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Experimental Section
The formation of Pd-Ni(OH)2/C

During the reaction process, propylene oxide (PO) undergoes hydrolysis, leading
to the production of 1,2-propanediol (1,2-PD)!, which serves as a selective reducing
agent due to its limited reducing capacity. Specifically, 1,2-PD reduces Pd*" to Pd’, but
it is more difficult to reduce Ni**2. As a result, the Pd element exists in a metallic state
while the Ni element remains in the form of Ni(OH)> within the catalyst. The dropwise
addition of water and PO contributes to gradual PO hydrolysis and slow Pd*" reduction,
which promotes the formation of small metal particles and ensures the uniform

dispersion of Pd and Ni(OH); on the carbon support.

Characterization

The morphology of catalysts was obtained by scanning electron microscopy (SEM,
Zeiss Ultra 55) with a 3 kV accelerating voltage. High-resolution transmission electron
microscopy (HRTEM) images were captured on a JEOL JEM-2100F TEM operated at
200 kV. Scanning transmission electron microscopy (STEM) and energy-dispersive X-
ray spectroscopy (EDS) elemental mapping analyses were carried out on a JEOL ARM-
200F TEM at an accelerating voltage of 200 kV. X-ray diffraction (XRD) patterns were
acquired on Rigaku Smatlab 9 kW X-ray diffractometer instrument using 0.01°
divergence with a scan rate of 5° min"!. X-ray photoelectron spectroscopy (XPS) was
measured on Thermo Scientific K-Alpha, employing Al Ko X-ray radiation (1486.6 €V)
for excitation. All XPS spectra data were corrected using C 1s line at 284.8 eV. Ni K-
edge X-ray absorption fine structure (XAFS) measurements were carried out at the
1W1B beamline of the Beijing Synchrotron Radiation Facility (BSRF). The samples

were prepared by uniformly compressing about 30 mg of catalyst powder into tablets.

In-situ electrochemical surface-enhanced Raman spectroscopy (SERS)
measurements

To avoid the interference of carbon powder to the spectral signals, samples used



in the SERS measurements were synthesized without the addition of XC-72. The in-
situ SERS measurements were performed using a Renishaw In Via Qontor Raman
Microscope with a 785 nm laser. In the measurements, a homemade electrochemical
cell, equipped with a Pt wire counter electrode and a Hg/HgO reference electrode, was
used. And Ti felts coated by catalyst inks were used as working electrodes. 1 M NaOH
and 0.005 M NaBHj4 worked as the electrolyte. The spectra were collected at the steady
state under different applied potentials. Each spectrum was integrated for 30 s and

averaged by three exposures.

In-situ electrochemical attenuated total reflection Fourier-transform infrared
spectroscopy (in-situ ATR-FTIR) measurements

ATR-FTIR measurements were conducted on the Bruker Invenio S FTIR
Spectrometer. Catalyst inks were dropped onto a hemicylindrical silicon prism with a
gold layer, used as the working electrode. The electrochemical measurements were
carried out in a three-electrode system with a graphite rod and a Hg/HgO electrode
serving as the counter electrode and the reference electrode, respectively. The
electrolyte was 0.1 M NaOH and 0.05 M NaBHs. Chronoamperometry mode was
applied to the system with the potential varying from -1.1 V to 0.4 V vs. Hg/HgO in a
stepwise manner. Meanwhile, FTIR spectra were recorded with a time resolution of 16

s per spectrum at a spectral resolution of 4 cm™.

Electrochemical measurements

All electrochemical measurements were carried out by an electrochemical
workstation Metrohm Autolab PGSTAT204. Without specification, the evaluations of
electrochemical performance were conducted in a three-electrode configuration at room
temperature, in which a glassy carbon coated by the catalyst was the working electrode,
and a graphite electrode and a Hg/HgO electrode were used as the counter electrode
and the reference electrode, respectively. The electrode potentials mentioned in this

paper were rescaled to the reversible hydrogen electrode (RHE) reference by the



following eq. (1).

E vs. ReE=E vs. Ho/Hz010.098 V+0.059xpH (1)

To load the catalyst on the glassy carbon electrodes (GCE, 3 mm in diameter), 2.5
mg catalyst powder was dispersed in 0.5 mL water and ethanol (1:1, v/v) solution,
followed by the addition of 40 uL. Nafion solution. After sonication, 3 uL of the catalyst
ink was dropped onto the GCE. Cyclic voltammetry (CV) measurements at 20 mV s!
were performed in the electrolyte of 1 M NaOH and 0.05 M NaBH4. Electrochemical
impedance spectroscopy (EIS) measurements were carried out in the frequency range
of 10° ~ 102 Hz with an amplitude of 5 mV in 1M NaOH and 0.05 M NaBH.. To
evaluate the methanol oxidation reaction (MOR) activity of the catalysts, CV
measurements at 50 mV s ' were performed for 10 cycles to make the electrodes
activated and stabilized before the recording of linear scan voltammetry (LSV) at 5
mVs™' in 1 M NaOH and 1 M CH3OH.

In this work, the electrochemical active surface area (ECSA) of the catalysts was

determined according to Eq. (2)

ECSA= ©)

S

where Cq is the electrochemical double-layer capacitance of the catalysts, which was
measured by CV cycles at various scan rates from 10 mV s ' to 50 mV s ' in 1 M NaOH.
The current density was the average of the anode and cathode current densities at the
open circuit potential (OCP), which was plotted as a function of the scan rate. The slope
of the curve is the Cq value. A general specific capacitance (Cs) of 40 pF cm ™2 was used
to calculate the ECSA.

The electron transfer number (n) during BOR was evaluated by the LSV tests from
-0.7 Vto 0.2 V vs. Hg/HgO at 10 mV s™!, with different rotating speeds in a solution of
1 M NaOH and 0.01 M NaBHa4. The prepared catalyst ink was dropped onto a glassy
carbon rotating disk electrode (RDE, 3 mm in diameter, Tianjin Aida Hengsheng
Technology Development Co., Ltd.), which served as the working electrode in a three-
electrode system. The rotating speeds of the RDE were 600, 800, 1000, 1200 and 1400

rpm. The n of electrode reaction can be calculated according to the Koutecky-Levich
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Eq. (3-4)
j_lzji(1+j;11:jl_(l+B-lw—0'5 (3)
B=0.62nD**Fv "¢, “4)
where jx is kinetic current density and jq is diffusion-limited current density, o (rad s)
is the rotation speed of RDE, D is the diffusion coefficient of NaBH4 (1.6x107° cm? s~

Y, F is the Faraday constant (96485 C mol™'), v is the dynamic viscosity of the

electrolyte (0.0119 cm? s™!), co (mol L) is the NaBH4 concentration.

Fuel cell test

In the unit cell of DBFC, Pd-Ni(OH)./C, Pd/C and Ni(OH),/C were used as the
anode, and commercial Pt/C (40%) was used as the cathode. 25 mg anode catalyst was
mixed with 2 mL isopropanol, followed by the addition of 180 puL Nafion solution. After
ultrasonic dispersion, 200 pL catalyst ink was sprayed onto the Gore select® membrane
(M788.12, Sinopharm Chemical Reagent Co., Ltd.) with an active area of 1 cm?. The
cathode was prepared in the same way on the other side of the membrane. Additionally,
carbon paper with a hydrophobic layer served as the cathode GDL, while carbon cloth
functioned as the anode GDL. 2 M NaBH4in 1 M NaOH solution was employed as the
anode fuel with a flow rate of 100 mL min’'. Air was introduced into the cathode at a
flow rate of 400 mL min™! with a 100 kPa back pressure. Concerning the stability test,
the catalysts were sprayed on the Nafion® 212 membrane, and the measurement was
performed in a solution of 1 M NaBH4 and 2 M NaOH at 60 °C. All other operation

conditions remained consistent with those described previously.

DFT calculation method

Density functional theory (DFT) calculations were performed by Vienna Ab-initio
Simulation Package (VASP)?, utilizing the projector augmented wave (PAW) potentials
with a planewave cutoff energy of 400 eV* °>. VASPKIT codes were used for post-
processing of the VASP calculated data®. The exchange-correlation functional’ was

described by the generalized gradient approximation (GGA) functional of Perdew,
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Burke, and Ernzerhof (PBE). The convergence criteria of electronic energies and atomic
forces for the calculation of the Pd-Ni(OH), heterogeneous model were 10 eV and
0.05 eV/A, while the convergence criteria for other calculations were 10 eV and 0.05
eV/A. A vacuum region of 15 A was added to all slab models to eliminate the effects
between two adjacent layers. The calculated adsorption energy (Eads) was evaluated
based on the following equation:

AEads=Esur+adsorbate—Esur—Eadsorbate ®)]
Where Esur+adsorbate, Esur, and Eadsorbate are the energy for the slab system and the adsorbate,
the energy of the slab, and the energy of the adsorbate in a vacuum, respectively. Here,
‘adsorbate’ refers to chemisorbed OH, BHj.

The free energy change for each step was computed by:

AG=AE+AZPE-ATS (6)
Where AE is the energy difference between the reactants and the products directly
obtained from DFT calculation, ZPE is the zero-point energy, and AS is the entropy
change. The ZPE and entropic corrections were performed through frequency

calculations. The free energy of the proton-electron pair is equal to that of 1/2 Ha(g).



Fig. S1 SEM images of Pd-Ni(OH)./C.



Fig. S2 SEM images of Pd/C.



Fig. S3 SEM images of Ni(OH)./C.
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Fig. S4 TEM particle size distributions of Pd-Ni(OH)./C.



Fig. S5 HRTEM images of Pd-Ni(OH)./C.
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Fig. S6 HRTEM images of Pd/C.
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Fig. S7 HRTEM images of Ni(OH)./C.
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Fig. S8 Overlap of Pd and Ni signals in EDS element mapping for Pd-Ni(OH),/C.
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Fig. S9 HRTEM images of (a and b) Pd-Co(OH)»/C and (¢ and d) Pd-Cux(OH)3CI/C.

HRTEM images of the Pd-Co(OH),/C and Pd-Cux(OH);Cl/C catalysts prepared
by the same method are presented in Fig. S9. The metal particle sizes on the carbon
support are approximately 2-5 nm, indicating that this method is a highly effective

strategy for synthesizing catalysts with small and uniform particle sizes.

15



Ni(OH),/C

el i
WJ‘/WW

Intensity (a.u.)

MM/\JWW

A AR vy

600 700 800 900 1000

Raman shift (cm™)

Potential
(V vs. RHE)

- 1.22

- 0.82

- 0.42

- 0.02

- -0.18

— none

Fig. S10 In-situ electrochemical SERS spectra of Ni(OH)/C.
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Fig. S11 In-situ electrochemical ATR-FTIR spectra of Ni(OH),/C.
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Fig. S12 CV curves collected at different scan rates on Pd-Ni(OH)./C in 1 M NaOH.
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Fig. S13 CV curves collected at different scan rates on Pd/C in 1 M NaOH.
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Fig. S14 CV curves collected at different scan rates on Ni(OH),/C in 1 M NaOH.
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Fig. S15 LSV curves tested on Pd-Ni(OH),/C, Pd/C and Ni(OH),/C in 1 M NaOH and
0.05 M NaBH4 at 10 mV s,
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Fig. S16 LSV curves tested on Pd-Ni(OH),/C at different rotating rates in 1 M NaOH
and 0.01 M NaBH4 at 10 mV s’
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Fig. S17 LSV curves tested on Pd/C at different rotating rates in 1 M NaOH and 0.01
M NaBHs at 10 mV s,

23



t
(X}

. —— 600 rpm Ni(OH),/C
~ ] —800rpm
< 1200 rpm
£ 0.0- 1400 rpm
2
@ -0.1+
[
T
€ -0.2-
o
3 0.3
0.3 0.5 0.7 0.9 1.1

Potential (V vs. RHE)

Fig. S18 LSV curves tested on Ni(OH)./C at different rotating rates in 1 M NaOH and
0.01 M NaBH4 at 10 mV s™.

24



Fig. S19 Demonstration of DBFC with the Pd-Ni(OH)/C anode to light up a small bulb.
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Fig. S20 Comparison of DBFC performance employing catalysts with different mass

ratios of Pd to Ni as the anodes.
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Fig. S21 HRTEM images of Pd-Ni(OH),/C after the stability test.
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Table S1 Atomic ratios of Pd and Ni in different valence states in Pd-Ni(OH)/C, Pd/C

and Ni(OH),/C.
Pd?* Pd° 241940 Nis* Ni2* ey
Sample (%) (%) Pd<*/Pd (%) (%) Ni°*/Ni
Pd-Ni(OH)./C | 48.97 7.97 6.14 17.89 25.16 0.71
Pd/C 72.03 | 27.97 2.58 / / /
Ni(OH)./C / / / 39.53 60.47 0.65
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Table S2 The calculations of ECSA activity and mass activity for Pd-Ni(OH),/C, Pd/C
and Ni(OH),/C at 0.8 V vs. RHE from Fig.4a.

Sample Current@ | ECSA| Mass ECSA activity | Mass activity
P 0.8V (mA) | (cm?) (mg) (mA cmeac?) | (MA mgeat. )
Pd-Ni(OH)./C 2.47 2.95 0.014 0.84 176.43
Pd/C 1.07 3.88 0.014 0.28 76.43
Ni(OH)./C 0.05 6.53 0.014 0.01 3.57
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Table S3 Summary of the peak power density of DBFC using catalysts with different

mass ratios of Pd to Ni as the anodes.

Sample Mass rat10.s of | Peak power (Eensity
Pd to Ni (mW cm™)

Pd/C 10:0 268
/ 9:1 312
/ 7:3 481
Pd-Ni(OH)./C 5:6 625
/ 3:7 414
/ 1:9 252
Ni(OH)./C 0:10 237
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Table S4 Comparison of DBFC performances with different anode

cathodic oxidants.

catalysts and

Peak power ) Current density
Anode Cathode ) ) Duration
Anolyte Oxidant density (mA cm?) No.
catalyst catalyst (h) )
(MW cm??) @ duration
AlssPdsi/MW | AuzaNig/ | 5wt% NaBHa+ | 20 wt% HoOp+
4oL 74N ° ) o iz 2795 1.2 100 18
CNTs MWCNTs | 10 wt% NaOH | 5 wt% H3POs4
1 M NaBH+ 2 M HoOp+
Pd-Ni/N-TGO |  PtC ‘ 2z 353.84 1 90 29
2 M NaOH 0.5 M H2S04
CoP- 04 MNaBHs+ | 1.4 M H0+
Pd ¢ 22 277.9 50 100 310
0.3/CoOx 1.5 M NaOH 2 M H,S04
2 M NaBHa+ 2 M H,Op+
PtAU/CNT-G PH/C ‘ 2z 139 10 135 41
6 M NaOH 1 M HCI
0.4 M NaBHs+ | 0.8 M H,0x+
Au-NP@rGO |  Pd/C ‘ 2 60 15 80 512
2 M NaOH 2 M H,S04
1 M NaBHq+ 4 M H,0+
Ni-np@NC PUC ) 2 218 35 100 61
3 M NaOH 1.0 M H,S04
PdNio.s- _ 0.8 M KBH+
LaNiO3 0, 127 100 20 714
B/CNTs 6 M KOH
. , 0.8 M KBHa+
Co-Ni-B LaNiOs O» 209 45 80 g1s
6 M KOH
1 M NaBHa+
PdsoCuso/C | PUC ‘ O 98 60 50 9
6 M NaOH
Co(OH),- | 1.52 M NaBH4+
PANCs/BP (OH): ! O» 4 50 50 107
PPy-BP | 2.87 M NaOH
Pd decorated 3% NaBHs+ .
: FeColC Air 125.8 2 30 1118
Ni-Co/C 10% KOH
LaNipoRuU 0.8 M KBH4+
Au@Co-B 09 ‘ Air 85 80 20 1210
0105/CNT 6 M KOH
Pd- 2 M NaBH4+ . this
, Pt/C Air 625 124 200
Ni(OH)./C 1 M NaOH work
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