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1. Experimental section

Materials

All the chemicals were used as received without further purification. Ammonium
metatungstate hydrate ((NH4)sH2W12040-xH20) (STREM chemicals), Selenium powder
(Se) (Acros organics), Nickel (ll) acetylacetonate (Acros organics), lron (lll)
acetylacetonate (STREM Chemicals Inc.), Cobalt (Il) 2,4-pentanedionate (Alfa Aesar),
Sodium Niobate (Acros organics), Zirconium (IV) chloride (Aldrich), Oleylamine
(Aldrich) and 1-Octadecene (Aldrich) with (Purity 99.9 %). The water used for washing
was de-ionized water (DW) that was passed through a Milli-Q column by Millipore,
with final resistance of 18.2 MQ cm.



Synthesis of pristine and doped WSe; catalyst

Pristine WSe; was synthesized by simple colloidal method. All the reactions were
performed using standard Schlenk line technique. At first, ODE-Se precursor was
prepared in a 100 mL three neck round bottom (RB) flask by adding 1 mmol selenium
powder (79 mg) in 20 mL ODE. The mixture was degassed under vacuum at 110 °C for
30 min, then the vacuum was stopped and the RB flask was backfilled with N> gas,
heated to 200 °C and maintained at this temperature for 2 hrs to obtain light-yellow
coloured Se-ODE precursor solution. Further, in another 100 mL three-neck RB flask,
0.2 mmol of ammonium metatungstate hydrate ((NHa)sH2W12040-xH20) were mixed
with 20 mL of oleylamine. The mixture was degassed under vacuum at 110 °C for 30
min until a clear solution was obtained. Then the RB was backfilled with N, gas and 0.4
mmol of Se-ODE precursor solution (8 mL) were added dropwise using a syringe pump
with constant stirring. The total volume of the reaction mixture was 28 mL. Further,
the reaction temperature was slowly increased to 300°C at 5 °C/min rate and
maintained for the next 3 hours. After completion of the reaction, the heating mantle
was removed and the reaction mixture was allowed to cool naturally. The final product
was collected by centrifuging and washing twice with toluene, ethanol and acetone
followed by vacuum drying. The dried powder sample was annealed under N
atmosphere at 250 °C for 3 hours in order to remove the ligands and increase the
crystallinity. Doped WSe; samples were synthesized by the same procedure except for
substitution with the doping element in the desired ratio.

Electrode preparation and Electrochemical HER Measurements

Ink for the working electrodes was prepared by dispersing 2 mg of the catalyst and 1
mg Vulcan carbon black in 550 pl of Nafion solution (prepared by mixing of 2000 pl water, 500
ul ethanol and 150 pl Nafion solution (5%)). The ink was homogenized by bath ultra-sonication
for 2 min followed by probe sonication (QSONICA 125 W probe sonicator) at 40% amplitude
in an interval mode of 15:5 seconds on:off cycle for additional 5 min. 3 mm glassy carbon (GC)
working electrode was polished to a mirror-like finish using alumina slurry and then 20 pl of
the homogeneous ink was drop casted onto the GC electrode to form a final loading of ~1 mg
cm™ and kept overnight. Standard three electrode system was used for all the
electrochemical measurements. Graphite rod, saturated Ag/AgCl and glassy carbon electrode
coated with the WSe; catalyst were used as the counter, reference and working electrodes,
respectively. Polarization curves were recorded on an Ivium Technology Vertex
Potentiostat/Galvanostat (V74606) and analyzed using the Ivium Soft program. The
electrochemical HER measurements were performed in Argon-saturated 0.5 M H;SO40r 0.5
M KOH solutions at room temperature. The electrolyte was bubbled with Ar gas for 15
minutes prior to the measurements in order to remove dissolved gases from the solution.
Each electrode was pre-treated with 12 cyclic voltammetry (CV) cycles between 0V to-0.7 V
(vs. RHE) at a scan rate of 100 mV S. Polarization curves were recorded at a scan rate of 10

mV s~ over the same potential range. During the electrochemical measurements the head



space of the cell was continuously purged with Ar gas. All measurements were referred to the
reversible hydrogen electrode (RHE) by using the relationship: Erue) = E(ag/agal) + E° (ag/ngc)) +
0.059V x pH. To characterize the materials directly before and after the catalytic reaction, we
prepared another set of electrodes without carbon black (which complicates the analysis).
The new set of electrodes was prepared by dispersing 3 mg of 10% Ni-WSe; in 300 ul of the
following solution: 2000 pl water, 500 pl ethanol and 150 pl Nafion solution (5%). The
electrodes were cycled for 3000 continuous CV cycles (from 0 to -0.3 V RHE) in both acidic
and alkaline media.

Materials Characterization

The crystallographic phase of the sample was identified by Panalytical Empyrean
powder X-ray diffractometer equipped with a position-sensitive X'Celerator detector using Cu
Ka radiation (A = 1.5405 A) operated at 40 kV and 30 mA. The surface morphologies of the
synthesized sample were investigated by JEOL JSM-7400F ultrahigh resolution cold FEG-SEM.
The sample for SEM was prepared by dispersing the powder in ethanol, followed by sonication
in an ultrasonic bath for 1 min and then drop-casting the dispersion on a silicon wafer. The
images were recorded at 2 kV acceleration voltage at 3—4 mm sample distance. High-
resolution transmission electron microscopy (HRTEM) images were acquired on a 200 kV JEOL
2100F instrument. Samples were prepared by dispersing the powder in ethanol, followed by
sonication in an ultrasonic bath for 2 min. and then drop-casting the dispersion on a carbon
coated copper grid and by subsequent drying in a vacuum. XPS data were collected using an
X-ray photoelectron spectrometer ESCALAB 250 ultrahigh vacuum (1 x 10~° bar) apparatus
with an Al Ka X-ray source and a monochromator. Room temperature Raman spectroscopy
were performed using a LabRAM HR Evolution Raman spectrometer with a laser wavelength
of 532 nm in the back-scattering geometry laser power on the sample was 5 mW with a laser
spot size 2 um.

TEM Microscopy

High-resolution transmission electron microscopy images and analytical data were
recorded in a double aberration-corrected Themis Z microscope (Thermo Fisher Scientific
Electron Microscopy Solutions, Hillsboro, USA) equipped with a high-brightness FEG.
Accelerating voltages of 200 kV, 80 kV and 40 kV were used. Aberration-corrected TEM images
were recorded on a Gatan OneView CMOS camera (Gatan Inc., Pleasanton, USA). High-angle-
annular dark-field (HAADF) scanning transmission electron microscopy (STEM) images were
recorded with a Fischione Model 3000 detector with a semi-convergence angle of 30 mrad, a
probe current of typically 50 pA, and an inner collection angle of 70.0 mrad. EDS hyperspectral
data were obtained with a Super-X G2 four-segment SDD detector with a probe semi-
convergence angle of 30 mrad, a beam current of approximately 200 pA. The EDS
hyperspectral data were quantified with the Velox software (Thermo Fisher Scientific Electron
Microscopy Solutions, Hillsboro, USA), through background subtraction and spectrum
deconvolution.



EEL maps were recorded on a Gatan Quantum GIF 966ERS energy loss spectrometer
(Gatan Inc., Pleasanton, USA) with an Ultrascan1000 CCD camera. The EEL maps were
recorded with a STEM probe with a semi-convergence angle of 30 mrad and a beam current
of 100 pA. The outer semi-collection angle of the spectrometer was 50 mrad.
DigitalMicrograph (Gatan Inc., Pleasanton, USA) was used for the quantification of the EEL
maps.

Computational Details

Quantum-chemical calculations were performed within the DFT approach as
implemented in SIESTA 4.0 package.! Generalized Gradient Approximation (GGA) in the
Perdew-Burke-Ernzerhof (PBE) parametrization was used for description of exchange-
correlation potential. The core electrons were treated within the frozen core approximation,
applying norm-conserving Troullier—Martins pseudopotentials.? The valence shells were
taken as 5d56s16p0 for W, 3d84s524p0 for Ni, 4s24p4 for Se and 1s1 for H. The double-{ basis
set was used for description of valence orbitals. A cutoff of 15 A was used for k-point
sampling.? The k-point mesh was generated by the method of Monkhorst and Pack. The real-
space grid used for the numerical integrations was set to correspond to the energy cutoff of
300 Ry. The calculations were performed using variable-cell and atomic position relaxations,
with convergence criteria corresponding to the maximum residual stress of 0.1 GPa for each
component of the stress tensor, and the maximum residual force component of 0.05 eV/A. A
vacuum region of 20 A was introduced along the out-of-plane direction to eliminate
spurious interactions among periodic images of 2D-structures or along all three directions
for individual molecules. The 4x4 supercells for both WSe;- and NiSe-based substrates
were employed as the main models for the studies of Ni alloying, NiSe deposition and H
adsorption.
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Figure S1. TEM images of: Pristine WSe; (a), 3% Ni doped WSe; (b) 5% Ni doped WSe; (c),
10% Ni doped WSe; (d).
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Figure S2. XRD pattern of NisSe;-NiSe sample synthesized at identical conditions, the
Rhombohedral NisSe; peaks indicated by # and hexagonal NiSe indicated by *.



Table S1: Peak area obtained for W, Se and Ni from X-ray photoelectron spectroscopy

Pristine WSe; 3% Ni-WSe; 5% Ni-WSe; 10% Ni-WSe:
(Peak Area) (Peak Area) (Peak Area) (Peak Area)

4f72 32.05 32.10 32.26 32.34

4fs), 34.15 34.16 34.36 34.44

" 4f72 35.76 35.68 35.82 35.90
4fs)n 37.86 37.78 37.92 38.00

3d5/2 54.33 54.37 54.52 54.59

>¢ 3d3/2 55.13 55.17 55.31 55.39
Ni 2P 854.61 854.61
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Figure S3. Deconvoluted X-ray photoelectron spectra of (a,) W 4f and (b) se 3d for pristine
WSe;, (c) W 4f and (d) se 3d for 3 % Ni-doped WSe;, (e) W 4f and (f) se 3d for 5 % Ni-doped
WSe;, (g) W 4f and (h) se 3d for 10 % Ni-doped WSe; sample.
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Figure S4. X-ray photoelectron spectra of O 1s for pristine WSe3, 3 %, 5 % and 10 % Ni-
doped WSe;.
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Figure S5 (a) HER polarization curves at high current densities of the pristine WSe; along
with 3%, 5 % and 10 % Ni-doped WSe; sample in 0.5 M H,SOa.



Table S2: Electrochemical HER performance of present work along with previous reports.

No. | Sample Electrolyte Over Tafel slope Ref
Potential (mV'dec?)
(V),nat 10
mA cm?
1 WSe; Nanosheets 0.5 M H3S04 -0.760 4
2 WSe; 0.5 M H3S04 -0.850 176
3 V-doped WSe; 0.5 M H,504 -0.750 113 s
4 Nb-doped WSe> 0.5 M H,S504 -0.750 124
5 Ta-doped WSe; 0.5 M H3S0q4 -0.750 136
WSe; Nanotube supported
6 ) 1 M H3S0q4 -0.350 99 6
on carbon fibers
2D Nanosheets supported
7 ] 0.5 M H,S04 -0.300 77.4 7
on carbon fibers
Exfoliated WSe;
8 0.5 M H,S04 -0.800 120 8
Nanosheets
9 WSe; nanostructure 0.5 M HxSO4 -0.307 126 9
10 WSe»/rGO 0.5 M H3S04 -0.180 64 10
11 Ni-doped WSe; petalled 0.5 M H2S04 -0.259 86 Present
nanostructures 0.5 M KOH -0.215 109 Work
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Figure S6. Comparison of the catalytic activity towards HER of the 10 % and 20% Ni-doped
WSe; in 0.5 M KOH.
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Figure S7. Functional Stability test of 10 % Ni-doped WSe; sample in 0.5 M KOH

Figure S8. SEM images of 10% Ni-WSe, sample: (a,b) before stability study (c,d) after
stability performed in 0.5 M H,SO4 (e,f) after stability performed in 0.5 M KOH.
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Figure S9. X-ray photoelectron spectra of W 4f for 10 % Ni-doped WSe; before the stability
study and after the stability in acid and alkaline media.
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Figure S10. (a) EIS measurements of Pristine WSe; (b) EIS measurements of 3 % Ni-Wse; (c)
EIS measurement of 10 % Ni doped Wse; and (d) Tafel analysis from the Nyquist plots of
impedance data of pristine WSe», 3% Ni-WSe2 and 10 % Ni-Wsea.
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Figure S11. (a-c) Cyclic voltammograms measured in non-faradaic potential region of 0.10 to
-0.10 V vs. RHE at various scan rates for Pristine WSe; and in the region of 0.0 to -0.20 V vs.
RHE for 3% and 10% Ni-WSe; (d) the corresponding linear fitting of the capacitive currents
(the difference between anodic and cathodic currents, Aj ) vs. scan rates to estimate the
double layer capacitance (Cq) for pristine WSe;, 3% and 10% Ni-WSe;.

The measured capacitance values of the samples can be converted into electrochemical
active surface area (ECSA) using a specific capacitance of flat standard with 1cm? of real
surface area. By taking the specific capacitance value Cs for an ideally flat standard electrode
into account, Cs= 0.040 mF cm™, one can calculate ECSA = CdI/Cs.

Specific Capacitance (mF cm 2
Ecsa = P p ( )

0.04 mF cmii,
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Table S3. Formation energies AE for different models of Ni-WSe; nanostructures and single
H-atom adsorption energies AGn (according to equation 1 with correction +0.24 eV
according to ref °). DFT calculations.

Description of the
model

DFT-optimized structure

Formation energy AE,
eV/Ni-atom

Corrected hydrogen
adsorption energy
AGy, eV/H-atom

single layer WSe;

+0.33 (per WSe3)
+34.9 meV/A2

+2.49

intercalation by single

vacancy

+10. -

Ni-atom 0.80

mtercal.atlon by three- +5.85 i

atom Ni-cluster

intercalation by single

Ni-atom + single W- +11.65 -

atom vacancy

intercalation by three-

atom Ni-cluster + three +5.37 -
W-atom vacancies

doping by single Ni- +7.48 +0.09 (onto Se-Ni)
atom ) +1.28 (onto Se-W)
dC_JIOmg by three-atom W) +2.92 )
Ni-cluster v O @ ;v

doping by single Ni-

atom + single Se-atom ) +9.02 -
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doping by three-atom
Ni-cluster + three Se-
atom vacancies

+3.96

NiSe; layer (complete
substitution of W in
WSe; layer)

+0.87

chemisorption of NisSe
cluster

+5.10

+1.29 (onto Se-Ni)
+1.91 (onto Se-W)

chemisorption of NiSes
cluster

+7.79

chemisorption of NisSes
cluster

+3.92

-0.30 (onto Se-Ni)
+1.97 (onto Se-W)

chemisorption of NisSee
cluster

.
QHKIKK

+3.84

-0.78 (onto Se(1)-Ni)
-0.22 (onto Se(2)-Ni)
+1.82 (onto Se-W)

NiSe single layer grafted
onto WSe; single layer

TYIEYY

v U W WY U e

+1.09

-1.25 (onto Se-Ni)
+2.06 (onto Se-W)

two NiSe single layers
grafted onto WSe;
single layer

‘“vﬁmwrw

%MM

+0.92

-0.24

NiSe single layer grafted
onto WSe; single layer
(2ax2a reconstruction)

Y Y
HIKKX,

+0.99

+0.24 (onto Se-Ni)
+0.21 (onto Se-Ni)
+2.09 (onto Se-W)
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NiSe single layer grafted

+1.66 (onto Se-Ni)
+0.21 (onto Se-Ni)

to W ingle | .

(322 fﬁéi&'liiiéir) o +0.72 (onto Se-Ni)
+2.04 (onto Se-W)

erzfisg L:)tr)ultil\j\»//:; +0.69 +0.91 (onto Se-Ni)

g_ 2 ’ +2.10 (onto Se-W)

single layer

slab(001) Se(NiSe)2 -0.36 +0.17

non-polar Se-saturated -31.9 meV/,&2 )

slab(001) Se(NiSe)s -0.33 +0.08

non-polar Se-saturated

-43.8 meV/A2

slab(001) (NiSe)
polar non-saturated

+1.03

+91.1 meV/A2

-1.18 (onto Se)
-0.45 (onto Ni)

slab(001) (NiSe)s
polar non-saturated

+0.68

+90.7 meV/A2

slab(100) (NiSe)s
non-polar non-
saturated

’o ‘t.o:gzc\_o'
m-'g*qu-.

+1.02

+142.1 meV/A?

+0.25

Table S4. Elemental composition of pristine and doped WSe; by SEM EDS.

Pristine WSe; 3% Ni-WSe3 5% Ni-WSe3 10% Ni-WSe>
At% of Se 29.7 36.3 37.5 38.8
At% of W 15.8 16.9 18.0 17.9
At% of Ni 1.0 1.3 2.0
Overall . . .
- WSe; (Nio.osWo.95)Sez.1 | (Nio.o7Wo.93)Se2 | (Nio.11Wo.g9)Se2
stoichiometry
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Figure S12. Electronic densities-of-states (DOS) and band structure for pristine WSe; monolayer. DFT
calculations.
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