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Experimental section

1.Preparation of MoxCo1-xP nanowire array on CC

The MoxCo1-x-precursor nanowire array on carbon cloth (CC) were synthesized by 

hydrothermal reaction. Typically, a piece of CC (1cm×5cm) was carefully pre-treated 

by concentrated HNO3 to remove impurity on surface, and cleaned by sonication 

sequentially in ethanol and deionized water for several times to make sure its surface 

was cleaned. Then the CC was dried at 60°C for 3 hours. To prepare Co-precursor, 

Co(NO3)2·6H2O (1.5mmol), NH4F (3mmol) and urea (5mmol) were dissolved in 35mL 

deionized water with stirring until the solution was clean. Similarly, MoxCo1-x-

precursor were prepared with the feed ratios of Mo/Co ranging from 0:10, 1:9, 2:8, 3:7 

to 4:6 and maintained the total amount of metal atom unchanged (Na2MoO4 as the 

source of Mo). Then the solution was transferred into a 50mL Teflon-lined stainless-

steel autoclave and a piece of surface-cleaned CC was immersed into the solution. After 

heating in an electric oven at 120°C for 6 hours, the CC was taken out and washed by 

deionized water and ethanol to remove surface impurities and dried overnight. 

To synthesize MoxCo1-xP/CC nanowire array, the as-prepared precursor on CC and 

3g NaH2PO2 were separated in two different porcelain boats and NaH2PO2 was put at 

the upstream side of the furnace. Then the center of the furnace was heated to 300°C 

with a rate of 2°C min-1 and held at the temperature for 120 minutes.The whole process 

was finished under a constant Ar flow. Finally, the furnace was naturally cooled down 

to room temperature with the protection of Ar.

2.Characterization

Powder X-ray diffraction (XRD, RigakuUltimaⅢ, Cu Kα radiation) was used to 

identify the phase composition of as-synthesized samples. The morphologies were 

observed by a scanning electron microscope (SEM, Hitachi, S-3400NⅡ), and more 

detailed morphology information and the elemental composition of the nanowires were 

examined by a transmission electron microscope (TEM, JEM-200CX). The X-ray 

photoelectron spectroscopy (XPS) measurements were performed on a PHI 5000 
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VersaProbe instrument with an Al Kα X-ray radiation.

3.Electrochemical measurements

All electrochemical tests were performedby an electrochemical workstation 

(CHI660E, Shanghai Chenhua). The synthesized samples were used as working 

electrode, a graphite rod was utilized as the counter electrode and a saturated calomel 

electrode (SCE) was served as the reference electrode. All measurements were 

performedin 1.0M KOH aqueous electrolyte in room temperature. All linear-sweep 

voltammograms (LSV) were testedat a scan of 2mV s-1, and the potential was converted 

by the use of equation ERHE=ESCE+0.244+0.0591×pH. The electrochemical impedance 

spectroscopy (EIS) were carried out at -0.2V (VS SEC) with the sweeping frequency 

range from 100KHz to 0.1Hz. The stability was testedby controlling potential 

electrolysis. iR-correction was made to compensate for the voltage drop between the 

reference and working electrodes by using the equation E=ERHE – i×RS.

4.Product quantification and Faraday efficiency

 The Faraday efficiency of the Mo0.25Co0.75P/CC electrocatalyst during the HER was 

calculated based on the ratio of the amount of hydrogen evolved to the theoretical 

value.The sample was estimated by a 90 minutes of electrolysis experiment at -0.1V 

(vs RHE). H2 gas was collected by an electrolyte drainage method and its amount (mol) 

was calculated using the ideal gas law.1,2,3 The theoretical value was calculated 

according to the Faraday law by assuming the 100% conversion of electron during the 

electrolysis process.

5. Calculation of turnover number (TON)

 The turnover number (TON) of the Mo0.25Co0.75P/CC electrocatalyst was estimated 

after 90 minutes of electrolysis experiment at -0.1V (vs RHE) using the equation as 

follow:

Turnover number (TON) = [the amount of H2 evolved / the amount of active centers 

of the catalyst] 4
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Here we used an electrochemical method to obtain the amount of active centers of the 

catalyst.5,6,7CV curves were tested on the sample in 1M PBS (pH=7) electrolyte.The 

surface active centers are nearly in linear relationship with the integrated voltammetric 

chargesbecause there are no obvious redox peaks can be observed.Assuming a one-

electron process for both reduction and oxidation,we can evaluate the amount of active 

centers (na) according to the follow formula:

𝑛𝑎=
𝑄
2𝐹

Here F and Q correspond to the Faraday constant and the whole charge of CV curve 

respectively. Thus, we can deduce the amount of active centers of the Mo0.25Co0.75P/CC 

electrocatalyst is close to 1.421×10-4mmol/cm2. According to the amount of H2 gas 

evolvedafter 90 minutes of electrolysis experiment at -0.1V (vs RHE) (0.4692 mmol), 

we can calculate the TON value to be 3302.

Table S1Atomic concentration of MoxCo1-xP

at.% CoP Mo0.15Co0.85P Mo0.25Co0.75P Mo0.35Co0.65P Mo0.45Co0.55P

C 59.71 94.82 81.29 78.43 90.83

Mo - 0.32 1.91 3.27 1.83

Co 22.92 2.04 5.97 5.54 2.14

P 17.37 2.82 10.83 12.76 5.20
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Figure S1 XPS spectrum of MoxCo1-xP/CC (x=0, 0.15, 0.25, 0.35 and 0.45).

Figure S2 SEM image of Mo0.25Co0.75P.
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Figure S3 SEM images of (a, c) Co-precursor and (b, d) Mo0.25Co0.75-precursor.

Figure S4 SEM images of bare CC.

Figure S5 XRD pattern of Mo0.15Co0.85P/CC, Mo0.35Co0.65P/CC and Mo0.45Co0.55P/CC.
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Table S2 Comparison of HER performance in alkaline media with other reported 

ternary non-precious metal TMPs electrocatalysts

Catalysts η10 mA cm
-2 Tafel slope Reference

Mo0.25Co0.75P/CC 59 mV 52 mV dec-1 This work

Co5Mo1.0P 

NSs/NF

173 mV 190.1 mV dec-

1

Nano Energy, 2018, 45, 448

Ni0.67Co1.33P/N-C 

NF

130 mV 70 mV dec-1 Applied Catalysis B, 

2019,244,620

NiCoP/CC 62 mV 68.2 mV dec-1 ACS Catal., 2017, 7, 4131

NiCoP NSAs 80.9 mV 68.6 mV dec-1 Nano Res., 2016, 9(8), 2251

Ni-FeP/TiN/CC 75 mV 64 mV dec-1 Nano Energy, 2018, 53, 66

Ni-Co-P HNBs 107 mV 46 mV dec-1 Energy Environ. Sci., 2018, 11, 

872

Fe-CoP/Ti 78 mV 75 mV dec-1 Adv. Mater., 2017, 29, 1602441

Mn-Co-P/Ti 76 mV 52 mV dec-1 ACS Catal., 2017, 7, 98

Mo-Ni2P NWs/NF 78 mV 109 mV dec-1 Nanoscale, 2017, 9, 16674

Ni-Co-P 150 mV 60.6 mV dec-1 Chem. Commun., 2016, 52, 

1633

Ni2P/Fe2P 121 mV 67 mV dec-1 Adv.Energy Mater., 2018, 

1800484

CoP/Ni5P4/CoP 71 mV 58 mV dec-1 Energy Environ. Sci., 2018, 11, 

2246

Ni2P/Ni3S2 80 mV 65 mV dec-1 Nano Energy, 2018, 51, 26

CoSe2|P 104 mV 31 mV dec-1 Nat. Commun. 2018, 9, 2533

S:CoP@NF 109 mV 79 mV dec-1 Nano Energy, 2018, 53, 286
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Figure S6. LSV curves for before and after 50h-stability test of Mo0.25Co0.75P/CC.

Figure S7. SEM images for Mo0.25Co0.75P/CC after durability test. The morphology of 

nanowires reminds similar to that of Mo0.25Co0.75P/CC before test.

Figure S8. XRDpattern for Mo0.25Co0.75P/CC after durability test. The phase 

composition of nanowires was still retained after test.
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Figure S9. TEM images of Mo0.25Co0.75P after durability test. The morphology and the 

crystal phase of the nanowire were consistent with the SEM and XRD analyses.

Figure S10. (a) XPSspectrumof Mo0.25Co0.75P/CC after durability test and (b) Co 2p, 

(c) Mo 3d and (d) P 2p.The chemical states of nanowires were still retained after test.

Figure S11. Faraday efficiency of Mo0.25Co0.75P/CC for HER.
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Figure S12. CV curves of Mo0.25Co0.75P/CC in 1M PBS (pH=7) with the scan rate of 

50 mV s-1.

Computational details:

Density functional theory calculations were done using the projector-augmented 

wave method and a plane-wave basis set as implemented in the Vienna Ab initio 

Simulation Package (VASP).8,9 The valence configurations were treated as 1s1 for H, 

3s23p3 for P, 3d84s1 for Co, 4d55s1 for Mo, and 5d96s1 for Pt. The Bayesian Error 

Estimation Functional with van der Waals correlation (BEEF–vdW) was employed.10 

The cutoff energy for plane-wave basis functions was 550 eV. The bulk lattice 

parameters of CoP and Pt were fully optimized based on experimental data (CoP 

PDF#29-0497, Pt PDF# 4-802). By substituting Co atoms with Mo atoms within 16-

atoms supercells of CoP, the bulk structures of MoxCo1-xP (x = 0.125, 0.250, 0.375, 

0.500) were generated via the Special Quasirandom Structures (SQS) method, which 

has been widely used to determine the atomic distributions in solid solutions.11 Based 

on the optimized structural parameters, we constructed periodic surface slabs including 

(100), (010), (001), (110), (101), (011), (111) for CoP, (011) and (101) for MoxCo1-xP, 

and (111) for Pt. In construction of the surface slabs of CoP, both Co and P terminations 

were carefully considered. For periodic slab calculations, slabs of six to ten Co/Mo or 

Pt layers were separated by at least 16 Å of vacuum. All atomic positions of the slabs 

were allowed to relax in surface energy calculations, and only atomic positions within 



12

the top three layers of the slabs were allowed to relax in hydrogen binding energy 

calculations. All calculations were done in -centered Monkhorst–Pack k-point meshes 

with a reciprocal-space resolution of 0.15 Ǻ-1. The energy convergence was 10-5 eV and 

the force convergence 0.01 eV/Å.

The surface energy is defined as  = (Eslab-Ebulk)/2A, where Eslab is the total energy 

of the relaxed slab, Ebulk the total energy of the bulk, and A the area of surface unit 

cell.12The equilibrium morphology of CoP is determined from the calculated surface 

energies via Wulff construction.12

As is known, catalytic activity of the material is determined by the binding energies 

of the reaction intermediates to the active sites of the catalyst. In the hydrogen evolution 

reaction, only H* intermediate is involved. To estimate the free energies of hydrogen 

adsorption GH at zero potential and pH = 0, we calculated the binding energies EH 

of H* intermediate and corrected them with zero point energy (ZPE) and entropy (TS) 

using GH = EH + ZPETS.6Here, EH and GH are calculated with respect to 

H2(g).

Figure S13Side view of the relaxed geometric structures of the 22 CoP (101) 

surface terminated with (a) phosphorus and (b) cobalt.
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Table S3. The calculated surface energy  for low-index surfaces of CoP and the 

corresponding facets' contribution  to total surface region of the equilibrium 

morphology.

Surface (100) (010) (001) (110

)

(101) (011) (111)

 (J/m2) 2.03 1.55 1.53 1.75 1.33 1.11 1.42

 (%) 0.00 3.63 0.00 0.00 25.24 46.52 24.61

Figure S14. Equilibrium morphology of CoP.
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Figure S15. The calculated lattice parameters a, b, and c of bulk MoxCo1-xP.
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