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Experimental Section

Chemicals and materials

Palladium(II) acetylacetonate (Pd(acac),, 98%) and Nafion (10 wt% in water) were
obtained from Sigma-Aldrich. Mo(CO)s (98%) was obtained from Energy Chemical
Co. Ltd. Platinum(II) acetylacetonate (Pt(acac)), 98%) and commercial Pd/C (10% Pd)
were purchased from Bide Pharmatech Ltd. A commercial Pt on carbon catalyst (Pt/C,
20% Pt) was purchased from Alfa Aesar. Oleylamine (OAm, approximate C18 content
80-90%) and ascorbic acid (AA, 99.99%) were purchased from Macklin. Potassium
hydroxide, chloroform, methanol ethylene glycol, glycerol and isopropanol were of
analytical grade and purchased from Sinopharm Chemical Reagent Co. Ltd. All
reagents were used as received without further purification.

Synthesis of PdMoPt trimetallene

In a typical synthesis, a mixture was prepared by adding 20 mg of Pd(acac)z, 10 mg of
Mo(CO)s, 60 mg of ascorbic acid and 10mL of oleylamine into a 30 mL glass vial. The
vial was then sealed and subjected to sonication for 1 h to obtain a homogeneous
solution. The resulting solution was heated to 60 °C while maintaining continuous
magnetic stirring for 12 h. Subsequently, 10 mg of Pt(acac). was introduced into the
vial, and the reaction temperature was further increased to 165 °C and held for 1 h.
Afterward, the mixture was allowed to cool down to ambient temperature naturally.
The resulting black product was transferred into centrifuge tubes, followed by
centrifugation at 8000 rpm for 5 min to separate the catalyst from the reaction mixture.
The purification process was achieved by twice performing dispersion/precipitation
steps using chloroform and ethanol. For comparison, PdMoPt trimetallene with a lower
amount of Pt was produced using the same procedure, except the reaction temperature
in the second step was set to 150 <C for 1 h. Additionally, PdMoPt trimetallene was
synthesized by a one-pot procedure using the same amounts of Pd(acac)2, Mo(CO)s,
ascorbic acid, oleylamine, and Pt(acac). in the glass vial, and reacting at 165 <C for 1

h.
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Synthesis of PdMo bimetallene

In a typical synthesis, a mixture was prepared by adding 20 mg of Pd(acac)., 10 mg of
Mo(CO)s, 60 mg of ascorbic acid and 10mL of oleylamine into a 30 mL glass vial. The
vial was then sealed and subjected to sonication for 1 h to obtain a homogeneous
solution. The resulting solution was heated to 60 °C while maintaining continuous
magnetic stirring for 12 h. Afterward, the mixture was allowed to cool down to ambient
temperature naturally. The resulting black product was transferred into centrifuge tubes,
followed by centrifugation at 8000 rpm for 5 min to separate the catalyst from the
reaction mixture. The purification process was achieved by twice performing
dispersion/precipitation steps using chloroform and ethanol. For comparison, PdMo
bimetallene was also produced using 5 mg and 20 mg of Mo(CO)s in the synthesis,
while keeping all other reaction conditions the same.

Synthesis of PdPt bimetallene

In a typical synthesis, a mixture was prepared by adding 20 mg of Pd(acac)., 60 mg of
ascorbic acid and 10mL of oleylamine into a 30 mL glass vial. The vial was then sealed
and subjected to sonication for 1 h to obtain a homogeneous solution. The resulting
solution was heated to 60 °C with bubbling CO gas for 10 min. Subsequently, 10 mg of
Pt(acac)> was introduced into the vial, and the reaction temperature was further
increased to 165 °C and held for 1 h. Afterward, the mixture was allowed to cool down
to ambient temperature naturally. The resulting black product was transferred into
centrifuge tubes, followed by centrifugation at 8000 rpm for 5 min to separate the
catalyst from the reaction mixture. The purification process was achieved by twice
performing dispersion/precipitation steps using chloroform and ethanol.

Preparation of catalysts

10 mL of an aqueous 0.05 M hydrazine hydrate was introduced into the vial containing
as-produced nanomaterials in 10 ml of toluene. The mixture underwent stirring at room
temperature for more than 1 h. The product was subjected to repetitive purification
cycles involving the use of chloroform, deionized water, and ethanol. The final product

was obtained through the drying of the resulting precipitate under ambient conditions.
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To prepare the catalyst ink for electrochemical measurements, a homogeneous slurry
was formed by combining 1 mg of PdAMoPt trimetallene, 2 mg of carbon black, 20 uL
of a 10% Nafion solution, 0.25 mL of isopropanol, and 0.75 mL of deionized water,
followed by sonication for 1 h. For comparison, a PdMo and PdPt ink were also
prepared by mixing 1 mg of PdMo or PdPt bimetallene, 2 mg of carbon black, 20 puL
of 10% Nafion, 0.25 mL isopropanol, and 0.75 mL of deionized water in accordance
with the same procedural steps. Furthermore, commercial Pt/C and Pd/C inks were also
prepared using identical procedures, entailing the combination of 3 mg of Pt/C or Pd/C
with equivalent quantities of Nafion solution, isopropanol, and deionized water.
Characterization

X-ray diffraction (XRD) was performed on the sample supported on a silica glass
substrate using a Bruker-AXS D8 X-ray diffractometer with Cu Ka radiation (A =
1.5418 A) operating at 40 kV and 40 mA. Transmission electron microscopy (TEM)
characterization was carried out using a ZEISS LIBRA 120, operating at 120 kV and a
JEOL 1011 operating at 100 kV. Carbon-coated TEM grids from Electron Microscopy
China were used as substrates. High-resolution TEM (HRTEM) studies were conducted
using a field emission gun FEI™ Tecnai G2 F30 microscope at 200 kV. High angle
annular dark-field scanning transmission electron microscope (HAADF-STEM) was
performed on the JEM-ARM3O00F at 300 kV. Inductively coupled plasma optical
emission spectrometry (ICP-OES) analyses were conducted using an Agilent 720ES
instrument. X-ray photoelectron spectroscopy (XPS) was analyzed on a Thermo
Scientific K-Alpha XPS system equipped with an Al Ka source (hv = 1486.6 eV)
operating at 12 kV and 6 mA, and binding energy values were referred to the
adventitious C 1 s peak at 284.8 eV.

Electrochemical measurements

Electrochemical measurements were conducted on a CHIG60E electrochemical
workstation (CH Instruments Inc., Shanghai) at room temperature with a standard three-
electrode system. A Hg/HgO (1 M KOH) electrode was used as the reference electrode,

and a platinum mesh was used as the counter electrode. The working electrode was
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prepared by drop-casting 3.0 pL of the catalyst ink on a glassy carbon electrode (GCE,
3 mm in diameter) and drying it naturally at room temperature. The cyclic voltammetry
(CV) curves were recorded from -0.924 to 0.4 V versus Hg/HgO at a scan rate of 50
mV s in N-saturated 1.0 M KOH solution. The methanol oxidation reaction (MOR),
ethylene glycol oxidation reaction (EGOR), and glycerol oxidation reaction (GOR)
polarization curves were obtained at the scan rate of 50 mV st in 1 M KOH + 1 M
CH30OH solution, 1 M KOH + 1 M (CH20H): solution, and 1 M KOH + 1 M C3Hs(OH)s
solution, respectively. Electrochemical impedance spectra (EIS) were conducted at a
bias of -0.3 V vs. Hg/HgO in the frequency range from 100 kHz to 0.1 Hz with an
amplitude of 5 mV. The chronoamperometry (CA) measurements of MOR, EGOR, and
GOR were conducted in the corresponding electrolyte at -0.1 V, -0.1 V and -0.05 V
versus Hg/HQO, respectively. For HER measurements, polarization curves were tested
from -0.9 V to -1.5 V versus Hg/HgO in a 1 M KOH solution. Linear sweep
voltammetry (LSV) was obtained at a scan rate of 5 mV s™%. Cycling stability tests were
performed in 1 M KOH at 100mV s! for 1000 and 3000 cycles. The
chronopotentiometry test was recorded at 10 and 100 mA c¢cm for 12 h. The turnover

frequency (TOF) was determined according to the equation:
] XA
zXFxn
Where J (A cm) is the current density measured at a specific potential, A (cm?) is the

TOF =

geometric surface area of the working electrode, z is the electron transfer number per
molecule generated, n is the number of moles of the catalysts on the electrode, and F is
Faraday constant. Normalizing by mass or surface active sites of catalysts gives TOFmass
and TOFsurface, respectively.

Computational details

All calculations were performed using the Vienna ab initio simulation package (VASP)
code.” The Perdew-Burke-Ernzerhof functional with a generalized gradient
approximation was employed to describe the electronic exchange-correlation energy.>*
The projector augmented-wave method was applied, and an energy cutoff of 400 eV

was utilized.> Sampling over the Brillouin zone was performed using the Monkhorst-
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Pack type, employing a 3 x 3 x 1 k-point mesh. Long-range van der Waals (vdW)
interactions were accounted for using the DFT-D3 method with Becke-Johnson
damping.®” Geometry optimization was considered converged when the maximal
residual energy and force were below 10 eV and -0.03 eV-A™!, respectively. To avoid
pseudo interactions between periodic units, a vacuum slab of 15 A was introduced in
the z-direction. Thermodynamic free energies were defined as G = Eprr + Ezpg - TS,
Where Eprr, Ezpe, and TS represent the DFT total energy, zero-point energy (ZPE), and

entropy, respectively.
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Fig. S1. TEM image of PdMo bimetallene.

of Mo(CO)e.
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Fig. S4. Representative HRTEM images of a PdAMo bimetallene sheet, and (b) its
magnified view of the blue square area and (c) the magnified view of the red square

arca.
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Fig. SS5. XRD patterns of PdAMo bimetallene and PdMoPt trimetallene.
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Fig. S6. EDX elemental composition of the PdAMoPt trimetallene.

S9



a b [amopt C | PdMoPt

S S S

s &)

P 2 2

@ @ | pdMo

g g g

= E =

346 344 342 340 338 336 334 234 232 230 228 226 224 80 78 76 74 72 70 68
Binding energy (eV) Binding energy (eV) Binding energy (eV)

Fig. S7. XPS spectra in the (a) Pd 3d, (b) Mo 3d and (c) Pt 4f regions for PdMoPt

trimetallene and PdMo bimetallene.
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Fig. S8. CO stripping voltammetry of (a) PdAMoPt, (b) PdMo, (c¢) Pd/C and (d) Pt/C in
1 M KOH solution. The solid line shows the first scanning cycle, and the dashed line

shows the second scanning cycle.
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Fig. S9. The onset potential calculated at 0.3 A mg™'pg:p¢ of catalysts in the forward scan
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Fig. S10. Comparison of TOFmass and TOFsurface 0f the catalysts for MOR.
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Fig. S11. Tafel plots of the catalysts calculated from CV curves in the potential range
between 0.5 and 0.8 V.
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Fig. S12. Nyquist plots of the catalysts measured at -0.3 V vs. Hg/HgO in 1 M KOH

with 1 M methanol solution.
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Fig. S13. Crystal structure models of (a) Pd, (b) PdMo and (c) PdMoPt.
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Fig. S14. PDOS of the d-band for the surface Pd atoms in Pd, PdAMo and PdMoPt. The horizontal

dashed lines indicate the calculated d-band center.
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Fig. S15. Crystal structure models of (a) CH,OH*, (b) CHOH*, (¢) COH*, (d) CO* and (e)

COOH* on Pd (111) surface.

Fig. S16. Crystal structure models of (a) CH,OH*, (b) CHOH*, (¢) COH*, (d) CO* and (e)

COOH* on PdMo (111) surface.
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Fig. S17. Crystal structure models of (a) CH,OH*, (b) CHOH*, (¢) COH*, (d) CO* and (e)

COOH* on PdMoPt (111) surface.
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Fig. S18. CV curve of catalysts toward EGOR in a 1 M KOH with 1 M ethylene glycol

solution.
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Fig. S19. CV curve of catalysts toward GOR ina 1 M KOH with 1 M glycerol solution.

1.2 1.2
a b
0.9 1 0.9
) )
o o
+ +
el el
- 20.6 - 2064
[@)] (@]
e €
s 0.3 S:’ 0.3 1
L} L)
0.0 1 0.0 1
0.4 0.5 0.6 0.7 0.8 0.4 0.5 0.6 0.7 0.8
E (V vs. RHE)

"E (V vs. RHE)
Fig. S20. The onset potential calculated at 0.3 A mg 'pgip; of catalysts in the forward

scan toward (a) EGOR and (b) GOR.
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Fig. S21. (a) Nyquist plots of the catalysts measured at -0.3 V vs. Hg/HgO in 1 M KOH
with 1 M ethylene glycol solution. (b) Tafel plots of the catalysts calculated from CV

curves in the potential range between 0.4 and 0.8 V in 1 M KOH with 1 M ethylene

glycol solution.
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Fig. S22. (a) Nyquist plots of the catalysts measured at -0.3 V vs. Hg/HgO in 1| M KOH
with 1 M glycerol solution. (b) Tafel plots of the catalysts calculated from CV curves

in the potential range between 0.5 and 0.8 V in 1 M KOH with 1 M glycerol solution.
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Fig. S23. CA curves of catalysts in (a) | M KOH with 1 M ethylene glycol solution and

(b) 1 M KOH with 1 M glycerol solution.
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Fig. S24. The comparison of polarization curves normalized to electrode area in (a) 1
M KOH with 1 M methanol solution, (b) 1 M KOH with 1 M ethylene glycol solution

and (¢) I M KOH with 1 M glycerol solution without or corrected with 85% iR

compensation.
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Fig. S25. TEM images of (a) PdPt and (b) PdAMoPt with a 7% atomic ratio of Pt.
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Fig. S26. CV curves of the catalysts toward (a) MOR, (b) EGOR and (c) GOR.
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Fig. S27. Comparison of polarization curves of the catalysts for HER without or
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Fig. S29. Polarization curves of PdAMoPt catalyst for HER before, after 1000 and 3000

cycles measurement.

Fig. S30. Structure of H* adsorption on the surface of (a) Pd, (b) PdMo, (c) PdMoPt

and (d) Pt surfaces.
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Fig. S31. LSVs of the cells equipped with Pt/C, Pd/C, PdMo and PdMoPt as both anode
and cathode catalysts in (a) 1 M KOH with 1 M methanol solution, (b) 1 M KOH with
1 M ethylene glycol solution and (¢) 1 M KOH with 1 M glycerol solution.

Fig. S32. (a) TEM and (b) HRTEM images of PdMoPt catalyst at anode after the

stability measurements and (c) the magnified view of the blue square area in (b) panel.
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Fig. S33. (a) TEM and (b) HRTEM images of PdMoPt catalyst at cathode after the

stability measurements and (c) the magnified view of the blue square area in (b) panel.
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Table S1. Comparison of activity and stability of Pt or Pd-based catalysts for MOR.

Stability

Catalysts Electrolyte JsmAcm?)  Jn(Amg?) ©) Ref.

PAMoPt ~ IMKOH+IMMeOH  17.52 6.13 43200 S

work
Co-N-C/Pt 1 M KOH+3 M MeOH 10.8 5.6 12000 8
PdCu 1 M KOH+1 M MeOH 2.47 1.6 3600 9
Au@Pt-Pd H-Ss 1 M KOH+1 M MeOH 5.04 4.38 - 10
PtNiGaSnMoRe 1M KOH+1 M MeOH 12.31 6.2 10000 11
CrOx-Pd 1 M KOH+1 M MeOH 53 2.05 5000 12
PdNiCuP 1 M KOH+1 M MeOH 2.49 1.61 - 13
PtBi 1 M KOH+1 M MeOH 11.93 6.42 20000 14
Pds;Ni;-TaN/C 1 M KOH+1 M MeOH 2.64 3.64 3600 15
PdRu—RuO,/C 1 M KOH+1 M MeOH 33 1.05 - 16
MoPdH 1 M KOH+1 M MeOH 6.06 3.56 30000 17

S24



Table S2. Comparison of activity and stability of Pt or Pd-based catalysts for EGOR.

Js Jm

Stability

Catalysts Electrolyte Ref.
y Y (mAcm?) (Amg)  (5)
This
PdMoPt 1 M KOH+1 M EG 15.71 5.50 43200
work
PdPt 0.5 M KOH+1 M EG 12.6 5.55 3600 18
RhCu 1 M KOH+1 M EG 1.54 0.78 18000 19
Pd;Agi HNs 1 M KOH+1 M EG 12.8 3.15 3600 20
Ga@PdAgCo/CNT 1 M KOH+1 M EG 3.37 0.30 1000 21
coral-like Pd
1 M KOH+0.5 M EG 8.81 1.79 7200 22
network
PdRuCu 0.5 M KOH+0.5 M EG 4.19 1.29 4000 23
PtosRuo 0.25 M KOH+0.25M EG 11.5 6.1 2400 24
Pd/'SDMC 1 M KOH +1 M EG 5.26 4 - 25
Pt;Rh-S 1 M KOH+1 M EG 11.6 5.13 3600 26
fcc-2H-fcc Au@Pd  0.5M KOH + 0.5 M EG 10.9 5.4 3600 27
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Table S3. Comparison of activity and stability of Pt or Pd-based catalysts for GOR.

Js

Jm

Stability

Catalyst Electrol Ref.
atalysts ectrolyte (mA cm?) (Amg") s) €

This

PdMoPt 1 M KOH+1 M glycerol 12.49 4.37 43200

work
PdFe/rGO 1 M KOH+0.1 M glycerol 2.3 1.11 1800 28
PdBi 1 M KOH +1 M glycerol 7.9 3.04 4000 29
Pt-Co 1 M KOH+0.1M glycerol 3.53 1.2 5000 30
Pt;Ni1 1 M KOH +1 M glycerol 7.3 4.25 - 31
PdPtAg 1 M KOH+1 M glycerol 10.65 3.06 3600 32
Pt3Co; 1 M KOH+1 M glycerol 7.2 3.75 10800 30
Pds2Agss 1 M KOH+1 M glycerol 6.6 4.14 4000 33
PdRuCu 1 M KOH+0.5 M glycerol 3.88 1.08 6000 34
Pt3Ni 1 M KOH+1 M glycerol 11.4 4.6 3600 35
Ru-PdRu 1 M KOH+1 M glycerol 9.4 5.84 4000 36
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Table S4. The measured solution resistance of catalysts for MOR, EGOR, GOR and

HER.
Resistance
Rwmor Recor Rcor Ruer
Catalysts

PdMoPt 9.97 11.56 13.30 9.90

PdMo 9.54 11.51 13.77 10.74

Pt/C 9.96 12.35 13.76 10.59

Pd/C 10.72 12.35 14.47 9.90
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