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1. Experimental Section

1.1 Chemicals.

The reagents required for the experiments were analytical grade. Chloroplatinic acid (H,PtClg,
99.95%) was purchased from Adamas-beta, Copric chloride dihydrate (CuCl,-2H,0, 98%) was
purchased from Aladdin, sodium borohydride (NaBH, 98%) was obtained from Sinopharm,
absolute methanol (CH;OH, >99.5%) was obtained from General-Reagent. Carbon black
(Vulcan XC-72) was purchased from Cabot. Nafion (5 wt%) was purchased from Dupont. A
commercial Pt/C (20 wt.%) catalyst was obtained from Johnson Matthey (London, UK).
Deionized water (DIW, 18.2 MQ cm) was employed for the preparation of all solutions. All
reagents were used without any further purification.

1.2 Preparation of Pt;;Cusg NWNs.

The synthesis of Pt;,Cusg NWNs was used with a one-pot wet-chemical protocol. Typically, 0.6
mL of 30 mM H,PtClg agueous solution, 0.6 mL CuCl,:2H,0 aqueous solution, and 150 mL of
ultrapure water were well mixed in a 250 mL glass beaker. The mixture was put and stirred in
a 30 °C water bath. After being stirred for about 5 min, 3.5 mL of 1.9 mg mL! NaBH, prepared
freshly was quickly injected into the reaction solution by one shot, and the reaction was kept
for 6 h under stirring. After the reaction, the products were collected by centrifugation and
washed several times with water and ethanol. Finally, the products were dispersed in ethanol
for further use. The Ptg;Cuss NWNs and Pt;9Cug; NWNs samples were prepared by similar
methods, adjusting the feeding ratio of the metal precursor of Pt and Cu to 3:1 and 1:3,
respectively. The actual metal loadings of the PtCu catalysts were measured by inductively
coupled plasma-optical emission spectrometry (ICP-OES).

1.3 Characterizations.

Scanning electron microscopy (SEM) was performed using a Hitachi S-3400N (Hitachi, Tokyo,
Japan) with an accelerating voltage range from 0.3 to 30 kV. Transmission electron microscopy
(TEM) and high-resolution transmission electron microscopy (HR-TEM) were performed using
FEI Talos F200X. Scanning TEM (STEM), STEM-energy dispersive X-ray spectroscopy (STEM-
EDX) line-scanning, and elemental mapping characterization were used to further confirm the
nanostructures, morphologies, and elemental distributions of the catalysts (FEI Talos F200X).
X-ray diffraction (XRD) patterns of the synthesized catalysts were acquired by using a Rigaku
Smartlab SE with Cu Ka as the X-ray source (40 mA, 40 kV, A= 0.15406 nm). X-ray

photoelectron spectroscopy (XPS) tests (Thermo Scientific K-Alpha with monochromatic) were
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used to collect the XPS spectra of the catalysts. Synchrotron X-ray absorption spectroscopy
spectra were collected at the BL14W1 beamline of the Shanghai Synchrotron Radiation Facility
(SSRF), and the corresponding data were analyzed using Athena software (ver. 0.9.26). The
extended X-ray absorption fine structure (EXAFS) data fitting was performed using Artemis
software?. Agilent 5800 ICP-OES Inductively Coupled Plasma Optical Emission Spectrometry
(ICP-OES), Agilent (US), 5800 ICP-OES was used. In-situ attenuated total reflectance Fourier
transform infrared (ATR-FTIR) spectroscopy measurements were conducted with a Thermo-
Fisher Nicolet iS20 equipped with a liquid nitrogen-cooled MCT detector.

1.4 Electrochemical Measurements.

Before the electrocatalytic measurements, the homogeneous catalyst ink of electrocatalysts
was fabricated by ultrasonically mixing 990 uL ethanol dispersion of the catalysts,10 uL 5 wt.%
Nafion solution, and 1 mg carbon powder for about 30 min. For the electrochemical tests, the
5 uL of ink was dropped onto a clean glassy-carbon electrode (GCE, diameter: 3 mm) to
prepare the working electrode, and the saturated Ag/AgCl and Pt foil (1cmx1cm) were served
as reference and counter electrodes, respectively. Pt loadings were controlled at 8.5 pg/cm?
for all samples. All the electrochemical measurements were performed on a CHI 760E
(Chenhua, Shanghai) electrochemical workstation with a typical three-electrode configuration
at ambient temperature, and all the recorded potentials were converted to the reversible
hydrogen electrode (RHE). The cyclic voltammograms (CVs) were collected in N,-saturated 0.1
M HCIO, from -0.2 to 1 V (vs. Ag/AgCl) with a scan rate of 50 mV s™1. The electrochemical active
surface areas (ECSAs) were estimated according to the underpotentially deposited H (H,q)
methods. From the charge of the H,,4 desorption peak in the recorded CVs, the ECSAs of
catalysts were determined from one monolayer of hydrogen desorption on Pt with a criterion
of 0.21 mCcm™2.

The methanol oxidation reaction (MOR) polarization curves were obtained at the scan rate of
50 mV st in N,-saturated 0.1 M HCIO, and 0.5 M methanol solution. Before MOR tests, the
catalysts were activated by conducting the CVs to be stable in N,-saturated 0.1 M HCIO, at a
sweep rate of 250 mVs™l. The chronoamperometry (CA) measurements of MOR were
conducted in 0.1 M HCIO, and 0.5 M methanol solution at 0.6 V vs. Ag/AgCl. A linear sweep
voltammetry (LSV) was implemented to record polarization curves for the methanol electro-
oxidation reaction in N,-saturated 0.1 M HCIO, and 0.5 M methanol solution at 5 mV s, For

the CO stripping measurement, the working electrode was held at a constant potential of 0.1
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V vs. RHE under a flow of CO bubbled into the N,-saturated 0.1 M HCIO, electrolyte for 10 min
and then change CO to N, for another 20 min to absorb monolayer CO molecules. Afterward,
the working electrode was recorded for two cycles at a scan rate of 50 mV s™.

1.5 Electrochemical in Situ ATR-FTIRS Experiments

In situ ATR-FTIRS measurements were performed on a Fourier transform infrared (FTIR)
spectrometer equipped with an MCT/A detector (Thermo Fisher Nicolet iS50) with a
resolution of 4 cm™. The tests were conducted in a spectroelectrochemical cell with a three-
electrode configuration. The Au film was plated on Ge prism, which played a role in enhancing
the FTIR signals. The catalyst ink was drop-casted on the Au film and naturally dried at room
temperature. Ag/AgCl and Pt wire were used as the reference electrode and the counter
electrode, respectively. The IR spectra were collected from 0.26 to 1.26 V vs. RHE in N,-
saturated 0.1 M HCIO, + 0.5 M methanol.

1.6 The computing method of ECSA

The ECSA of Pt-based samples was calculated based on the following equation:

Ecsa=—2 (1)
mxC

Q s the charge collected in the hydrogen adsorption/desorption region, m is the weight of the
Pt loading, and Cis the charge required for monolayer adsorption of hydrogen on a Pt (210 uC
cm2) surface.

1.7 The calculation of @ and j,

Tafel slope of all studied MOR electrocatalysts was determined from the Tafel plots, which

were fitted by the Tafel equation on the following?:

. 23RT . 23RT
n=blogj+a= logj -
anF

logj (2)
anF 9o

where R and T(K) present gas constant and absolute temperature, respectively; @ denotes a
charge transfer coefficient, F is a Faraday constant, and j, (mA c¢m) is an exchange current.
1.8 The calculation of E,
The activation energy (E,) was calculated through the Arrhenius equation?:

KTy =de @ (3)
where k(T) and A are rate constant and a pre-exponential factor, respectively. R and T are gas
constant and temperature, respectively. The apparent activation energy was achieved from the

measured current density at different temperatures via Eq.(3)*:

dlni

Eata = = 2303R| 2 (4)




1.9 Estimation of strain from XRD
According to Bragg’s law and the cell parameter formula of the fcc structure, the lattice
paramter (a) can be obtained by the following equation®®:

__r (5)
kK™ 2sing

a
dpj)=———— (6)

(R + K + 12)?
where dyx; indicates the interplanar spacing, 4 and € represent the X-ray wavelength (
A =0.15406 nm) and Bragg angle, respectively. In addition, a is the lattice parameter (A) and h,
k, I means the Miller indices. For the Pt (111) lattice, h=k=1=1.
The strains of the Pt,Cuy NWNs are further estimated using the equation (4) below’- ®:

o -a, (7)

s(Pt) = x 100%

A
Where a, is the lattice parameter of the pure Pt (that is, 3.923 A; JCPDS no. 04-0802), and a,
is the lattice parameter of the corresponding Pt,Cuy, NWNs.
2.0 The calculation method of d-band centers
The d-band centers of Pt;Cu, NWNs and commercial Pt/C were calculated from the following

equation based on the valence band spectra:

i [binding energy(E)intensity(E)]|dE (8)
d - band center =-
10gy
- 2eV
¢ f intensity(E)dE

- 2eV

2.1 The calculation method of Pt 5d holes of the samples:
The number of Pt 5d holes in each sample are calculated by the whiteline areas (A3, A;,) of Pt

Ls , edges, utilizing the 2p-5d transition matrix elements of Pt°.

6h-,, +h
203772, 2M5/2 T 372 (9)
A3:CON0E3(R Sd/) (—15 )
h
201 9\2, 1132 (10)
A2=CON0E2(R Sd/) (—3 )

where C, = 4m%a/3 and where a is the fine structure constant. Ny is the atomic density of
Pt, 1.12 x 10?3 atoms cm~3. Ezand E, are the threshold energy of Pt L;-edge (11 564 eV) and Pt
L,-edges (13273 eV), respectively. Rzrgi/z and RZPSId/Zare the radial dipole-moment matrix
elements for Pt 2ps;; - 5d and 2p;;; - 5d transitions. The two equations above can be

rearranged to simplify the expressions of hs/, and h;/,, as shown below:
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1 E (11)
hs), = ﬁ(SE_3A3 -4y

3
hy)p = E(AZ) (12)

where C is a constant (16.44) obtained by assuming the total number of Pt 5d holes to be

1. The total d-band holes (vacancies) can be calculated by the equation below:
hy=hs;, + hs )y (13)

The following figure shows the example of A; extraction for Pt foil, by firstly subtracting
the Au Ls-edge (Eq aligned with Pt; Au 5d states are known as fully filled, thus considered with
no 2p-5d transition at both L; and L, edges!®) from Pt Ls-edge; then conducting a fitting process
to extract the whiteline (a pseudo-Voigt peak with 90% Lorentzian and 10% Gaussian). The Ls-
edge whiteline area is then integrated to be A; (Fig. S7).

While the Pt L, edges were not measured for the Pt,Cu, NWNs samples in this study, the
A, can be extrapolated from the A,-A; correlation, using the A; from Pt L; edges. The A,-A;
correlation is established by linearly fitting the A; and A, extracted from the Pt L3, edges of
standard Pt-Ni random alloys. The details of these alloys have been reported in literature 1.
Note that to provide reliable whiteline areas, the XAS of Pt-Ni alloys (collected in transmission
mode) and Pt,Cu, NWNs samples in this study were processed following the same procedures,
as mentioned above (Fig. S8). This method is based on the fact that the Pt,Cu, NWNs samples,
Pt-Ni alloys, and Pt share a similar crystal structure (fcc).

The calculated results are shown in the following Table S3. Note that the total number of
Pt 5d holes is assumed to be 1 to obtained the constant C (16.44) in the equation for 5d hole
calculations. Ah is the change in the number of holes (negative means more electron)

compared with pure Pt.



Figure S1. TEM images of the products from the reaction with the same conditions used in the
synthesis of Pt,;;Cusg NWNs, except for the reduction change by N,yH,.



Figure S2. TEM images of the products from the reaction with the same conditions used in the
synthesis of Pt;,Cusg, but under the different reaction temperatures (a, b) 50 °C; and (c, d) 70
°C.



Figure S3. SEM images of Pt;,Cusg NWNs.



Figure S4. TEM image of Ptg;Cusz NWNs.
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Figure S5. TEM image of Pt;5Cug; NWNs.
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Figure S7. As parameter extraction protocol for Pt foil through Pt Ls;-edge analysis. (a)
Background-subtracted spectrum after removing Au contribution; (b) Integrated area under

whiteline defining A; value.
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Figure S8. Linear correlation between A, and Az parameters derived from Pt L3,2-edges of

standard Pt—Ni random alloys.
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Figure S10. XPS images of Pt;,Cusg NWNs.
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Figure S11. XPS images of Cu 2p of PtCu NWNs.
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Figure S14. TEM images of Pt;,Cusg NWNs after durability test.
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Figure S15. TEM images of commercial Pt/C catalysts before (a) and after (b) durability test.
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Figure S16. (a) LSV curves, (b) corresponding Tafel plots in N,-saturated 0.1 M HCIO, containing
0.5 M methanol solution electrolyte at a scan rate of 5 mV s, (c) exchange current density
and charge transfer coefficient of all samples, and (d) EIS Nyquist plots of all samples in the
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Table S1. The compositions of the Pt,Cu, NWNs by ICP-OES

Sample Pt (%) Cu (%)
Pts7Cuss 67 33
Pt;,Cusg 42 58
Pt19Cug; 19 81
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Table S2. Lattice parameter and lattice strain of Pt,Cu, NWNs derived from XRD patterns

Sample 2 Theta (°) Lattice parameter (nm) Lattice strain (%)
Pt 39.76 0.3923 /

Pts7Cuss 40.84 0.3823 -2.7254

Pt4,Cusg 41.10 0.3809 -3.0633

Pt19Cug; 41.34 0.3778 -3.8514
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Table S3. Calculation of Pt 5d holes using the Pt L;-edge XANES whitelines

Samples A; Ay hsas/2 hsas hsq Ah

Pt 3.83 2.18 0.602 0.398 1.000

Pt;Ni 3.60 1.90 0.571 0.347 0.917 -0.083
PtNi 3.47 1.79 0.551 0.327 0.878 -0.122
PtNi3 3.36 1.69 0.535 0.308 0.843 -0.157
Pts;Cuss 3.19 1.50 0.511 0.274 0.785 -0.215
Pt4,Cusg 3.15 1.46 0.505 0.266 0.771 -0.229
Pt;9Cug; 3.07 1.37 0.494 0.251 0.745 -0.255
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Table S4. Structural parameters of the Pt,Cu, NWNs and Pt foil extracted from EXAFS fitting
(So?=0.81).

Sample shell  CN R(A) 02x103(A2)  AEy(eV) Rfactor
7.7%0.

Pt foil Pt-Pt 12 2.765%+0.002 4.6%0.2 0.003
5

Pt-Cu 24+*09 2.660*0.013 9.0%x2.8 6.3%0.
Pts;Cus3 0.010
Pt-Pt 50*x1.0 2.718*0.006 5.1*0.7 8

Pt-Cu 41%*1.1 2654+£0.010 9.0%21 7.5%0.
Pt4,Cusg 0.011
Pt-Pt 50t1.2 2.704%£0.008 5.8*1.1 9

Pt-Cu 25+%16 2.632*0.014 93*28 59%1.
Pt19Cus; 0.015
Pt-Pt 3.8+13 2.703*0.014 5.0*1.9 6

So%: Amplitude reduction factor (obtained by fitting Pt foil);

CN: Coordination number (proportional to the intensity of k2-FT-x(k) peak);

R: Interatomic distance (Pt—Pt bond length);

0%: Debye-Waller factor (thermal and static disorder in absorber-scatterer distances);

AE,: Edge energy shift (the difference between the zero kinetic energy value of the sample
and that of the standard theoretical model);

R factor: Goodness of fitting (the closer the R factor is to 0.02, the more reliable the fitting

outcome is).
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Table S5. The performance comparison of the Pt;,Cusg NNWs catalyst with various Pt-based

catalysts toward MOR.

Mass Activity Specific Activity
Sample Electrolyte Ref.
(A mgp?t) (mA cm?)
0.1 M HCIO, + 0.5 This
PtCu NNWs 1.33 4.23
M methanol Work
0.1 M HClO, + 1.0
PtAu NWs 1.04 3.28 12
M methanol
0.1 M HCIO, + 0.5
PtRuCu NFs 0.815 7.65 13
M methanol
0.5 M H,SO, + 1.0
Pt;Cu NBs 0.533 3.10 14
M methanol
0.1 M HClO,4+ 0.5 M
E-Pt;Ag, NFs/C 1.136 non 15
methanol
0.5 M H,SO, + 1.0
PtCo CNCs 0.692 3.04 16
M methanol
PtRhNiCoFeGaW 0.5 M H,S0, and 2
1.34 4.43 17
HEA M methanol
0.1 M HCIO, +
PtRu/C-JH 0.7059 0.5941 18
1.0 M methanol
0.5 M H,SO, + 1.0
PtRuNi/C 0.844 1.93 2
M methanol
0.5 M H,SO, + 1.0
PtTe PNCs 1.02 0.98 19
M methanol
rugged 0.5 M H,SO, + 1.0
1.03 4.39 20
PtCu NWs M methanol
0.1 M HCIO, + 0.5
PtRuAgTe NTs 1.1145 1.82 21
M methanol
0.5 M H,SO, + 1.0
PtCuRh RDND 0.98 3.01 22
M methanol
0.1 M HCIO, + 0.5
PtRu NWs 0.82 1.16 23
M methanol
0.5 M H,SO, + 1.0
PtCus/C 1.2 3.323 24
M methanol
PtFeCoNiCu HEA- 0.1 M HCIO, + 0.5
1.4 3.29 25

700

M methanol
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0.5 M H,SO, + 1.0

PtCo MNTSs 0.95 1.92 26

M methanol

Table S6. A summary of MOR kinetic parameters of all samples.

Sample Tafel slope Exchange current Charge transfer

-2
(mV dec?) (mA cm) coefficient

Pt/C 136.39 0.59 0.43
Pts7Cuss 111.88 0.66 0.52
Pt4,Cusg 84.50 0.71 0.69
Pt19Cug; 111.14 0.65 0.53
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