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Experimental section
Materials.

Analytical grade molybdenum oxide (MoOs), molybdenyl acetylacetonate
(C10H14aM00Og¢), N, N-Dimethylformamide (DMF), polyacrylonitrile (PAN) and
tetraethyl orthosilicate were purchased from Aladdin Reagent (Shanghai, China).
Ammonia, ethanol, and hydrofluoric acid (HF, 30%) were from Sinopharm Chemical
Reagent Co., All chemicals were used without further purification. Double distilled
water (18.2 MQ) was used throughout the experiments.

Preparation of SiO2 nanospheres

SiO2 nanospheres were prepared by a modified Stober method. Typically, 60 mL
of deionized water, 20 mL of ethanol, and 12 mL of ammonia were mixed under stirring,
then a mixture of 90 mL of ethanol and 6 mL of tetraethyl orthosilicate was added to
this solution. After stirring for 4 h, SiO2 nanospheres were washed by centrifugation
(10,000 rpm, 10 min) with ethanol several times and dried under vacuum.
Preparation of MoN embedded N-doped porous carbon nanochains
(MON@NPCNCs), MoN embedded N-doped porous carbon nanofibers
(MoN@NPCNFs), and bulk MoN.

To prepare MON@NPCNC:s, first, 1 mmol CioH14M0QOs was dissolved in 5 mL
DMF to form a green transparent solution by constant stirring, followed by the addition
250 mg SiO2 nanospheres. Then, 350 mg PAN was added to the above solution. And
the mixture were stirred at room temperature for 12 h to form a homogeneously solution.
Then the precursor solution was subsequently electrospun at a constant flow rate of 0.4
mL h! and at a high voltage of 22 kV. The distance between the injector nozzle and the
receiver was 16 cm, and the precursor of composite nanowires were collected on
revolving aluminium foil. After drying at 100 ‘C for 12 h, the composite nanowires
were presintered at 250 ‘C (7 ‘C min) in air for 3 h. SiO, nanosphere was then
etched by immersing the sample in 5 wt % HF solution for 6 h, and then the product
was collected by vacuum filtration. The sample was then annealed for fully nitriding
the MoN and carbonizing the decomposed PAN at 800 ‘C (3 ‘C min?) under an

Ar/NH;s flow (1:1 in volume ratio) atmosphere for 4 h.
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MoN@NPCNFs was obtained with the same method of MON@NPCNCs without
the addition of SiO2 nanospheres. Bulk MoN was prepared by annealling the
commercial MoOz at 800 ‘C (3 C min™) under an Ar/NH;z flow (1:1 in volume ratio)
atmosphere for 4 h.

Material characterization

The electrospinning device consists of a high voltage power supply (DW-P503-
1ACCC, Dongwen, Tianjin, China) and a syringe pump (model 11 Plus, Harvard
apparatus U.S.A.). The crystal structures of the products were determined by powder
X-ray diffraction (XRD, Shimadzu XRD-7000, Japan). The structures and
morphologies of prepared nanohybrids were sequentially assessed using field-emission
scanning electron microscopy (FESEM, JEOL-7800F, Japan Electron Optics
Laboratory Co., Japan), energy-dispersive X-ray spectroscopy (EDX, INCA X-Max
250, Japan), and transmission electron microscope (TEM, JEM-2100, Japan). The
Brunauer—-Emmett-Teller (BET) surface area was measured by using Quadrasorb evo
2QDS-MP-30 (Quantachrome Instruments, USA). Pore-size-distribution (PSD) plots
were obtained from the adsorption branch of the isotherm using the Barrett—Joyner—
Halenda (BJH) model. The surface properties of the samples were studied by X-ray
photoelectron  spectroscopy  (XPS, Escalab 250xi, Thermo Scientific).
Thermogravimetric analysis was performed on Thermo Gravimetric Analyzer (TGA,
Q50, USA) at arate of 5 “C min under air from 30 to 650 C.
Electrochemical Performance

The glassy carbon (GC, @ = 5.6 mm) electrode was respectively polished with 0.3
and 0.05mm alumina slurry followed by rinsing thoroughly with double distilled water,
and then ultrasonically cleaned in ethanol and double distilled water to obtain a
mirrorlike surface. The as-prepared bulk MoN, MON@NPCNFs, MoN@NPCNCs and
commercial Pt/C ethanol dispersion (15 pL, Smg mL™?) that containing 1 wt % Nafion
was dropped onto the well-polished bare GCE, respectively, and then evaporated in air
as working electrode. The electrochemical tests were executed by a workstation
(CHI660E, CHI Instruments Inc, Shanghai) in a three-electrode setup coupled with bulk
MoN-GC, MoN@NPCNFs-GC, and MoN@NPCNCs-GC as a working electrode,



respectively. Graphite electrode as a counter electrode and saturated calomel electrode
(SCE) as a reference electrode. The polarization curves were surveyed via the linear
sweep voltammetry (LSV) at a scan rate of 2 mV s, and the long-term durability was
investigated using potentiostatic electrolysis at fixed potentials. The current density was
calibrated corresponding to the geometric area of working electrode. The geometric
area values of all the samples are all 0.2462 cm?. The value of current density is
calculated via dividing the current by geometric area. The recorded potential was
adjusted by this equation: E (RHE) = E (SCE) + (0.242 + 0.059 pH) V. The Tafel slopes,
derived from a linear fit utilizing the Tafel equation (7 = b log j + a, where 7 is the
overpotential, b is the Tafel slope, and j is the current density). Electrochemical
impedance spectroscopy (EIS) measurements were carried out from 1000 kHz to 0.1
Hz with an amplitude of 10 mV at the open-circuit voltage in a 0.5 M H2SO4 solution.
The electrochemical double-layer capacitances (Ca) of catalysts were calculated from
CV curves. The CV curves were performed at scan rates varying from 10 to 100 mV s
Lin the region from 0.07 to 0.27 V vs RHE.

Hydrogen production measurement.

The amount of hydrogen produced during electrochemical water splitting was
measured via an online gas chromatograph (GC-2014, Shimadzu). The cell setup was
the same as that used for electrochemical measurements.

Computational Methods:

Spin-polarized density functional theory calculations were performed using the Vienna
ab initio simulation package(VASP) 1. We used the PBE functional for the exchange—
correlation energy * and projector augmented wave (PAW) potentials > 8. The kinetic
energy cutoff was set to 500 eV. The ionic relaxation was performed until the force on
each atom is less than 0.01 eV A", The k-point meshes were 3 x 3 x 1 with the
Monkhorst-Pack method 7. To minimize the undesired interactions between mages, a
vacuum of at least 15 A was considered along the z axis. Our calculations indicate that
the surface energies (Esurf) Of the (001), (011), (100), (1010), (110), and (111) facets are
208.0, 157.8, 195.4, 140.2, 168.3, and 166.5 meV A2, respectively.

Esurt = (Estab —N Ebui)/2S,



in which S is the surface area, Esiab is the energy of bulk MoN, and Epui is the energy
of the model used in our calculations. In our model, we chose the (101) facet to interpret
the reaction mechanism, mainly because the Esurs of the (101) surface is relatively lower,
indicating that it is thermodynamically the most stable.
The free energy change for H* adsorption on both surfaces (AGH) was calculated as
follows, which is proposed by Norskov and coworkers ®:
AGH = Etotal - Esur - EH2/2 + AEzpe-TAS
where Eiotal IS the total energy for the adsorption state, Esur is the energy of the
corresponding surface, Ew is the energy of Ha in gas phase, AEzpe is the zero-point

energy change and AS is the entropy change.



Figure S1. FESEM (a) image and TEM (b) image of as-prepared SiO2 nanospheres

Figure S2. Low-resolution (a), high-resolution (b) FESEM, and EDS element mapping
(c) images of as-prepared Mo-SiO2-PAN

Figure S3. FESEM (a), low-resolution (b), and high-resolution (c) TEM images of
MoN@NPCNFs.
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Figure S4. EDS spectrum of MoN@NPCNCs. Inset is the FESEM image of

MoN@NPCNCs, red frame represents the EDS spectrum area.
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Figure S5. XPS survey scan of MON@NPCNCs
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Figure S6. TGA curve of MON@NPCNC:s in air atmosphere

Figure S7. FESEM (a), low-resolution (b), and high-resolution (c) TEM images of
NCNFs.



Figure S8. Low-resolution (a), high-resolution (b) FESEM, images of as-prepared bulk

MoN.
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Figure S9. Cyclic voltammograms for (a) bulk MoN, (b) NPCNFs, (c) MON@NPCNFs,
and (d) MoN@NPCNCs in the non-Faradaic capacitance current range at scan rates

from 10 to 100 mV sL.
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Figure S10. Capacitive currents as a function of scan rate for NCNFs, bulk MoN,

MoN@NPCNFs, and MoN@NPCNC:s.

(a) (b)o+

0.2 ]
—_— -1 T
< = o
o0 -2
c w
o
E 9 -3
0-0.2 ]

-4
0.4 —_— - - - -5 - - : v -
-0.2 0.0 0.2 0.4 0.6 -0.6 -0.4 -0.2 0.0
Potential (vs. RHE) Potential (vs. RHE)

Figure S11. (a) Cyclic voltammograms of MON@NPCNCs in 1 M PBS (pH = 7) with
a scan rate of 50 mV s*. (b) Calculated TOF for MON@NPCNCs in 0.5 M H2SO..

The intrinsic catalytic activity is measured by the turnover frequency (TOF) for each
active site. We attempted to quantify the active sites by electrochemistry. Figure S11a
shows the cyclic voltammograms in the region of -0.2 V to 0.6 V vs. RHE for the
MoN@NPCNCs at pH = 7. The integrated charge over the whole potential range should
be proportional to the total number of active sites. Assuming a one electron process for
both reduction and oxidation, the upper limit of active sites could be calculated. Figure
S11b shows the polarization curves at pH = 0 normalized by the active sites, and

expressed in terms of TOF. The values of TOF at 100 mV are 0.37 s in acidic media,



which are better than those of Mo-based catalysts, such as Mo2N—-Mo>C heterojunction,
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Figure S12 The amount of theoretically calculated (green curve) and experimentally measured

(black stars) hydrogen versus time for MON@NPCNCs at -0.3 V in 0.5 M H2SOa.

The amount of hydrogen produced through electrochemical water splitting was
measured quantitatively using gas chromatography (GC). The Faradaic efficiency (FE)
of the HER process can be obtained by dividing the measured amount of hydrogen with
calculated one (assuming 100 % FE). The excellent agreement of the two sets of values

(Figure S*) indicates that the FE is close to 100 %.
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Figure S13. Current density-time (I-t) curve of MON@NPCNCs and Pt/C in 0.5 M
H>SO4
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Figure S14 Tafel plots for MON@NPCNCs in (a) PBS (pH=7, 1.0 M) and (b) KOH
(pH=14, 1.0 M), respectively.
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Figure S15.Top views of clean MoN surfaces. Mo, cyan; N, blue.



Table S1 Comparison of HER performance in acidic media for MON@NPCNCs with

other HER electrocatalysts

CoP hollow 1 70
59 12
polyhedron 10 159
NiSez/Ni hybrid
iSe2/Ni hybri 49 10 143 13
foams
Mo,C@C 56 10 141 14
MoC-Mo,C-31.4 43 10 126 15
2 57
Ni—P nanoparticles 102 16
10 362
NiCo2Py 57.7 10 104 17
Nanowires
hene-Mo,C
graphene-io. 67 10 206 18
rods
CoySs@MoS; 110 10 190 19
se-MoS; 59 10 104 20
MoS; grown on
2 Jrow Vil 10 100 21
graphene
10 120
Mo0Sg.86P0.57/CB 57 22
20 135
MoS; 62 10 170 23
Mo.C/C 82 10 180 24
1 131
Fe/P/Cy5-800 35.9 e
10 256
Nio.3M0o.703 114 40 400 26
FeP nanosheets 67 10 240 2

MoN@NPCNCs 53.21 10 12 This work




Table S2 Comparison of HER performance in neutral media for MON@NPCNCs with

other HER electrocatalysts

CoNx/C 247 10 75 2

FeP NAs NW/CC 202 10 71 2
CoP/Ti 149 10 58 30
Co-C-N complex 273 10 107 81
MoS,:@NPG 350 10 60 82

MoN@NPCNCs 76.43 10 84.85 This work




Table S3 Comparison of HER performance in alkaline media for MON@NPCNCs with

other HER electrocatalysts

NiFeOx/CFP 118 10 88 3
Co-P film 120 10 94 34
Ni/NiS 115 10 230 &
CoOx@CN 82 10 232 36
CP@Ni-P 60 10 117 87

MoN@NPCNCs 58.33 10 80.18 This work
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