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Experimental section

Materials. All chemicals were commercially available and used without further purification.
Molybdenum powder, cobalt nitrate hexahydrate, 2-methylimidazole, polyvinyl pyrrolidone
(PVP) and nafion solution (5 wt%) were purchased from Sigma Aldrich. Hydrogen peroxide,
methanol, sulfuric acid and potassium hydroxide were purchased from Sinopharm Chemical
Reagent. Potassium hydrogen phosphate anhydrous and potassium phosphate monobasic
were purchased from Aladdin Reagent. Pt/C (20 wt%) was purchased from Alfa Aesar.
Ultrapure water (18.25 MQ cm™!) was produced by a Water Purifier system.

Pretreatment of CFP. CFP was electrochemically activated according to the modified
literature method.[S1] Briefly, a CFP slip (2 x 3 cm?) was immersed in 0.5 M aqueous H,SO4
solution and used as the working electrode in a conventional three-electrode cell at room
temperature. Ag/AgCl and graphite rod were used as the reference and counter electrodes,
respectively. After CFP was activated by cyclic voltammetry between 1.5 and 2.0 V versus
SCE with a scan rate of 10 mV s for 50 cycles,[S2,S3] the resultant CFP was rinsed in
ultrapure water several times to remove the residual acidic electrolyte, and then dried in air to
afford the pretreated CFP.

Synthesis of MoO;-H,O/CFP. 1.0 g of molybdenum powder was slowly added into 4 mL of
H,O; solution under stirring. After it was completely dissolved, 96 mL of ultrapure water was
added and the mixture was stirred until the color of the solution turns into dark blue. After the
solution was purged with nitrogen for 15 min and was directly used as the electrolyte. The
pretreated CFP slip was vertically immersed in the above electrolyte as the working electrode.

Saturated Ag/AgCl electrode and graphite rod were used as the reference and counter
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electrodes, respectively. MoO5-H,O/CFP-x was obtained by electrodeposition at -0.6 V vs sat.
Ag/AgCl for appropriate time, where x refers to the electrodeposition time.

Synthesis of MoQO;/CFP-x. The as-synthesized ZIF-67 nanocrystals (90 mg) were finely
ground into powders and were loaded at the bottom of a quartz socket tube, MoO3/CFP-x (1 x
2 ¢cm?) was leaned on the other end of the quartz socket tube, and the quartz bushing was
located at the center heating zone of tubular furnace. The samples were heated to 800 °C
under 10% H,/Ar atmosphere with a heating rate of 5 °C min™! and kept at 800 °C for 2 h. N-
Mo,C/CFP-x was attained after naturally cooling to ambient temperature.

Characterizations

Scanning electron microscope (SEM) and transmission electron microscopy (TEM) images
were acquired on Hitachi SU8010 and FEI Tecnai F30 instruments, respectively. Powder X-
ray diffraction (XRD) was recorded on a Mini Flex 600 diffractometer. Nitrogen
adsorption/desorption data were recorded at liquid nitrogen temperature (77 K) using a
Micromeritics ASAP 2020 M apparatus. The sample was degassed at 120 °C under vacuum
for 12 h prior to the measurement. The specific surface area was calculated using the
Brunauer-Emmett-Teller (BET) equation, and the total pore volumes were calculated from
the amount adsorbed at a relative pressure (P/Pj) of 0.99. The pore size distributions were
calculated by the nonlocal density functional theory (NL-DFT) model. The Raman
measurements were performed on a Renishaw spectrometer at 532 nm on a Renishaw
Microscope System RM2000. X-ray photoelectron spectroscopy (XPS) was conducted on a
Thermo Scientific ESCALAB spectrometer. Elemental analysis was operated on a Vario

MICRO elemental analyzer. Inductive coupling plasma-optical emission spectroscopy (ICP-
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OES) was performed on a Jobin Yvon Ultima 2 system. X-ray absorption fine structure
(EXAFS) measurements were conducted to investigate the local structures of the Mo
composite catalysts at the beamline 14W1 in 1W1B station in Beijing Synchrotron Radiation
Facility (BSRF). The incident beam was monochromatized using a Si (111) double crystal
monochromator. At room temperature, the spectra were taken for the K-edge of Mo (E0 =
2.0*10* eV) in a transmission mode with separate N,-filled IC Spec ionization chambers for
incident and transmitted beams. The reference spectra of Mo foil were taken simultaneously
so that the energy in the spectrum of sample could be calibrated with the respect to the K-
edge energy of Mo metal. The obtained data were analyzed with ATHENA and ARTEMIS in
the IFEFIT suite of software programs. FEFF9 code was used to synthesize theoretical
EXAFS spectra for nonlinear square fitting of samples.

Electrochemical measurements

All samples were tested on a CHI 760E electrochemical workstation with a three-electrode
system. The self-supported N-Mo,C/CFP was directly served as a working electrode, and
graphite rod was used as a counter electrode. For reference electrode used in electrolytes with
different pH value, a saturated calomel electrode (SCE) was chosen for aqueous 0.5 M H,SO,,
while a saturated Ag/AgCl electrode was used for both aqueous 1 M KOH and 1 M PBS
solutions. Unless otherwise stated, all potentials were reported versus reversible hydrogen
electrode (RHE) by converting the potentials measured according to the following equation:
E (vs. RHE) = E (vs. Ref.) + E°% (vs. SHE) + 0.059 x pH, and all potentials in this study
were iR-compensated. To evaluate the electrocatalytic HER activity, cathodic linear sweep

voltammetry (LSV) curves were measured at a scan rate of 5 mV s™! in static Ar-saturated
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electrolytes under constant room temperature of 25 °C. Cyclic voltammetry (CV) under non-
Faradaic potentials was used to detect electrochemical double-layer capacitance for
estimating the effective electrochemical active area. Electrochemical impedance spectroscopy
(EIS) spectra were performed with frequency from 102 to 10 Hz with an amplitude of 10
mV. The long-term durability of the catalysts was tested by the chronoamperometry for 24 h,
and the continuously repeated 1000 CV cycles as well.

Calculation of ECSA

The electrochemical double-layer capacitances (Cgq) of the electrocatalysts are obtained based
on the equation:

Cu=1/K

Where K is the scan rate.

ECSA is calculated by assuming a standard value of 60 puF cm2[S4]:

ECSA=C,/60

Turnover Frequency (TOF) Calculation.

Turnover frequency (TOF) values of different samples were calculated according to the
equation:

TOF=J *N,/(2 *n *F * ECSA)

Where J is the current density, N, is the Avogadr's number, 2 represents the stoichiometric
number of electrons consumed in the electrode HER reaction, 7 is the number of the active
sites, F' is the Faraday constant and ECSA is the electrochemically active surface area of the
electrode.

Computational Details
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Density functional theory (DFT) calculations have been applied to investigate hydrogen
evolution reaction (HER) process of Mo,C and N-Mo,C systems. The initial structure of
Mo,C was taken from bulk Mo,C with A 2 x 2 x1 supercell. The optimized cell parameters
are a = 6.063 A, b =6.071 A and ¢ = 4.726 A.[S5] The Mo,C (002) slab was used to evaluate
the HER process. Along the [002] direction, Mo,C showed two different crystal planes with
Mo atoms on the top plane and C atoms on the bottom plane (Mo,C-MoT and N-Mo,C-MoT)
or with C atoms on the top plane and Mo atoms on the bottom plane (Mo,C-CT and N-Mo,C-
CT). All calculations were carried out by using DMoy; package.[S6] The generalized gradient
approximation (GGA) with the functional of Perdew-Burke-Ernzerhof (PBE) was utilized.
DFT semi-core pseudopotentials were used for the core treatment with a double numerical
polarized (DNP) 3.5 basis set. The Grimme’s scheme was adopted to treat the long-range
dispersion interactions. A Fermi smearing of 0.005 hartree was utilized in this calculation.
The convergence criteria for energy, gradient and displacement convergence were 1.0 x 107
Ha, 0.002 Ha/A, and 0.005 A, respectively. 5 x 5 x 5 and 3 x 3 x 2 Monkhorst-Pack grid for
the Brillouin zone sampling were used for bulk and slab Mo,C models, respectively. The
Mo,C (002) slab model was six thick layers and a (2 % 2) surface unit cell with 48 Mo atoms
and 24 C atoms. All periodic slabs had a vacuum spacing of at least 15 A, which was thick
enough to avoid artificial interaction. All atoms in the bottom layers were fixed to the bulk
positions, while the adsorbate and the atoms in the top two layers were allowed to relax. The
free energy of HER process was evaluated by following equation: AG=AE-Ey+AE pe—TAS.
AE is the difference between the energy of the adsorption state and pure surface, Ey is the

energy of H in gas phase, E pg is the zero-point energy change and AS is the entropy change.
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Fig. S1. The digital photograph for the quartz socket tube loaded with ZIF-67 and MoO;/CFP

inside two sides.
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Fig. S2. SEM images of (a) pristine CFP and (b) CFP after calcination at 800 °C (CFP-800)

under 10% H,/Ar atmosphere. ¢) XRD patterns for CFP and CFP-800.

S7



Fig. S3. SEM images for (a) MoO3-H,O/CFP-30 and (b) MoO;-H,O/CFP-60.

Fig. S4. SEM images for (a-c) MoO;/CFP-30 and (d-f) MoO5/CFP-60.
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Fig. S6. SEM image for
MOO3'H20/CFP-45.

the sample obtained through direct carbonization
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Fig. S7. (a) TEM and (b) HRTEM images for MoO;/CFP-45, the inset in b is the electron-

diffraction pattern.
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Figure S8. (a) FTIR and (b) XPS survey spectra for MoO3-H,O/CFP and standard molybdic

acid.
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Fig. S9. (a) XRD patterns and Raman spectra for N-Mo,C/CFP-30, N-Mo,C/CFP-45 and N-
Mo,C/CFP-60.
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Fig. S10. (a) N, adsorption isotherm and (b) corresponding pore size distribution for N-

Mo,C scratched from N-Mo,C/CFP-45.
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Fig. S11. Electrochemical capacitance measurements for (a) N-Mo,C/CFP-30, (b) N-

Mo,C/CFP-45, (¢) N-Mo,C/CFP-60, (d) MoO;/CFP-45 and (e) 20wt% Pt/C in 0.5 M H,SO,

using CV at various scan rates. (f) Difference in current density plotted against scan rate

showing the extraction of Cgy value.
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Fig. S12. ECSA-normalized HER polarization curves for N-Mo,C/CFP-x and MoO/CFP-45

in (a) 0.5 M H,SO4, (b) 1.0 M PBS and (¢) 1.0 M KOH.
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Fig. S13. EIS spectra in (a) 0.5 M H,SO,, (b) 1 M PBS and (¢) 1 M KOH for N-Mo,C/CFP-x,
MoO;/CFP-45 and Pt/C.
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Fig. S14. The amount of hydrogen production at different reaction time for N-Mo,C/CFP-45
in (a) 0.5 M H,SOy, (b) 1.0 M PBS and (¢) 1.0 M KOH.
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Fig. S15. Electrochemical capacitance measurements for (a) N-Mo,C/CFP-30, (b) N-
Mo,C/CFP-45, (c) N-Mo,C/CFP-60, (d) MoOs/CFP-45 and (e) 20 wt% Pt/C in 1 M PBS
using CV at various scan rates. (f) Difference in current density plotted against scan rate

showing the extraction of Cgy value.
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Fig. S16. Electrochemical capacitance measurements for (a) N-Mo,C/CFP-30, (b) N-
Mo,C/CFP-45, (c) N-Mo,C/CFP-60, (d) MoO3/CFP-45 and (e) 20 wt% Pt/C in 1 M KOH
using CV at various scan rates. (f) Difference in current density plotted against scan rate

showing the extraction of Cgy value.
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Fig. S17. (a, b) SEM, (¢)TEM and (d) HRTEM images of N-Mo,C/CFP-45 after HER

durability test in 1 M KOH.
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Fig. S18. (a) XRD pattern, (b) Mo 3d, (c) C Is and (d) N 1s XPS spectra of N-Mo,C/CFP-45

before and after HER durability test in 1 M KOH.
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Fig. S19. Side view of the optimized geometries on (002) facet for (a) Mo,C-CT (b) N-
Mo,C-CT (c) Mo,C-MoT and (d) N-Mo,C-MoT.
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Fig. S20. (a, b) SEM images and (c¢) XRD patterns for ZIF-67. (d, e¢) SEM images and (f)
XRD pattern for Co-MOF-74.
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Fig. S21. XRD pattern of Mo,C-MoO,/CFP obtained using Co-MOF-74 as carbon source.
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Fig. S22. (a, b) SEM images of M0,C/M0O,-CFP obtained using Co-MOF-74 as carbon

source.
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Fig. S23. (a, b, ¢c) HER polarization curves and (d, e, f) Tafel plots for N-Mo,C/CFP-45 and
Mo,C/Mo0O,/CFP-45 in 0.5 M H,SO,4, 1 M PBS and 1 M KOH electrolytes.
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Fig. S24. XRD patterns for (a) MoC-MoO,/CFP-45 obtained using ZIF-8 as carbon and

nitrogen sources and (b) MoO,/CFP-45 obtained using 2-methylimidazole as carbon and

nitrogen sources.
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Fig. S25. HER polarization curves for MoC-MoO,/CFP-45, MoO,/CFP-45 and N-

Mo,C/CFP-45 in (a) 0.5 M H,SO4, (b) 1 M PBS and (c) 1 M KOH.
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Fig. S26. (a) XRD pattern and (b, ¢c) SEM images for Mo,C synthesized without CFP;

Polarization curves of N-Mo,C/CFP-45 and Mo,C electrodes in (d) 0.5 M H,SO,4, (e) 1 M

PBS and (f) | M KOH.
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Fig. S27. (a) SEM image and (b) XRD pattern of MoO,-Mo,C/CFP obtained at 700 °C. (c)

Intensity / a.u. &~

MoO, JCPDS # 31-0871
Mo,C JCPDS # 65-5787

1 ,HI\\J LI
10 20 30 40 50 60 70 80
2 Theta / deg.
3
«
ke
z
2 Mo,C/CFP-45
§ JCPDS # 11-0680
—
L1l .| | I'nll\ -
30 40 50 60 70 80
2 Theta / deg.

SEM image and (d) XRD pattern of Mo,C/CFP obtained at 900 °C.
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Fig. S28. HER polarization curves and Tafel plots for N-Mo,C/CFP-45 obtained at different

calcination temperatures in (a, d) 0.5 M H,SOy, (b, €) 1.0 M PBS and (c, f) 1.0 M KOH.
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Table S1. The mass loading densities of Mo species in MoO5-H,O/CFP-x, MoO;/CFP-x and
N-Mo,C/CFP-x.

The mass loading of Mo species (mg cm2)

X/min
MoO;-H,O/CFP-x MoO;/CFP-x N-Mo,C/CFP-x
30 5.35 2.32 2.70
45 7.78 3.17 3.45
60 9.55 4.70 4.10

Table S2. Elemental contents of N-Mo,C/CFP-x.

Samples Mo/wt% 12| C/wt% [P N/wt% [P]
N-Mo,C/CFP-30 20.74 70.24 5.87
N-Mo,C/CFP-45 23.83 65.72 7.64
N-Mo,C/CFP-60 28.93 63.29 6.78

[a] Measured by ICP-OES; [*] Measured by elemental analysis.
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Table S3. Comparison of HER performance for N-Mo,C/CFP-45 with the reported noble-

metal-free electrocatalysts in 0.5 M H,SOy. n; is denoted as overpotential at -10 mA cm2,

Catalyst Honset o Tafel slope Reference
(mV) (mV) (mV dec™)
N-Mo,C/CFP-45 11 45 44 This work
Co-NRCNTs 140 260 69 [S7]
FeP Nanoparticles -- 50 37 [S8]
Mo,C-IOL 79 117 60 [S9]
MosNg NSs -- ~249 330 [S10]
Ni,P@NPCNFs 52 63.2 56.7 [S11]
MoP, NSs -- 58 98 [S12]
MoP NS/CC 50 187 94 [S13]
Mo, C nanowires 70 200 53 [S14]
Co-Mo,C 40 140 39 [S15]
MoCN 50 140 46 [S16]
FePSes/NC - 70 53 [S17]
(CNF)@CoS; 40 110 66.8 [S18]
Cuyg,075C00.925P/CP - 47 47.2 [S19]
Mo,C 14 35 25 [S20]
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Table S4. Cy4 and ECSA of MoO;/CFP, N-Mo,C/CFP-30, N-Mo,C/CFP-45 and N-

Mo,C/CFP-60 in 0.5 M H,SO,4, 1.0 M PBS and 1.0 M KOH.

Catalysts 0.5 M H,SO, 1M PBS 1M KOH

Ca ECSA Ca ECSA Ca ECS

(mF cm?) (cm?) (mFcm?) (cm?) (mF cm?) A
(cm?)

MoO;/CFP 65 541 65 541 56 466

N-Mo,C/CFP-30 149 1241 110 916 115 958
N-Mo,C/CFP-45 192 1600 137 1141 180 1500
N-Mo,C/CFP-60 151 1258 85 708 111 925
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Table S5. Comparison of HER performances for N-Mo,C/CFP-45 with other non-

noble metal-based electrocatalysts in 1 M PBS. 1y is denoted as overpotential at -10

mA cm?.
Catalyst Tlonset o Tafel slope Reference
(mV) (mV) (mV dec)

N-Mo,C/CFP-45 23 80 65 This work
Co - NRCNTs 330 540 - [S7]
FeP nanoparticles -- 102 -- [S8]
MosNg -- ~249 330 [S10]
Ni,P@NPCNFs 148 185.3 230.3 [S11]
MoP; NSs - 85 98 [S12]
MoP NS/CC -- 187 94 [S13]
Ni;S,/NF -- 170 -- [S21]
3D MoS,/N-GAs 236 261 230 [S22]
CoySs@C 150 290 280 [S23]
FePSes/NC -- 140.1 167 [S17]
(CNF)@CoS, 130 360 63.7 [S18]
Cuy,075C0¢.925P/CP -- 120 97.5 [S19]
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Table S6. Comparison of HER performances for N-Mo,C/CFP-45 with other non-
noble metal-based electrocatalysts in 1 M KOH.

Nonset Mo Tafel slope
Catalyst Reference
(mV) (mV) /mV dec!
N-Mo,C/CFP-45 6 36 32 This work
Co - NRCNTs 160 370 - [S7]
N,S-CN - 380 103 [S24]
Mn-hcp Ni/C 39 105 68 [S25]
Co-Ex-MoS, 15 89 53 [S26]
SWCNTs/MoSe,:Mo,
- 89 -- [S27]
C
MosN - 94 130 [S10]
Mo;N,C, 13 132 90 [S28]
MoB/g-C3Ny 80 133 46 [S29]
Ni,P@NPCNFs 89 104.2 79.7 [S11]
MoP, NSs - 67 70 [S12]
FePSes;/NC - 118.5 88 [S17]
(CNF)@CoS; 130 207 113.3 [S18]
Cuyg,075C0¢.925P/CP - 70 55.1 [S19]
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