
Supporting Information for

Anion-doping Optimizes Metal Bonds for Promoting Hydrogen Evolution

Performance of NiMoN Catalysts

Minghui Xing1#, Shaoke Zhu1#, Guoqing Xu1, Mengting Han1, Zhiping Liu1*, Qinglan Zhao2,

Minhua Shao2, Dapeng Cao*1

1 State Key Laboratory of Organic-Inorganic Composites, Beijing University of Chemical

Technology, Beijing 100029, China.
2 Department of Chemical and Biological Engineering, Hong Kong University of Science and

Technology, Clear Water Bay, Kowloon, Hong Kong, China

*Corresponding authors. Email: liuzhp@mail.buct.edu.cn or caodp@mail.buct.edu.cn

mailto:liuzhp@mail.buct.edu.cn
mailto:caodp@mail.buct.edu.cn


Chemicals

nickel (Ⅱ) nitrate hexahydrate (Ni(NO3)2 ⋅ 6H2O, AR), Ammonium molybdate

tetrahydrate ((NH4)6Mo7O24·4H2O, AR), sodium chloride (NaCl, 99%), ammonium

fluoride (NH4F, 99.5%), Urea (CH4N2O, 99%), Ni foam (NF) (2*4 cm2) was

pretreated in 3 M HCl by ultrasonic treatment for 20 min.

Preparation of Cl-NiMoO4

Ni(NO3)2·6H2O (348.95 mg), (NH4)6Mo7O24·4H2O (370.75 mg) and NaCl (438.75 mg) were

dissolved in 30 mL of water. After that, a piece of Ni foam (2*4 cm2) was placed in

above precursor solution in a teflon-lined autoclave (50 mL), followed by heating the

solution at 150 °C for 2 h. The as-prepared catalyst was washed with water and dried

under Ar. For the sake of overall simplicity of the manuscript, we named it as

“Cl-NiMoO4”.

Preparation of Cl-NiMoN

For preparing Cl-NiMoN, the Cl-NiMoO4 (2*4 cm2) was put in the tubular

furnace was heated to 500 °C with a heating rate of 5 °C min-1 and maintained for 2 h

under an NH3 flow.

Preparation of F-NiMoN, CO3-NiMoN and F, CO3-NiMoN

In order to study the effect of different anions on NiMoN. F-NiMoN,

CO3-NiMoN and F, CO3-NiMoN were also prepared. In the process of synthesizing

the R-NiMoO4, instead of NaCl, F-NiMoO4 requires the addition of 148 mg of NH4F,

CO3-NiMoO4 adds 450 mg of urea as the CO32- source. Accordingly, the synthesis of

F, CO3-NiMoN,148 mg NH4F and 450 mg urea were both added. The conditions of



F-NiMoN, Co3-NiMoN and F, CO3-NiMoN vapor deposition were the same as

Cl-NiMoN.

Characterizations

Powder X-ray diffraction (XRD) data was measured on a RigakuD/MAX 2550

diffractometer with Cu Kα radiation (λ = 1.5418 Å). ZEISS GeminiSEM 300 was

used to acquire scanning electron microscopy (SEM) at an accelerating voltage of 3

kV. A ThermoFisherESCALab 250 (ThermoFisher, E. Grinstead, UK) was performed

to get the X-ray photoelectron spectroscopy (XPS) data, using Al Ka X-ray radiation

for excitation. Energy dispersive X-ray spectroscopy (EDX) and high-resolution TEM

(HRTEM) images were obtained by a JEOL JEN-F200 at an accelerating voltage of

200 kV. Inductively coupled plasma optical emission spectroscopy (ICP-OES) was

used to confirm the compositions of the samples.

Electrochemical measurements

All the HER catalytic measurements were performed with a CHI 760E

electrochemistry workstation (CH Instruments, Inc., Shanghai) in a standard

three-electrode system using Cl-NiMoN as the working electrode, a graphite rod as

the counter electrode and an Ag/AgCl electrode as the reference electrode. All

potentials reported were calibrated to reversible hydrogen electrode (RHE) by E(RHE)

=E(Ag/AgCl) + 0.197 V + 0.059 × pH. As show in Figure S8, the zero point of RHE

was further calibrated by using the HER/HOR equilibrium potential of Pt catalyst in

H2-saturated solutions (ERHE=EAg/AgCl+1.017 ≈ EAg/AgCl+1.02). Linear sweep

voltammetry (LSV) is recorded at a scan rate of 5 mV s-1. Without explanation all



polarization curves are 85% iR corrected by default. The double-layer capacitance

(Cdl) via cyclic voltammograms (CV) at different scan rates were measured to

investigated electrochemically active surface areas (ECSA).

The electrochemically active surface area (ECSA) values were estimated by the

electrochemical double layer capacitance (Cdl) determined by cyclic voltammetry (CV)

curves performed in the non-Faradaic regions at different scan rates. By plotting the

difference between the anodic and cathodic current densities (∆j=ja-jc) at the half

potential of the CV measurement against the scan rates, the obtained linear slope is

the twice of the Cdl. The ECSAwas calculated by ECSA= Cdl/Cs.



Figure S1. SEM images of (a-b) NF and (c-d) Cl-NiMoO4.



Figure S2. SEM images of (a-b) F-NiMoN, (c-d) CO3-NiMoN, and (e-f) F, CO3-NiMoN.



Figure S3. (a) TEM and (b-c) HRTEM images of F-NiMoN. (d) EDS element mappings of Ni, Mo,
N and F in F-NiMoN.

Figure S4. (a) TEM and (b-c) HRTEM images of CO3-NiMoN. (d) EDS element mappings of Ni,
Mo, N, C and O in CO3-NiMoN.



Figure S5. (a) TEM and (b-c) HRTEM images of F, CO3-NiMoN. (d) EDS element mappings of
Ni, Mo, N, F, C and O in F, CO3-NiMoN.

Figure S6. XPS survey spectra of Cl-NiMoN, F-NiMoN, CO3-NiMoN and F, CO3-NiMoN.



Figure S7. CO3-NiMoN of (a) C 1s and (b) O 1s. F, CO3-NiMoN of (c) C 1s and (d) O 1s.

Figure S8. Current-potential curve of Pt wire in highly pure H2-saturated 1 M KOH aqueous

solution, used for calibration of the Ag/AgCl electrode with respect to RHE. Scan rate 1 mV s-1.

The potentials were calibrated to ERHE=EAg/AgCl+1.017≈EAg/AgCl+1.02.



Figure S9. CV plot at different scan rate of Cl-NiMoN, F-NiMoN, CO3-NiMoN and F,
CO3-NiMoN in 1 M KOH.

Figure S10. a) Chronoamperometric measurement for Cl-NiMoN and F-NiMoN. b) The LSV
curves of Cl-NiMoN and F-NiMoN before and after stability test.



Figure S11. The SEM, TEM images and STEM-EDS mappings of Cl-NiMoN after stability test in
1 M KOH.



Figure S12. CV plot at different scan rate of Cl-NiMoN, F-NiMoN, and F, CO3-NiMoN in 0.5 M
H2SO4.

Figure S13. The SEM, TEM images and STEM-EDS mappings of Cl-NiMoN after stability test in
0.5 M H2SO4.



Table S1. Comparison of the performance of metal electrocatalysts in alkaline media
(η10 indicates the overpotential at current density of 10 mA cm-2).

Electrocatalyst
η10

(mV)

Tafel slope

(mV dec-1)
Electrolyte Reference

Cl-NiMoN 19 32.1 1 M KOH This work

Co(OH)x@CoP 100 76 1 M KOH [1]

Rh2Sb NBs/C 39.5@10 40.1 1 M KOH [2]

MnCoP/NiP/NF 119.0 (η50) 61 1 M KOH [3]

RuO2-WC NPs 58@10 66 1 M KOH [4]

CoP/NPC/TF 80 50 1 M KOH [5]

Co3O4/MoS2 205 128 1 M KOH [6]

Ni2P@NC/NF 84 106 1 M KOH [7]

Rh(OH)3/CoP 13@10 24 1 M KOH [8]

CoTeNR/NF 202 115 1 M KOH [9]

MoS2/MoP/NC 151 58 1 M KOH [10]

NiFeRu-LDH 29@10 31 1 M KOH [11]

Sandwich-like

Co(S0.72Se0.28)2
106 62 1 M KOH [12]

Sandwich-like

Co(Te0.33Se0.67)2
199 131 1 M KOH [12]

CoS2–MoS2 123 86 1 M KOH [13]

Co–MoS2/Mo2CTx 112 82 1 M KOH [14]

P-Ru-CoNi-LDH 29@10 69 1 M KOH [15]

Ni2P–Co2P 93 65 1 M KOH [16]

Mo2N@NC 85 54 1 M KOH [17]

Co/CoP@HOMC 120 78 1 M KOH [18]

Co2C 73 135 1 M KOH [19]



Table S2. Comparison of the performance of metal electrocatalysts in acidic media
(η10 indicates the overpotential at current density of 10 mA cm-2).

Electrocatalyst η10

(mV)

Tafel slope

(mV dec-1)
Electrolyte Reference

Cl-NiMoN 22 59.8 0.5 M H2SO4 This work

Co2P/CoN-in-NCNT 98 57 0.5 M H2SO4 [20]

Ru@Ni-MOF 112@10 33 0.5 M H2SO4 [21]

NiCo-SAD-NC 54.7 31.5 0.5 M H2SO4 [22]

NiCo2Px 104 59.6 0.5 M H2SO4 [23]

Co-P-B/CP 172 68 0.5 M H2SO4 [24]

CoP/Co2P/Co 160 56 0.5 M H2SO4 [25]

CoP/NPC/TF 91 54 0.5 M H2SO4 [5]

PdP2@CB 30.1@10 29.5 0.5 M H2SO4 [26]

CoNiP@NF 155 115 0.5 M H2SO4 [27]

Ni2P–Co2P 172 67 0.5 M H2SO4 [16]

Co50-Mo2C 125 70.95 1 M HClO4 [28]

Co@NPC 215 70 0.5 M H2SO4 [29]

Co/NCNT/NG 123 67 0.5 M H2SO4 [30]

Co-SAC/RuO2 45 58 0.5 M H2SO4 [31]

MoS2/MoP/NC 208 62 0.5 M H2SO4 [10]

RuO2-WC 58 66 0.5 M H2SO4 [4]

Ni2P@NC/NF 68 64 0.5 M H2SO4 [7]

PtRu alloy 28@10 33.5 0.5 M H2SO4 [32]
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