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Chloroplatinic (IV) acid hexahydrate (H,PtCls-6H,0, 99%) was purchased from CIVI-CHEM.
Ruthenium (IIT) chloride hydrate (RuCl;-xH,0, 99.9%) was purchased from Aldrich.
Hexadecyltrimethylammonium bromide ((C,9H4,BrN), CTAB, AR), Dopamine hydrochloride
(CgH,CINO,, 98%) and Cobalt chloride hexahydrate (CoCl,-6H,0, 99.9%) were purchased from
Aladdin. Ammonium molybdate tetrahydrate ((NH4)sMo070,4:4H,0, 99.9%) and Potassium
hydroxide (KOH, 95%) were purchased from Macklin. Ammonium hydroxide (NH3-H,0O, 25~28%)),
Sulfuric acid (H,SO4, 98%), Ethylene glycol (EG, 99%, AR), Ethanol (AR), Potassium phosphate
monobasic (KH,POy, 99%) and Disodium hydrogen phosphate dodecahydrate (Na,HPO,4-12H,0,
99%) were purchased from Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China). 20% Pt/C
was purchased from Johnson Matthey. 20% Ru/C was obtained from Premetek. Commercial IrO,
was obtained from Alfa-Aesar. All chemicals were used without further purification.

Synthesis of hollow Mo,C nanoflowers:

The synthesis of hollow molybdenum carbide nanoflowers was slightly adapted from previously
published work [, In brief, 370 mg (NH4)sMo0,0,4-4H,0 was added into a bottle containing 30 mL
of deionized water and stirred magnetically to obtain a uniform solution. Then 200 mg CgH;,CINO,
was added and stirred for 20 min to obtain a clear red solution. After adding 60 mL of ethanol and
stirring for 5 min, 0.25 mL of NH;-H,O was added quickly to adjust the pH value and stir for 3 h at
room temperature. The orange-red products were collected by centrifugation and washed with
ethanol several times (10000 rpm for 15 min), then dried under vacuum at 60 °C overnight (called
hollow Mo-PDA). Finally, the hollow Mo-PDA precursor was calcined in a tube furnace at 800 °C
under an argon atmosphere for 2 h to obtain a black powder.

Synthesis of PtRuCo/Mo,C:

Typically, aqueous solutions of H,PtClg (0.15 mL; 0.1 M), RuCl; (0.125 mL; 0.1 M) and CoCl,
(0.125 mL; 0.1 M), 36.4 mg CTAB, 15 mg Mo,C powder were added in 10 mL of deionized water
and 10 mL of ethylene glycol in 50 mL Teflon-lined stainless-steel autoclave. After sonication for
10 min and stirring for 1-2 min, 0.25 mL of NH3-H,O was added and stirred for 60 min. Then the
sealed vessel was heated at 180 °C for 6 h. After cooling down to room temperature, the black
catalysts were washed with ethanol and centrifuged several times (10000 rpm for 15 min). Finally,
the final products were dispersed in 8 mL of ethanol. Pt/Mo,C, PtRu/Mo,C, PtCo/Mo,C, and pure

PtRuCo in the same way without the addition of Pt, Ru, Co and Mo,C. The molar ratios of 6:6:6, 5:5:5,



and 4:5:5 of Pt: Ru: Co were synthesized using the same method, respectively.

Characterization

The morphology of samples was analyzed by transmission electron microscopy (TEM; JEM-1400
Flash at 120 KV, JEOL), scanning electron microscope (SEM; Apreo 2C, Thermo Fisher Scientific),
and double spherical aberration-corrected (AC) high-resolution TEM (AC-HRTEM; FEI, Themis
Z). The X-ray diffraction (XRD) spectrum of the samples was recorded on a Bruker D8 ADVANCE
X-ray powder diffractometer with Cu Ka radiation (A = 1.5418 A) and graphite monochromator (40
KV, 40 mA). X-ray photoelectron spectroscopy (XPS) measurements were performed using a PHI
VersaProbe 4 Scanning XPS Microprobe (ULVAC-PHI Inc.) using Al Ko X-ray radiation (1486.6
eV) for excitation. The binding energy was corrected from charge effects by reference to the C 1s
peak of carbon at 284.8 eV. Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES;
iCAP 7200, Thermo Fisher Scientific) was used to analyze the elemental content of the samples. In
situ Raman measurements were carried out on LabRAM HR Evolution spectrometer (Horida
Scientific) with an excitation wavelength of 532 nm. In-situ attenuated total reflectance surface-
enhanced infrared absorption spectroscopy (ATR-SEIRAS) were collected on Nicolet iS50
spectrometer (Thermo Fisher Scientific).

Electrochemical measurements

The electrochemical measurements were performed on a CHI 760E (CH Instruments, Shanghai)
workstation using a typical three-electrode cell saturated with nitrogen at room temperature. The
working electrode was the glassy carbon rotating-disk electrode (diameter: 5 mm, area: 0.196 cm?,
PINE company, USA). A graphite rod was used as the counter electrode, and Hg/HgO (1.0 M KOH)
or Ag/AgCl (0.5 M H,SO,4, 1.0 M PBS) electrodes served as the reference electrodes.

Preparation of sample ink: The as-prepared electrocatalysts (5 mg) were first dispersed in a mixed
solvent containing 800 pL of ethanol and 200 pL of 0.1% Nafion solution via ultrasonication for
another 30 min. The GC electrode was polished with 50 nm polishing powder, ultrasonically
cleaned with deionized water and ethanol, and dried before use. Then, the as-prepared catalyst ink
was dropped onto the GC electrode to obtain the working electrode, and the loading amount of the
precious metal (Pt, Ru or Pt+Ru) for all samples was ~10.2 pg/cm?.

The linear sweep voltammetry (LSV) curves of all the samples were obtained at a scan rate of 10

mV/s, with iR compensation at 1,600 rpm. The Electrochemical impedance spectroscopy (EIS) tests



were performed in the frequency range of 100 kHz-0.01 Hz with an amplitude of 10 mV.

For stability testing, the catalyst was evaluated using the continuous CV method from -0.1 V to 0.1
V (versus RHE) at a scan rate of 100 mV s-! for 10,000 cycles.

For long term stability test, the Pty sRuj2,Co,3/M0,C catalyst was tested under the ISTEP - Multi-
Current Steps mode (@ 10, 20, 25, 50 mA cm for 10 hours at each current density, totally for 80
h).

All the measured potentials were converted to the reversible hydrogen electrode (RHE) using the
following equations:

Erne = Engrgo T 0.098 V 4+ 0.059 x pH (in 1.0 M KOH)

Erne = Eagiager +0.197 V +0.059 x pH (in 0.5 M H,SO4 or 1.0 M PBS)

The electrochemically active surface area (ECSA) of the electrocatalyst was calculated using the

following formula:

CDL

EcsA= Cs

CDL = Cy x 0.196 cm?2, Cg = 0.04 mF cm™

To calculate the double-layer capacitance (Cg) of these electrocatalysts, cyclic voltammetry (CV)
curves were obtained at different scan rates (10, 15, 20, 30, 40, 50 mV/s) in the non-Faradaic
potential region of the electrocatalyst in 1.0 M PBS solution.

The Tafel slopes (b) were extracted from the LSV curves and used to evaluate the HER kinetics of
the electrocatalysts by fitting the linear segment to the Tafel equation:

n=>blog(j) +a

where 1 represents the overpotential, j means the current density, and a is the Tafel constant.

The mass activity (MA) of the catalyst can be calculated by this formula:
j(Acm™?)

. mass (mg cm - 2)
J mass = PGM

The TOF value can be calculated using the following equation [I:
lil-A
TOF(H,/s) = m"F-n(total)
where |j| represents the current density (mA cm), A means the electrode geometric area (cm?), m

stands for the number of electrons per H> (m = 2 for HER), F represents the Faraday constant



(96485 C mol!), and n (total) denotes the molar amount of active sites specific to the target species.
In-situ Raman measurements

The Raman spectra were collected on LabRAM HR Evolution (532 nm laser). The in-situ Raman
spectrum was performed in a Raman cell with PtRuCo/Mo,C decorated GC electrode as the
working electrode, the Pt wire as the counter electrode, and the Ag/AgCl (saturated KCl) as the
reference electrode, respectively, in 1.0 M PBS solution. The potential range was set from -0.3 to -
0.8 Vvs. Ag/AgCl.

In-situ ATR-SEIRAS measurements

The in-situ ATR-SEIRAS measurements were performed on Nicolet iS50 spectrometer. The
electrochemical experiments were conducted in a three-electrode cell with 0.1 M PBS as the
electrolyte. The gold film loaded with catalyst served as the working electrode, a graphite rod as the
counter electrode and the Ag/AgCl (saturated KCl) as the reference electrode, respectively. The

potential range during the measurements was set from 0 V to -1.0 V versus RHE.
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Figure S1. (a) Schematic illustration of the synthesis of PtRuCo/Mo,C.

Figure S2. Scanning electron microscopy (SEM) image of Hollow Mo,C.



Figure S3. Transmission electron microscopy (TEM) images of hollow Mo,C.
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Figure S4. (a) TEM image and (b) XRD pattern of Pty 43Ru24Co0033/M0,C.
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Figure S5. (a) TEM image and (b) XRD pattern of Pty 36Rug25C0930/M0,C.
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Figure S6. (a) TEM image and (b) XRD pattern of Pty 4sRug,Co¢ 3,/M0,C.
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Figure S7. (a) TEM image and XRD pattern of Pt/Mo,C.
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Figure S8. (a) TEM image and XRD pattern of Pty 76Rug24/Mo,C.
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Figure S9. (a) TEM image and XRD pattern of Pty s9Cog41/Mo,C.
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Figure S10. (a) TEM image and XRD pattern of Pt 3R 14C0g 47.



C1s Pt,.5sRu 2,C0, 55/M0,C
C=C

Intensity (a.u.)

292 290 288 286 284 282 280
Binding Energy (eV)

Figure S11. C 1s high-resolution XPS spectra.
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Figure S12. N Is high-resolution XPS spectra.
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Figure S13. Tafel plots of PtRuCo/Mo,C series catalysts, Pt/C and Ru/C in 1.0 M PBS.
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Figure S14. Nyquist plots of PtRuCo/Mo,C series catalysts, Pt/C and Ru/C in 1.0 M PBS.
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Figure S16. TOF values of Pty sRug2,Co¢2s/M0,C, Pt/C and Ru/C in 1.0 M PBS.

Figure S15. (a) LSV curves of Pt0_39RU()A14CO().47, Pt/MOzc, Pt0A76RU()424/M02C, Pt()_59C0()_41/M02C,
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Figure S17. CV curves of the (a) Pt0,36Ru0.25C00439/M02C, (b) Pt0_4gRU()_2CO().32/M02C, (C) Pto_5RU0.22C00.28/M02C,

(d) Pt0.43Ru0,24C00,33/M02C, (e) Pt/C and (f) Ru/C. (g) Cdl of (a)-(f) in 1.0 M PBS.
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Figure S18. The Multi-Current Steps stability test of Pty sRuj2,Cog28/M0,C in 1.0 M PBS.

Figure S19. TEM images of Pty sRug2,Cog,8/Mo,C after 70,000 CV cycles in 1.0 M PBS.



Figure S20. HRTEM images of Pty sRug 2,Co28/Mo0,C after 70,000 CV cycles in 1.0 M PBS.

Overlap

Figure S21. (a) STEM image, (b-h) corresponding EDS mapping and elemental overlap images of

Pty 5Rug22C0¢28/M0,C after 70,000 CV cycles in 1.0 M PBS.
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Figure S22. LSV curves before and after 10,000 cycles of Pt/C in 1 M PBS.
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Figure S23. In-situ Raman spectrum of Pty sRug2,C0g.28/M0,C in 1.0 M PBS (a) 1200 cm!-1800 cm!.
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Figure S24. (a) In-situ Raman spectra of Pty sRug 2,C0¢28/M0,C in 1.0 M PBS (a) 3000 cm'-3800 cm™! and (b)
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Figure S25. ATR-SEIRAS spectra of (a) Pto,39Ru0,14C00,47, (b) MOQC.
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Figure S26. (a) HER performance of Pty sRuj2,Cog28/M0,C and Pt/C in 1.0 M KOH. (a) LSV curves and (b)

corresponding Tafel slopes.
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Figure S27. HER performance of Pty sRug2,Cog28/M0,C and Pt/C in 0.5 M H,SO,. (a) LSV curves and (b)

corresponding Tafel slopes.
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Figure S29. LSV curves for Mo,C in (a) 1.0 M KOH and (b) 0.5 M H,SO,.
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Table S1. The ICP-OES results from different samples.

Samples Pt (At %) Ru (At %) Co (At %)
Ptg sRug 2,C0g28/M0,C 50 22 28
Pty.43Ru024C00 33/M0,C 43 24 33
Pty 36RUg 25C0030/M0,C 36 25 39
Pty 43R ,Co0¢ 3/Mo0,C 48 20 32
Pt/Mo,C 100 - -
Pto.76Ru¢ 24/Mo0,C 76 24 -
Pt 50C0¢ 41/ M0,C 59 - 41

Pt0.39Rl,1()_ 14C00.47 39 14 47




Table S2. Comparison of the HER performance between Pty sRuj2,Cog28/M0,C and other state-of-

the-art electrocatalysts in 1.0 M PBS solution.

Catalysts Overpotential @ ;9  Tafel slope (mV References
(mV) dec)
Pt@CoOy 82 51.5 3
T-Pt-CosN 27 28.6 4
Pt;Fe/NMCS-A 48 58 5
Pt-CoP 26.3 - 6
PtgoB2o/C 47 49 7
Pt-NPO 33 333 8
HPMG-4 54 129 9
PtCu,/CuO 47 49.5 10
Pt;Ni/PC-700 61 66 11
MoN-5%Pt 62.9 65 12
Ptsa/a-MoC,,/C 36 31 13
Pt sRug 2,C0g28/M0,C 24 38.1 This work




Table S3. Comparison of recently reported high-performance advanced electrocatalysts for HER in

1.0 M PBS solution.

Catalysts Stability References
PtCoW@CeO, Stable for 50,000 cycles 14
Ru,Pt,@rGO Stable for 3,000 cycles 15
Pt NPs@CF Stable for 10,000 cycles 16
Pty g3Rug 17/ Mo,C Stable for 5,000 cycles 17
Pt/CNT45 Stable for 2,000 cycles 18
MI-PtZnCo Stable for 10,000 cycles 19
PtPdRhRuCu Stable for 10,000 cycles 20
Ptgs-Pt/NDPCM Stable for 10,000 cycles 21
Pt@Cu-0.3 Stable for 1,000 cycles 22
PtRu/mCNTs Stable for 3,000 cycles 23
Ptg c3Rug 37/PMoy2 Stable for 20,000 cycles 24

Pty sRug2,Cog25/M0,C Stable for 70,000 cycles This work




Table S4. Comparison of the HER performance between Pty sRuj2,Cog28/M0,C and other state-of-

the-art electrocatalysts in 1.0 M KOH solution.

Catalysts Overpotential @ Tafel slope References
N1 (mV) (mV dec™)

Pt-MXene-12.5 32.8 32.8 25
Pt-Ru/ZrO, 33 30 26
SA Pt-Ti;C, 59 36 27
PtCoCuNiZn 32.8 46 28
Ptsa-Ni,P@NF 26 34.1 29
np/Pt;Ru;-Nij gsSe 46 32.4 30
Pt,/CeO, 37 34 31
Pt/C60-2/KB 25 55 32
15% CoNiPt NFs 25 43 33
Ru@Ruy,Rhg,Pdg,PtooIrg 2.4 50.8 63.7 34
PtRuMoZrRb HEA NPs 24 26 35

P'[()_5RL1()_22C00.28/M02C 24 33.2 This work




Table S5. Comparison of the HER performance between Pty sRuj 2,Cog28/M0,C and other state-of-

the-art electrocatalysts in 0.5 M H,SO, solution.

Catalysts Overpotential @ ;9  Tafel slope (mV References
(mV) dec)

15 wt % Pt@3R-IrO, 19 20.1 36
Ti5;C,Tx-Ptsa 38 45 37
3%Fe-PtSn/ATO 10.5 21 38
Pt/HE-LDH 42 42 39
1 T-PtO, 12 18.6 40
Pt—Er/h-NC 25 17.1 41
Pt/a-MoC 22 22 42
Pt NC@CPF-Fe 25 443 43
Pt@PtIr NDs 22 14.6 44
PtRuRhPdAulr 16 40 45
Pt;Sb 71 27 46

Pt0_5Ru0_22C00.28/M02C 10 12.9 This work
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