experiments. All potentials are referred against the
reversible hydrogen electrode (RHE) and were converted by
measuring the potential difference between the reference
electrode and a freshly prepared normal hydrogen electrode
(NHE).
For ink preparation, 1 mg of carbon-supported catalyst was

mixed with 20 μL of Nafion 0.5 wt % in isopropanol solution,
80 μL of isopropanol, and 300 μL of deionized water. The
resulting ink (6 μL) was then drop-cast uniformly on the glassy
carbon surface (0.07 cm2) as the working electrode.
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The electrochemically active surface area (ECSA) was
obtained by CO stripping by applying 0.05 V (RHE) for 15
min in a CO-saturated 0.1 mol L−1 HClO4, followed by three
cycles of cyclic voltammetry between 0.05 and 1.3 V (RHE) in
Ar-saturated 0.1 mol L−1 HClO4 to confirm that all COad were
oxidized in the first cycle. The baselines were obtained by
performing the exact procedure but in the absence of CO.
Then, the current of CO oxidation was subtracted from the
baseline and integrated to obtain the charge that was converted
into ECSA using 420 μC cm−2 as correlation.54

Electrochemical Removal of SnOx-Rich Surface of
Pt3Sn/C Catalysts. To remove the SnOx-rich surface formed
during thermal and acetic acid treatments, five cycles of cyclic
voltammetry in 0.1 mol L−1 KOH between 0.1 and 1.3 V
(RHE) at 50 mV s−1 were performed,32 after which no notable
differences in the voltammograms profiles were observed after
the third cycle, indicating that the SnOx-rich surface has been
removed.
Identical-Location HAADF-STEM Imaging. HAADF-

STEM imaging of the same particle before and after KOH
electrochemical treatment was carried out with unsupported
nanoparticles. The particles were deposited on a Au TEM grid;
then, the grid was fixed on a glassy carbon surface using carbon
tape that was subsequently covered with acrylated varnish. The
heart-shaped mark at the center of the TEM grid and uniquely
shaped clusters were used for navigation, tracking the same
particle before and after the KOH treatment. The magnifica-
tion was kept below 120 k X except when taking high-
magnification images to reduce beam damage and contami-
nation. A frame size of 512 × 512 pixels and a dwell time of 30
μs were used to strike a balance between resolution and sample
drifting for high-magnification imaging.17

Methanol Oxidation Reactions Electrocatalysis. The
methanol oxidation measurements were performed after the
KOH treatment, except for the non-KOH-treated plots, which
was activated by 20 cycles of potential scans between 0.05 and
1.3 V in 0.1 mol L−1 HClO4. In a typical experiment, 10 cycles
of cyclic voltammetry were performed in Ar- or CO-saturated
0.1 mol L−1 HClO4 + 1 mol L−1 methanol between 0.05 and
1.3 V (RHE) at 50 mV s−1; then, CO stripping was performed
to estimate the ECSA.
Postelectrocatalysis Characterizations. For the XPS

analysis, 2 mL of catalyst ink was deposited on the lower half of
a 5 cm × 5 cm glassy carbon surface. The surface was then
wetted with a 9:1 water:ethanol solution, and the uncoated half
of the glassy carbon was used to connect to the potentiostat
using an alligator clip. After KOH treatment, the glassy carbon
was sonicated in isopropanol to retrieve the catalysts,
centrifuged at 7000 rpm, washed three times with ethanol to
remove the electrolyte, dried, and kept in a vacuum desiccator.
The electrolyte used for KOH treatment was analyzed by ICP-
MS using a Nexion ICP-MS PerkinElmer instrument to
calculate the amount of dissolved Sn and Pt species. The same
process was applied for XPS analysis after the methanol
oxidation reaction measurements.
Quantifying the Formic Acid Formed in Electrolyte

Using NMR. Liquid products were analyzed using 1H-NMR;
540 μL aliquots of electrolyte were taken after electrocatalysis.
Each aliquot was mixed with 60 μL of dimethyl sulfoxide
(DMSO) in D2O stock solution. The DMSO in D2O stock
solution was prepared by mixing 5.0 μL of DMSO with 10 mL
of D2O. NMR aliquots were investigated on a Bruker Avance
III 400 MHz NMR spectrometer with 64 scans and a 16 s

recycle delay, using DMSO as the internal standard. Product
quantification was performed via the internal DMSO standard
to determine the concentration of formic acid.
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