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Theoretical calculation

All calculations were performed using the Vienna Ab-initio Simulation Package (VASP)12], and the
generalized gradient approximation (GGA) with the Perdew—Burke-Ernzerhof (PBE) [Blexchange—
correlation functional was used with the projector augmented wave method[*l. For all theoretical models,
the cutoff energy was 400 eV, the convergence threshold was set as 107 eV in energy and 0.05 eV A! in
force. The Brillouin zones were sampled by Monkhorst-Packl®! 3 x 3 x 3 and 3 x 3 x 1 k-point grid for
geometric optimization of bulk and slab models, and 5 x 5 x 1 k-point grid was used to calculate the DOS
of slab models. The symmetrization was switched off and the dipolar correction was included. The
correction of van der Waals interaction was included using the DFT-D2 method!®l. All structures were fully
relaxed to the ground state and spin-polarization was not considered in all calculations. We chose (001)
surface to investigate the d-band center of CosMosC and B-Mo,C. For CosMo;C, there were six different
termination of (001) facet. We built 1 x 1 repeat cell with 15 A vacuum layer, and the upper a quarter of
atom layers were fully relaxed and the remaining were kept frozen during computational process. We
calculated their surface energy and chose the best stable surface to compare d-band center with the (001)
facet of f-Mo,C with Mo-termination. The surface energy was calculated by:

relaxed unrelaxed
CE e ~Epue B siah ~ MEpuk

V= A 24

Erelaxed Eunrelaxed . . .
where © slab  and slab  is energy of relaxed and unrelaxed of slab model, respectively. 4 is surface area of slab

model and Epui is energy of bulk model.

S-2



ww

Intensity (a.u.)

0.23 nm
422

Mo, C
[ | 1 | Ml
MoNi4
10 20 30 40 50 60 70 80
2 Theta (°)
c g z

0.21 nm
(-14-3)

Figure S1 XRD patterns of nickel molybdenum compounds.

Figure S2 (a,b) TEM images and (c,d) HRTEM images of Co;Mo;C after HER cycles.
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Figure S3 (a) TEM image of CozsMosC, (b) TEM image of CogWC
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Figure S4 Raman spectrum of Co;Mo;C
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Figure S5 (a) STEM image and corresponding elemental mapping images of CosMo;C. (b) HRTEM

image of Co.Fe; xMo;C, (c) HRTEM image of CosFeq WeC.
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Figure S6 Comparison of electrochemical active surface areas (ECSAs) and ECSA-normalized specific

activities of these multi-metallic carbides (evaluated at an overpotential of 300 mV).
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Figure S7 Electrochemical impedance spectroscopy (EIS) Nyquist plots of these bimetallic carbides.
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Figure S8 (a) the bulk structure of Co;Mo;C. (b) the different termination of (001) facet of CosMo;C and
the corresponding surface energies
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Table S1 Electrical conductivity of different multi-metallic carbides.

CoFe;. Co,Feq.

Sample C03M03C Fe3M03C C06W6C Ni6W6C Fe6W6C M02C wC
XMO3C XWGC
Conductivity
159.2 15.4 48.3 7.5 6.2 12.8 5.9 124 5.6
(S em™)

Table S2 Comparison of the electrocatalytic activity of CosMo;C with some representative solid-state HER

Co;Mo;C 1M KOH ! mAJem® 72 mv this work
10 mA/cm? 169 mV

Ni-Mo 2 M KOH 10 mA/cm? 30 mV 7
MoB 1 M KOH 10 mA/cm? 225 mV 8
Mo,C 1 M KOH 10 mA/cm? 185 mV 8
MoP 0.5 M H,SO, 10 mA/cm? 246 mV 9
CoS; 0.5 M H,SO4 10 mA/cm? 192 mV 10
MOoNiINC 0.1 M KOH 10 mA/cm? 110 mV 11
Ni;ZnCq 7 1 M KOH 10 mA/cm? 93 mV 12
CogMosC-G 0.5 M H,SO4 10 mA/cm? 154 mV 13
CosMogC NSs/G 0.5 M H,SO4 10 mA/cm? 73 mV 14

catalysts recently reported.
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