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1. METHODS
1.1 Computational Method

The computational work was performed by Vienna Ab initio Simulation Package
(VASP). 2527 at the GGA-PWO1 level, the generalized gradient approximation 2® with
Perdew-Wang 1991 formulation. 2° Valance electrons were expanded by planewave
basis at 600-eV cutoff energy and core electrons were treated with cost-effective
pseudopotentials with projector-augmented wave method (PAW). 3% 3! The Brillouin
Zone integration was sampled by Monkhorst-Pack scheme 32 with the k-point interval
at 0.05 x 2 (1/A). The structural optimization and energetic calculation employed quasi-
Newton method with an energetic convergence of 1 x 10* eV and a gradient
convergence of 1 x 102 eV. The transition state searching and activation barrier
calculation were obtained by Nudged Elastic Band (NEB) method?? at the same
convergence criterions.

Pt-OCS electrodes were modeled based on the Pt(111) surface, which is widely
applied in the study of Pt-based electro-catalytic reactions °-34-33; the Pt(111) supercell
was constructed by a five-layer 4 x 4 Pt slab, in which the top three layers were free to
relax and the bottom two ones were fixed at the computed lattice constants, and an
equivalent five-layer vacuum space to limit the artificial interaction between the distinct
slabs. Foreign atoms of Sn, Co, Ni, Cu, Rh, Pd, Ir, and Au were decorated on Pt(111)
surface, and then, O atom was further covered on the foreign elements to model their
oxygen containing species.

1.2 Catalyst Synthesis

Carbon-supported Pt, Pt-AuOy, Pt-SnO, and Pt-AuSnOy nanorod catalysts with
metal loading of 20 wt. % and Pt/Au/Sn atomic ratio of 100/0/0, 70/30/0, 70/0/30, and
70/15/15 were prepared through a formic acid reduction method (FAM). First, the

aqueous solution of H,PtCls (Alfa Aesar) was mixed with 50 mg of carbon black
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(Vulcan XC-72R) that has been dispersed in deionized water, and then reduced by
formic acid (98 %) at 278 K for more than 9 days to synthesize the carbon-supported
Pt nanorods. As for the Pt-OCS electrocatalysts, the additional metal precursor
(HAuCly, SnCl,, or HAuCl, and SnCl, with desired stoichiometric ratios) was added
into the solution and reduced by formic acid for another 3 days, respectively, to decorate
OCS (AuOy, SnOy, and AuSnOy) on the Pt nanorod surface. Then, the prepared Pt-OCS
catalysts were washed and dried at 340 K for 1 day.

1.3 Materials Characterization

Morphology and structural information of the Pt-OCS catalysts were characterized
through aberration-corrected scanning transmission electron microscopy (AC-STEM),
performed on a JEOL Grand ARM3O00F equipped with two spherical aberration
correctors. High angle annular dark field (HAADF)-STEM images were recorded using
a convergence semi angle of 22 mrad, and inner- and outer collection angles of 83 and
165 mrad, respectively. Energy dispersive X-ray spectroscopy (EDS) was carried out
using JEOL dual EDS detectors and a specific high count analytic TEM holder.
Moreover, transmission electron microscope (TEM) was also carried out for additional
morphology characterization.

Crystalline information of the Pt-OCS catalysts was characterized via X-ray
diffraction (XRD, Rigaku) using Cu Ka, operated at 40 kV and 40 mA. The catalysts
were scanned in a 20 range from 20° to 80° at a scan rate of 0.124°/s. Atomic
compositions of the catalysts were further determined by inductively coupled plasma
optical emission spectrometry (ICP-OES, Agilent 725). Surface chemical states of the
Pt-OCS catalysts were analyzed by X-ray photoelectron spectroscopy (XPS, Thermo
VG Scientific Sigma Probe) using an A1 K, radiation at a voltage of 20 kV and a current

of 30 mA.



X-ray absorption spectroscopy (XAS) was carried out in transmission or
fluorescence mode at the BLOIC1 and 17C beamlines at the National Synchrotron
Radiation Research Center (NSRRC). The incident beam was monochromated using a
double crystal monochromator equipped with a Si (111) crystal. A Si monochromator
was employed to adequately select the energy with a resolution AE/E better than 10
at the Pt L, -edge (13273 eV) and Pt L; -edge (11564 eV). Based on the Pt L, and L;
spectra, the fractional change in the number of d-band vacancies relative to the

reference material (f3) can be estimated according to the following equation:

AAz+ 1.1AA, 1
d7 (A3 + L11AYDr (1
where AA, and AAj3 are expressed by
AA = Aos - Ayr and AA3 = Aszs - Ay, (2)

The terms A, and Aj, which represented the areas under Lj; and Ly absorption edges
of the sample (s) and reference (r) material as well as the calculated Hrs, were evaluated
from band structure calculations. The d-band vacancies of Pt in the sample can be
evaluated using the equation using the relation. The value of infilled d-states in the
reference material (Ht,) had been evaluated from band structure calculations to be 0.3.
Hrs = (1 + fq)HTy 3)

1.4 CO Stripping Experiment

CO stripping tests were performed with potentiostat (CHI 612E) and a three-
electrode cell. A glass carbon electrode, a Pt wire and a Ag/AgCl electrode were used
as the work, counter and reference electrodes, respectively. The adsorption of CO on
the catalysts surface was performed by purging CO into 0.5 M H,SO, at 0.05 V for 30
min. Then the CO stripping voltammetry was measured between -0.10 and 1.20 V in

N, saturated 0.5 M H,SO, solution at a scan rate of 50 mVs.



1.5 Electrochemical Measurements

Electrochemical measurements were conducted on a CH Instruments Model 611c¢
device. The counter and reference electrodes were Pt plate and silver/silver chloride
electrode (SSCE). All potentials in this study were referred to the normal hydrogen
electrode (NHE), respectively. 5 mg of the catalysts in 1 ml IPA and 50 pl Nafion
solution (5 wt. %, DuPont) were ultrasonically dispersed and dropped on a glass carbon
electrode as a working electrode.

Cyclic voltammograms (CV) were swept between 0 and 1.4 V (vs. NHE) at the
rate of 50 mVs! in 0.5 M H,SO, purged with N, for 30 minutes to ensure the electrolyte
is Nj-saturated. The ECSA by H-adsorption (ECSA) was calculated by integrating the
areas of hydrogen desorption at 0-0.4 V (Q). The values were obtained from the

following equation:

Q
ECSA = 5y oan 4)

where 0.21 (mC/m?) is the charge required to oxidize a monolayer of H, on Pt active
sites. For the EOR activity, the CVs were swept between 0 to 1.2 V (vs.NHE) with a
scanning rate of 2 mVs-!. The durability test of the EOR catalysts was measured at a
consist voltage of 0.6 V (vs. NHE) for 2 hours by chronoamperometric (CA), and the
electrolyte for CV and CA was both Nj-saturated 0.5 M H,SO, containing 1.0 M

C,HsOH.

2. Results and Discussion for Supporting Information
2.1 Quantitative analysis of XRD result

X-ray diffraction was performed on the Pt-OCS catalysts, and the quantitative

result is presented in Table S3. Here, intensities of the diffraction peaks of Pt, e.g., (111),



(200), and (220) peaks are listed. Meanwhile, ratios of the peak intensities as compared

to the (111) peak are used to measure the exposed facets of the nanorod surface.

According to the reference spectra of JCPDS Pt (using polycrystalline Pt), the
values of Z00)/L111y(0.53) and Z222/1(111y (0.31) reflect the structure factor Fiy and the
standard peak intensity ratios of fcc Pt. In contrast, as for the three Pt-OCS catalysts
(Pt-AuOx, Pt-SnOx, and Pt-AuSnOx), it is clear that both these intensity ratios
(Z200y/I(111yand L222/1(111)) dropped down about 30%, indicating that (111) peak intensity
became much stronger in our as-synthesized catalysts. This evidence demonstrates that

more (111) surface facets are exposed in our Pt-based nanorod catalysts.

2.2 CO stripping analysis

We carried out the CO-stripping experiment for the as-prepared Pt, Pt-AuOy, Pt-
SnOy, and Pt-AuSnOy nanorod catalysts, and the result demonstrates the superior CO
poisoning tolerance of Pt-AuSnOy catalyst, as shown in Figure S6. Notably, CO-
stripping peaks of pure Pt nanorods are located at 0.65 and 0.9 V, working as the
reference for comparison. As for Pt-AuOy catalyst, the two peaks show a slight shift to
the lower potential region, indicating the modification of Pt d-band through the
decoration of AuO,. Then, as for the two Sn-containing catalysts, Pt-SnOy and Pt-
AuSnO, their CO-stripping peaks shift to even lower potential region (at 0.4 and 0.75
V for both), highlighting the significant promotion effect for the oxidation of adsorbed
CO. This experimental evidence demonstrates the superior CO poisoning tolerance of
the two Sn-containing Pt-OCS catalysts and is consistence with our DFT calculation

result of E,45(CO).



Table S1. E,, E.45(O), and Eyq(H) on Pt-OCS catalysts (in V). The last column

shows the reference value of pure Pt.

SnO CoO NiO CuO RhO PdO IrO AuO Pt

E, 440 -239 -211 -133 -151 -0.16 -1.52 -1.13 0.00
E4(O) -484 -694 -581 -480 -572 -435 -6.01 -3.75 -3.96

E(H) -3.01 -268 -326 -388 -296 -3.65 -2.70 -4.02 -2.74

Table S2. Bader charges of Au and Sn in Pt-OCS electrodes.

Pt-AuO Pt-SnO Pt-AuSnO
Au 0.35 0.33
Sn 2.23 291
0] -0.74 -1.63 -1.42

Table S3. Energetics of £, and AE (in eV) for C-C bond cleavage step on Pt, Pt-SnO
and Pt-AuSnO.

Pt Pt-SnO Pt-AuSnO

1.90 1.81 2.24

IS

CH;CO > CH;+CO
AE -0.26 -0.14 -0.06




Table S4. X-ray diffraction analysis of JCPDS Pt and as-synthesized Pt-OCS catalysts.

Peak intensities are normalized using the intensity of (111) peak as reference.

(111) (200) (220)

Intensity(]) Intensity(l) ](200)/](1 11) Intensity(l) [(222)/](1 11)

JCPDS Pt 100 53 0.53 31 0.31
Pt 1813 666 0.37 389 0.21
Pt-AuOy 1660 480 0.29 330 0.20
Pt-SnOy 1847 646 0.35 292 0.16
Pt-AuSnOy 1422 426 0.30 288 0.20




Table SS. Comparison of EOR activity between Pt-AuSnOy catalyst and other Pt-Sn

based ternary and PtAu catalysts taken from literature.

Onset

Mass Activity

Samples Electrolyte . Ref.
Potential (V) (mA/mgp)
MAO.6 =46.8
0.5 M EtOH + 0.5
PtRhSn 0.29 MAg45=21.7 Ref. 5
M H,SO4
MA 455 min= 4.4
MA0.45 =12.0
0.5 M EtOH + 0.1
PtRhSn 0.35 MA()_45_17 min — 2.7 Ref. 17
M HCIOy4
MA .x = 119.2
MAO.6 =552
0.5 M EtOH + 0.5
Pt3Au 0.13 MA0.6_67 min — 28.6 Ref. 18
M H,SO,
MA,.x = 80.1
0.5 M EtOH + 0.1 MAy45=23.4
Pt;RhSn 0.29 Ref. 19
M HCI1O, MAg 452 17=3.0
MAO_4 =20.5
PtSnFe 0.18
MA 430 min = 11.8
. MAO.4 =173
PtSnNi 0.19
1 M EtOH + 0.05 MAg 430 min = 11.8
Ref. 20
M HzSO4 MAO.4 =16.5
PtSnPd 0.19
MA.4-30 min = 9.6
MAO'4 =5.5
PtSnRu 0.24
MA.4-30 min = 2.8
MAO.4 =6.1
IM EtOH + 0.5 M
PtSnRu 0.23 MAy4-1,=1.6 Ref. 21
H,SO,
MA x =43.2
MAO.45=42.4
IM EtOH + 0.5 M MAy¢ = 63.6 This
Pt-AuSnO, 0.24
HzSO4 MAO,6_2 hr=24-8 Stlldy

MA ax = 302.0




Figure S1. HRTEM micrographs of as-prepared (a) Pt, (b) Pt-AuOy, (c) Pt-SnO,,
and (d) Pt-AuSnOj catalysts.
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Figure S2. Statistic distribution of the aspect ratios of the as-synthesized (a) Pt, (b)
Pt-AuQ,, (¢) Pt-SnO,, and (d) Pt-AuSnO, nanorod catalysts.
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Figure S3. XRD patterns of Pt, Pt-AuQO,, Pt-SnOy, and Pt-AuSnQ, catalysts.
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Figure S4. (a) XPS Pt 41, (b) XPS Sn 3d, and (c) XPS Au 4f spectra of Pt, Pt-AuO,,

Pt-SnO,, and Pt-AuSnQOj catalysts.
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Pt-AuSnOj catalysts.
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Figure S6. CO-stripping results of Pt, Pt-AuQy, Pt-SnOy, and Pt-AuSnOy, catalysts.
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