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Experimental details
Characterization

Powder X-ray diffraction (PXRD) was performed at room temperature on a PANalytical Empyrean
series 3 diffractometer equipped with Cu Ka radiation (A = 1.540598 A), operating at 45 kV and 40 mA
and on a diffracted-beam graphite monochromator in scanning mode (step = 0.01313° 26). The electron
paramagnetic resonance spectrometry (EPR) was carried using a Bruker EMX plus-6/1 spectrometer at
room temperature. The Raman spectra was collected on a micro-Raman spectrometer (HORIBA HR
Evolution) using a 532 nm laser as the excitation source. The morphology of sample was imaged by
scanning electron microscopy (SEM, Hitachi S-4800) and high-resolution transmission electron
microscopy (HRTEM, JEM-2200FS, JEOL). The selected area electron diffraction (SAED) and the
component analysis were performed by field-emission transmission electron microscope equipped with
an energy-dispersive X-ray spectroscopy (EDS) analyzer. The X-ray photoelectron spectroscopy (XPS)
spectra were acquired from an X-ray photoelectron spectrophotometer (Thermo Scientific K-Alpha)
using Al Ka radiation source (hv = 1486.6 ¢V). The hydrogen temperature-programmed desorption (H»-
TPD) measurement was carried out by using Micromeritics AutoChem Il 2920, USA. Typically, 50 mg
sample was treated at 50 °C in 10 % H/Ar mixed gas for 1 h to reach the H» saturation. Then the
sample was cleaned by Ar gas at 50 °C for 30 min to remove weakly adsorbed H> on the sample surface,
and finally heated from 50 to 800 °C (10 °C/min of heating rate) in Ar atmosphere for desorption.
Electrochemical measurements

All the electrochemical measurements were performed on a CHI 660E electro-chemistry
workstation (CH, Shanghai, China) with a standard three-electrode setup using Ag/AgCl as the
reference electrode, a graphite rod as the counter electrode, and a clean glassy carbon electrode (GCE)
coated with drop-cast catalysts as the working electrode. To prepare working electrode, 5 mg of the as-
prepared catalysts and 5 pL 5 wt % Nafion solutions were ultrasonically dispersed in DI water-ethanol
solution (450 puL+545 pL) to form a homogeneous catalyst ink. Then 10 pL catalyst ink was drop-

casted onto GCE with a geometric area of 0.1256 cm?. The loading amount of catalyst was calculated to



be 398 pg/cm?. All the measurements were performed in a No-saturated 0.5 M H,SO4 aqueous solution.
HER polarization curves were obtained by the linear sweep voltammetry (LSV) with a scan rate of 5
mV/s, which were recorded on a rotating disk electrode (RDE) with constant rotation speeds of 1600
rpm to eliminate the bubbles. The Tafel plots were derived from the corresponding LSV curves based
on the Tafel equation. The electrochemical impedance spectra (EIS) were obtained over a frequency
range from 10° to 0.1 Hz. The electrochemical double-layer capacitance (Cai) was performed from the
cyclic voltammetry curves (CV) within non-Faradaic region, with the scan rate from 20 to 200 mV/s.
The electrochemical stability of the catalyst was evaluated by cycling the electrodes for 3000thth times.
All the potentials reported in this work were calibrated against and converted to the reversible hydrogen
electrode (RHE) after iR-corrected: E (RHE) = E (Ag/AgCI) + 0.0591 x pH + 0.197.
Theoretical calculations

The first-principle calculations were carried out using ab initio density functional theory (DFT) as
implemented in the VASP codes,* where Perdew—Burke—Ernzerhof (PBE) exchange and correlation
functional form of the generalized gradient approximation (GGA) were utilized.? The plane-wave cutoff
energy was fixed at 450 eV. The energy convergence between two consecutive self-consistent steps was
set to 107° eV. The atomic positions and lattice parameters were optimized, until the total force acting
on each atom (Hellman-Feynman forces) was lower than 0.01 eV/A. The crystal structure of 3R-NbS;
was taken from the ICSD database. The crystal structure of CuosNbS2 from Rietveld refinement result
was modified according to the experimental results to obtain the calculation model of Cuo.4NbS2.5. The
optimized lattice parameters of all materials were taken from the experimental results. Monkhorst-Pack
k-points of 6x6x1 was applied for all the surface calculations. A thickness of vacuum was adopted as 15
A along z-axis. The Gibbs free energy change (AGu+) for HER was calculated according to this
formula: AGn« = AEn» + AEzpe — TAS, where AEn+ is the hydrogen adsorption energy, AEn+ =
Esurface+H*) — Esurtace — 1/2 Enz, Esurface+t+) and Esurface are overall energy of the surface model with and

without H* adsorption, respectively; AEzpe is the zero-point energy difference that obtained by



vibrational frequency calculation; AS is the entropy difference between the adsorbed state and the gas

phase, and T is the system temperature (298.15 K in this work).



Solid-state
reaction

Solid phase
reduction

- @ Cu, Nb and S powders

Fig. S1 Schematic diagram of the synthesis process of CuosNbSz and CuosNbSz5 polycrystalline

samples.



oMb L ] )] ,  X=08

A b ), Xx=07
L X=0.65
e X=0.5
4 A. A F s X=0.4
N X=0.3

Gow . 4 L X=0.2

|
+ I . o X=0111 (002)
|

|
0

Intensity (a.u.)

_(104), - (015) . X=0.05

X011 (003)
E‘lb.SZZPDF#38-1 367

AA A

RS

L1 [ | 1
20 30 40 50 60 70 13.5 15.0

20 (degree)

Fig. S2 The XRD patterns of CuxNbS> (x =0, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.65, 0.7 and 0.8). The right

part shows the enlarged (002)/(003) diffraction peaks of the samples.
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Fig. S3 Rietveld refinement of the PXRD pattern of Cuo.1NbS,.
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Fig. S4 Rietveld refinement of the PXRD pattern of Cuo4NbS;.
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Fig. S6 Raman spectra of 3R-NbS>, Cuo.1NbS2 and Cuo.4NbS,. The spectra of 3R-NbS; and Cuo4NbS;

were also used in the main text in Fig. 1d.
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Fig. S7 Full XPS spectra of 3R-NbS;, Cuo.4NbS> and CuosNbSz.s.
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Fig. S8 The SEM images of (a) NbSz and (b) Cuo.sNbSa.
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Fig. S9 The SEM images of Cuo4NDbS: (a) before and (b) after SPR.
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Fig. S10 (a) The SEM image and the elemental mapping of NbSy; (b) The EDS results of NbSy; (c) the

SEM image and the elemental mapping of Cuo.4NbSz; (d) The EDS results of Cuo4NbS..
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Fig. S11 (a) The TEM image of CuosNbS; (b) The corresponding SAED pattern; (¢) The HRTEM

images of Cuo.4NbSo.
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Fig. S22 The SEM image of Cuo.4NbS>-; after 3000th cycles.
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Fig. S23 The TEM images of Cuo.4NbS,-5 after 3000th cycles.
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Fig. S24 The single layer models of NbSz, Cuo.1NbS;z, Cuo.4NbS2 and Cuo4NbS2-5 for calculation.
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Table S1 The lattice parameters of Cuo.1NbS; and Cuo4NbS, from Rietveld refinements.

Sample Cuo.1NbS; Cuo.4NbS;

Space Group P6s/mmc (No. 194) P6s/mmc (No. 194)

a(A) 3.3278 3.3460

b (A) 3.3278 3.3460

c(A) 12.0511 13.0601

o (°) 90 90

B (°) 90 90

v ©) 120 120
Volume (A3) 115.57848 126.62550
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Table S2 Normalized atomic ratios in Cuo4NbSy-; as determined by XPS.

Sample S/Nb ratio Cu/Nb ratio
Cuo.4NDbS-5-1 1.86 0.43
Cuo4NbS;.5-2 1.83 0.46
Cuo4NDbS>5-3 1.78 0.48

Table S3 Comparison of HER activity for Cuo.4NbS2-s with other reported NbSz-based electrocatalysts.

S (mV) Tafel El 1 Ref.
ample N (mV ectrolyte ef.
(mV dec™) Y
Cu0.4NbS2-5 153 114.55 0.5M H2S04 This work
P-Se-NbS: 363 116.7 0.5M H»SO4 3
Electrochemical exfoliated
236 125 0.5M H,SOq4 4
NbS2
Li-TFSI-treated NbS: 310 - 0.5M H»SO4 >
MoSx@NbS: 164 43.2 0.5M H2SO04 6
NbS2/rGO 500 72 0.5M H2S04 7
H-NbS; 50 30 0.5M H,SOq4 8
NbS: 900 133 0.5M H»SO4 ?
NbS2/Si Nanowire
140 30 0.5M HCI104 10
Heterojunction
Pdo.23NbS2 157 50 0.5M H>SO4 1
NbS:2-Ppy-1 210 54 0.5M H2S04 12
Mechanically exfoliated
188 99 0.5M H>S04 13

NbS:2
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Table S4 The AGy+ of different sites in Cug.4NbS;.

Site AGh~+ (eV)
Shasal plane 0.455

Cul 2.299

Cu2 2.191
Interlayer 2.547
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