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Section 1. DFT calculations

The DFT calculations were carried out using CASTEP (Cambridge Serial Total
Energy Package)! with a plane-wave basis set and ultrasoft pseudo-potentials.> The
exchange correlation contribution to the total electronic energy was treated in a
generalized gradient corrected (GGA) approximation (Perdew-Burke-Ernzerhoff
functional).? A plane-wave energy cutoff of 300 eV was used for the rapid comparison
of different adsorption configurations while 380 eV was used for the adsorption energy
calculations. The Monkhorst-Pack (3 x 5 x 1) k-point mesh was utilized for the first
Brillouin zone integrations. The structural parameters were determined using the
Broyden-Fletcher-Goldfarb-Shanno (BFGS) minimization technique. The thresholds
for the converged structures were as follows: energy change less than 1 x 1073 eV atom"
!, the maximum residual force less than 0.02 eV A-!, the maximum displacement of
atoms less than 0.001 A, and the maximum stress less than 0.05 GPa.

The surface energy (SE) was defined as the change in energy from bulk to the
surface normalized by the area of each surface. The SE can be calculated as:

SE = (Egyrface = N * (Epyie/1))/ (2 * A)
where Esurface is the energy of a surface cell, Epuir is the energy of a bulk cell, N is the
number of atoms in the surface cell, n is the number of atoms in the bulk cell, and A is
the area of a surface.

The differential adsorption energy of H adsorption was chosen to describe the

stability of hydrogen, the equation being given below:

AE,=E(nH")-E((n-1)H*)-1/2E(H *
H ( ) (( H )~ 1/2E( Z)Where E("H )is the total energy



of the model with n hydrogen atoms adsorbed on the surface, E ((n -DH" ) is the total
energy of the model with (n-1) hydrogen atoms adsorbed on the surface, and E(Hy) is
the total energy of a hydrogen molecule in the gas phase. n is 1 in our calculations.

The Gibbs free energy for hydrogen adsorption was calculated as below:

H where AEzpg is the difference in

zero-point energy between the adsorbed state and the gas phase and ASy is the entropy

difference between the adsorbed state and the gas phase. The overall corrections are

taken as: 4

AG . =AE,+024eV

AG
In the calculation of  #", a unit cell of MoO, (101) was composed of 8 atomic

layers and a vacuum region with a thickness of 20 A. A MoC (001) unit cell contained
8 atomic layers and 20 A-thick vacuum slab. In the two unit cells, the bottom four

atomic layers of were fixed, and the other atoms were allowed to relax.
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Fig. S1. The setup of synthesis of MoO,/MoC@C.
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Fig. S2. TGA curve of MoO,/MoC@C in O, with heating rate of 10 °C min-!.

For TGA curve, the MoC and MoO, were gradually oxidated to MoOs, with a
weight loss of the combustion of carbon. Assuming that the sample is composed of
stoichiometric MoC and carbon, and converts to only MoO; during the TGA
measurement with remaining weight of ca. 107.4 wt%, the MoC content is estimated
to be ca. 81.0 wt% in MoO,/MoC@C according to the following equation:

Mumoc =107.4 wt% * Mpjoc/Mmoosz = 107.4 wt% * 108/144 = §1.0 wt%.

Assuming that the sample is composed of stoichiometric MoO, and carbon, and
converts to only MoOj; during the TGA measurement with remaining weight of ca.
107.4 wt%, the MoC content is estimated to be ca. 95.0 wt% in MoO,/MoC@C
according to the following equation:

Mumo02=107.4 wt% * Mpo02/Mmoos = 107.4 wt% * 128/144 = 95.0 wt%.

Namely, the content of carbon in MoO,/MoC@C is estimated as 5~19 wt%.



Table S1. The amount of Mo, C and O in the composites detected by XPS analysis

Atomic (%)
Catalysts Mo C o
MoO,/MoC@C-750 15.46 47.06 37.49
MoO,/MoC@C-850 11.57 67.83 20.60

MoO,/MoC@C-950 3.66 88.93 7.41
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Fig. S3. Atomic ratio of Mo to C in MoO,/MoC@C-750, MoO,/MoC@C-850 and
MoO,/MoC@C-950.



Table S2. Fitting parameters (peak position, peak area and species percentage) for both
Mo 3ds/, and Mo 3d;,, spectra taken on MoO,/MoC@C-750, MoO,/MoC@C-850 and
MoO,/MoC@C-950.

Samples species Peals Area Mo-C/Mo-O
3dsp  3dy,  3dsp 3dzp (MOcarbide/MOoxide)
Mo-C Mo’ 229.1 2322 500 335
MoO,/MoC Mo*" 2299 233.0 6471 3463 0.02/0.98
@C-750 Mo-O Mo’" 231.5 234.6 20600 13802 ' '
Mo 233.1 236.2 5642 3780
Mo-C Mo?" 228.5 231.6 2000 1340
MoO,/MoC Mo3" 229.1 232.2 24529 16434
@C-850 Mo*" 229.8 2329 20644 13832 0.3/0.7
Mo-O Mo’ 232.1 2352 33478 22430
Mo®" 233.0 236.1 5553 3720
Mo-C Mo?* 228.6 2327 2030 1360
MoO,/MoC Mo3* 229.0 232.1 5094 3413
@C-950 Mo*" 229.8 2329 3750 2512 0.56/0.44
Mo-O Mo°" 232.1 2352 700 469
Mo 233.0 236.1 1090 730
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Fig. S4. XPS spectra of Si 2p in MoO,/MoC@C-750, MoO,/MoC@C-850 and
MoO,/MoC@C-950.



Fig. SS5. SEM image of MoO,/MoC@C-850.
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Fig. S6. (a, b) STEM images and EDX elemental mapping images of (¢c) Mo, (d) O, and
(e) C elements.
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Fig. S7. (a) TEM and (b) HRTEM images of MoO,/MoC@C-750.
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Fig. S8. (a) TEM and (b) HRTEM images of MoO,/MoC@C-950.
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Fig. S9. Polarization curves of MoO,/MoC@C-850 samples with different ratios of
SMA/Si10,. For clarification, the as-prepared samples were named SMA/S10,-X, which
indicates the mass ratio (X) of SMA to SiO, in the synthesis. In the full paper, the
samples of SMA/Si10,-1.0:1.0 is also named as MoO,/MoC@C-850.
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Table S3. Key performance of representative Mo-based nanostructures.

J 100
Mass density n Tafel Jo ac?\ilii;[e] Counter
Catalyst > 20 slope Electrolyte
(mgem?)  (mV) (mV/dec) (mA cm?) (mA cm? g electrode
D)
Commercial Mo,C particles’ 1.4 225 56 1.3*10-3 0.14 Pt 0.5 M H,SO,
Mo,C/XC?® 2 200(ng) 594 8.1*¥10°3 1.5 --- 0.1 M HCI104
Mo,C nanowires 220 55.8 2.8 Platinum
Mo,C nanosheets’ 0.357 260 64.5 o 2.8 wire 0.5 M H,50,
Platinum
Mo,C/C-lamellas® 0.3 220 60.5 - 1.7 ) 0.5 M H,SOq4
wire
Moxe6 475(ns) 115 Pt mesh 0.5 M H,S0
- - - t mes .
hybrids® M4 250,
Mo, Graphite
028 240 (ns) - 2.7 0.1 M HCIO,
Fe,C10 electrode
MoWON/NGR!! 0.212 270 84 --- 37.7 Pt wire 0.5 M H,SO,
CogMosC-G'? 0.64 183 52 242¢102 625 APieceol o, snihso,
graphite
Platinum
NiMo-NGTs!3 2 79 67 0.84 13 0.5 M H,SOq4
foil
NiMo,C/NF4 --- 47(m1w)  36.8 0.51 - Pt foil 6 M NaOH
160 39 0.51 Graphite 0.5 M H,SO,
Co-Mo,C!5 0.14 17.9
135 44 -—- electrode IM KOH
Platinum
np-Mo,C NWs!6 0.21 150 53 --- 14.3 foil 0.5 M H,SOq4
oi
Mo,C@NPC/NPRGO!7 0.14 50 33.6 1.9 285.7 Pt wire 0.5 M H,SOq4
152 43 28.6 Graphite 0.5 M H,SOq4
MoC-Mo,C HNWs!8 0.14 1.1%¥102
140 42 30.7 electrode IM KOH
125 42.9 0.5 M H,SOq4
3DHP-Mo,C!"® 0.28 140 60 0.28 40.4 - 0.1M phosphate buffer
110 60.7 IM KOH
160 53 0.023 2.4 ) 0.5 M H,SOq4
MoC, nano-octahedrons? 0.8 Graphite rod
175 59 --- 2.5 IM KOH
140 52 26.6 ) 0.5 M H,SOq4
Mo,C/C?! 0.286 0.286 Graphite rod
150 56 25.6 IM KOH
Platinum
Mo,C/C%2 1 205 66.4 - 3 1M KOH
mesh
Mo,C/WC NWs2 1.28 145 52 2.9%1072 0.4 Carbon rod 0.5 M H,SO4
124(n10) oertor. 0.5M stq4
Mo,C@NC?* --- 156(n10) 60 - Neutral media
60(1’]10) -- 1M KOH
M02C NPS@
0.25 105 41 0.179 68 Pt plate 0.5 M H,SOq4
carbon?’
197 62 0.017 1.1 0.5 M H,S0,
B-Mo,C nanotubes?¢ 0.75 -
127 55 0.087 8.3 0.1M KOH
Mo,C/C?’ 0.213 180 55 0.047 0.94 Glassy 0.5 M H,S0O,
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carbon

175 58 0.033 4.7 0.5 M H,SO4
Mo,C nanorod?8 0.43 Pt foil
180 45 0.011 14.0 1M KOH
1.02 150 43 0.0151 39 ) 0.5 M H,SO,4
nanoMoC@GS? Graphite rod
0.76 90 50 0.212 46.1 1M KOH
Platinum
Ni-Mo,C/C MF3° 1 128 73 - 10.5 IM KOH
plate
Mo-W 5049! 0.8 75 54 0.5 >25 Pt 0.5 M H,SO,4
NFL MoO,/NF32 4.5 80 66 1.8 6.7 Graphite rod 1M KOH
MoO,@PC-RGO?? 0.14 90 41 0.48 >142.9 Pt wire 0.5 M H,SOq4
Porous
34 40 41 - >8.8  Graphite rod 1 M KOH
MoO,/Ni foam3*
170 56 . 0.1 M KOH
MoOs., ¥ 0.2 - 20 Graphite rod
240 72 0.1 M H,SOq4
MoO,/RGO/PI-CNT film3¢ 0.04 170 68 - 250 Pt wire 0.5 M H,SOq4
MoO,/MoS,*7 0.273 320 63 - 04 Pt sheet 0.5 M H,SOq4
MoS,/Mo00,38 0.2 205 51 --- 0.5 Graphite rod 0.5 M H,S0O,
180 42 0.5 Platinum 0.5 M H,SO4
P doped M00O3_,*° 0.2 -
260 53 0.5 foil 0.1 M KOH
MoQ;* - 130(M10) 131 2.1 - Pt wire 1 M H,SO4
MoO,/MoC@C 133 77.3 0.371 12.5 . 0.5 M H,SO,4
This work 0.57 203 1047  0.267 41  Craphiterod 1 M KOH

[a] na0: Overpotential required to drive a current density of 20 mA c¢cm. [b] Jo: Exchange current density. [¢] njo:

Overpotential required to drive a current density of 10 mA cm™. [d] ng: Overpotential required to drive a current

density of 8 mA cm2. [e] ns: Overpotential required to drive a current density of 5 mA ¢cm™. [f] n4: Overpotential

required to drive a current density of 4 mA cm2. [g] J 100 mass activity: Current density according to the loading

mass of catalysts at overpotential of 100 mV.J 100 mass activity=j/m, where j is the current density and m is the

loading mass of catalysts on the electrode.
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Fig. S10. Equivalent circuit used to fit the EIS data. R, is the overall series resistance,
CPE, and R, are the constant phase element and resistance describing electron transport
at GCE/electrocatalyst interface, respectively, CPEq is the constant phase element of
the electrocatalyst/electrolyte interface, and R is the charge transfer resistance at
electrocatalyst /electrolyte interface.
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Table S4. The fitting results of EIS spectra in acid solution

Rs Ql R1 Qct Rct

Sample o) Fem2sv) M (@ (Fem2sv) (@)

MoO,@C-750 7.0 7.649e-4 0.7086 17.6 8.172e-3 0.2617 1674

MoO,@C-850 8.4  2.024e-3  0.7617 2.3 6.523e-3  0.4605 25.8

MoO,@C-950 7.7  7.333e-4 0.7022 14.1 9.027e-4  0.3874 120.8
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Fig. S11. Nitrogen adsorption/desorption isotherm of MoO,/MoC@C-750,
MoO,/MoC@C-850 and MoO,/MoC@C-950.
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Fig. S12. Cyclic voltammograms in the region of 0.1-0.2 V vs. RHE for the (a)
MoO,/MoC@C-750, (b) MoO,/MoC@C-850, and (c) MoO,/MoC@C-950.
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Table SS. Surface energy of MoO,.

Crystal face Surface energy (eV/A2)

(001) 0.20
(010) 0.20
(100) 0.19
(101) 0.14
(110) 0.16
(011) 0.18

(111) 0.16
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Table S6. Surface energy of MoC.

Crystal face Surface energy (eV/A2)

(001) 0.14

(011) 0.19

(111) 0.20
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Fig. S13. Optimized structures of H* adsorbed on the surface of (a) MoO, (101) plane
and (b) MoC (001) plane. Cyan balls denote molybdenum atoms, red ones denote
oxygen atoms, gray ones denote carbon atoms, and white ones denote hydrogen atoms.
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