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Sustainable hydrogen generation is a necessity for implementing the hydrogen economy of the future.
In recent decades, the electrocatalytic hydrogen evolution reaction (HER) has attracted researchers’
interest as a key to understanding the mechanism of water electrolysis. Due to the sluggish kinetics of
the hydrogen evolution reaction (HER) in alkaline environments, the development of an effective non-
noble electrocatalyst for hydrogen generation is crucial but challenging. Herein, the heterostructure of
NizS,—NisN was prepared by a three-step synthesis procedure that consists of the formation of NizS, on
NF, the electrodeposition of Ni(OH), over NizS, and nitridation in the presence of ammonia. The inter-
face formation between NizS, and NisN was successfully characterized using HRTEM analysis. The HER
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performance of the catalyst containing a NizS,—NizN interface was found to be superior to that of indivi-
dual NisS; and NisN phases. An overpotential of 96 mV was obtained for the NizS,—NisN heterostruc-
tured catalyst at a current density of 10 mA cm™2 with a Tafel slope value of 135 mV dec™. The catalyst
was stable for 70 h with no loss under high current densities. This study offers a facile and dependable
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Introduction

Hydrogen, as a sustainable and clean source of energy with a
high energy density, has received a lot of attention in recent
decades, and it is often regarded as the most viable replace-
ment for conventional fossil fuels. Traditional processes such
as catalytic decomposition of natural gas, steam reforming of
natural gas, and thermal decomposition of heavy crude are
well-established technologies that are already implemented."?
However, owing to huge carbon dioxide emission, exploration
of carbon-neutral strategies has been given utmost importance.
The generation of green hydrogen in a sustainable path is one
of the prime objectives in the recent energy research. In this
regard, electrocatalytic water splitting can be a potential tech-
nique, which can yield hydrogen using renewable energies.*”
The ideal HER catalysts are considered to be the platinum-
group (Pt and Ir)-metals and their composites. However, there
is a dearth of availability of such metals making them highly
expensive and thus limiting their widespread use.® As a result,
finding effective, inexpensive, and stable catalysts to meet the
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synthetic method for the rational design of extremely potent HER electrocatalysts in alkaline media.

ever-increasing hydrogen demand is critical. In order to develop
an alternative for the noble metal electrocatalysts, researchers
have conducted extensive studies on non-noble metal com-
pounds such as phosphides,”** sulphides,"*® oxides'”*° and
nitrides.>>* Because of its remarkable catalytic efficiency and
minimal cost, transition metal nickel (Ni) has drawn consider-
able attention for energy conversion reactions.**** Specifically,
Ni3N has received a lot of attention because of its outstanding
electrical conductivity. Recent theoretical and experimental
results suggest that NizN possesses a high binding affinity for
the adsorbates (atomic hydrogen, protons, or water molecules).”®
Theoretical investigations also indicated that Ni3N is intrinsically
metallic and the carrier concentration and the electrical conduc-
tivity can be further improved when dimensional confinement is
imposed.?” Moreover, the disordered structure of atomically thin
nanosheets could provide more active sites and intimate contact
with support electrodes. Hence, substantial work needs to be
done in the nano-structuring of Niz;N materials for achieving a
low overpotential, high stability and optimum hydrogen adsorp-
tion energy to enhance the HER performance of nickel nitrides
under alkaline conditions. In one such report, Gao et al. formed
Ni(OH),-Ni;N nanoarrays on a titanium mesh as a 3-D electrode
for alkaline hydrogen evolution reaction. This heterointerface
formation greatly enhances the HER performance of Ni(OH), and
NizN individual electrodes.”® In another work, Wang et al. tre-
mendously enhanced the HER performance of a NizN electrode
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Scheme 1 The synthesis strategy of the NisS,—NisN/NF catalyst.

by Co-doping. Doping of Co into NizN nanosheets enhances the
redistribution of electrons and optimizes the water absorption
energies.”® Similarly, Ni;S, exhibits superior conductivity and
metallic behaviour due to the abundant Ni-Ni bonds.
Typically,>**' Ni;S, exhibits significant hydrogen (H*) adsorp-
tion on Ni-S and Ni-Ni sites but desorption of this intermediate
(H*) on these active sites is not promising.>> Numerous con-
trolled strategies have been developed to address this issue,
such as enhancing the inherent conductivity via atomic
doping,* providing extra catalytically active sites by altering the
morphology,®® or lowering the energy barrier by designing a
heterostructure with other HER active materials.*>” However,
heterostructure formation is one of the best ways to create a
potential catalyst. In addition to integrating the benefits of
individual components, the heterostructured catalysts also exhibit
synergistic effects between these individual components to further
lower the kinetic energy barriers of the catalytic reaction.*® Herein,
we have fabricated the heterostructures of Ni;S,~Niz;N for the
alkaline hydrogen evolution reaction (Scheme 1). The heterostruc-
ture of Ni3S,-NizN was prepared by a three-step synthesis proce-
dure that consists of the formation of Ni;S, on NF after which the
electrodeposition of Ni(OH), over NisS, is followed by nitridation
in the presence of ammonia. We obtained an overpotential of
96 mV for NizS,-Niz;N heterostructure nanosheets at a current
density of 10 mA cm > with a Tafel slope value of 136 mV dec .
The catalyst was stable for 70 h with no significant loss of current
density. The enhancement in the catalytic activity of Ni;S,~Ni;N
was explained using X-ray photoelectron spectroscopy (XPS) inves-
tigations. The charge transfer from Ni;N to Ni;S, enhances the
availability of electrons on the surface of Ni;S,. This increase in the
charge density on Ni;S, further enhances the overall HER process
by availing more electrons for the intermediate adsorption (H").

Experimental section
Materials

Most of the chemicals were purchased from two reputed
chemical companies and were used directly. Nafion perfluori-
nated resin solution (5 wt% in a mixture of a lower aliphatic
alcohol and water, containing 45% water), nickel(u) nitrate
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hexahydtate (Ni(NO3),-6H,0, 99%) and thiourea (CH4N,S) were
bought from Sigma Aldrich. TCI supplied potassium hydroxide
pellets. Deionized water was used for all preparations. Nickel
foam (NF) was purchased from Nanoshel.

Synthesis of Ni3S,/NF

NF was ultrasonically cleaned in 3M HCI solution, acetone, and
DI water for 20 minutes to remove surface grime and oxide
coatings. The washed NF was sliced into tiny pieces with a
1 cm x 1.2 cm cross section. After that, the cleaned NF substrate
was put into a Teflon-lined autoclave (50 ml) containing 0.5 mmol
of nickel nitrate (Ni(NO3),-6H,0, 99%) and 0.3 mmol of thiourea
(CH4N,S) and 20 ml of DI water. The autoclave was then sealed and
gradually heated to 160 °C and heating was continued for 20 hours.
After the hydrothermal reaction, the light-brown coloured NisS,
was isolated and washed several times with DI water and ethanol to
remove any remaining impurities, then dried overnight in an air
oven at 80 °C.

Synthesis of Ni;S,-Ni(OH),

A CHI 760E Electrochemical Workstation was used to conduct the
electrodeposition, which featured a three-electrode cell with satu-
rated Ag/AgCl as the reference electrode, a graphitic rod as the
counter electrode, and Ni;S,@NF used as the working electrode.
The electrolyte used in the experiments was 0.1 M Ni(NO3),-6H,O
aqueous solution unless otherwise mentioned. All of the electro-
deposition tests were done at a constant voltage of —0.7 V vs.
Ag/AgCl electrode. The Ni(OH), film was grown over Ni;S,@NF.
The catalyst was dried at 60 °C to form Ni;S,@Ni(OH),.

Synthesis of Ni;S,-NizN

The as obtained NizS,~Ni(OH), electrode was kept in a tube
furnace at 350 °C for 2 h under high purity NH; flow. After
cooling down the sample, nanostructures of Ni;S,-Ni;N were
formed over nickel foam and used for the electrocatalysis. For
comparison, pure Niz;N was prepared by the nitridation of a
Ni(OH),/NF electrode under similar experimental conditions.

Physical characterization

A Bruker Eco D8 ADVANCE X Powder X-ray diffractometer was
used to investigate the structural properties of Ni;S,-NizN, Ni;S,
and NizN. The diffractometer uses a Ni filter that provides Cu K
radiation (= 1.54056, 40 kV, and 25 mA) in the 20 range of 5°-80°
with a rise of 0.00190 per step. The morphological examination of
Ni;S,-Ni;N was performed using a JEOL JSM-7600F (FESEM)
equipped with an energy-dispersive X-ray diffractometer (Bruker).
Transmission electron microscopy (TEM, JEOL-2100) performed
at 200 kv was used to analyze the fringe-width of the nano-
crystallites of NizS,~Ni;N, Ni;S, and NizN. X-Ray photoelectron
(XPS) spectroscopy was executed on a K-Alpha plus XPS machine
of Thermo Fisher Scientific instruments in a vacuum chamber
(7 x 10~° torr) using Al-K,, radiation (1486.6 eV).

Electrochemical measurements

The electrochemical studies were conducted in a standard
three electrode-system, with Ag/AgCl serving as the reference

© 2023 The Author(s). Published by the Royal Society of Chemistry
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electrode and a graphite rod serving as the counter electrode.
The catalyst grown over NF was utilised as the working elec-
trode. The commercially available standard Pt/C was coated
over nickel foam by preparing a homogeneous ink by weighing
and dissolving 10 mg of Pt/C in 500 pL of DMF with 10 pL of 5%
Nafion solution. A homogeneous catalyst slurry was obtained
after 120 minutes of sonication and 40 pL of the ink was
dropcast over bare nickel foam followed by vacuum drying.
Electrochemical studies were done in 1 M KOH and at a
5 mV " s' scan rate. All the data were taken using Ag/AgCl
as a reference electrode and converted to the Eryg values by the
following equation Egyg = Eagiagal + 0.197 + 0.059 x pH. The
stability of the catalyst was determined by running chronoam-
perometry at different current densities. The Tafel slope was
estimated by fitting the Tafel equation (4 = blog(j) + a) to the
linear section of the Tafel curve. Electrochemical impedance
spectroscopy (EIS) was carried out with an applied potential of
100 mV in the frequency range of 100000 Hz to 1 Hz.

Results and discussion

The synthetic route of the Nis;S,-NisN heterostructure is
demonstrated in Scheme 1. To extract the information asso-
ciated with the nanocrystallites present in the catalyst, powder
X-ray diffraction was performed. The PXRD data of Ni3S,-Ni;N
are shown in Fig. 1a. The data well matched with the corres-
ponding reported JCPDS data. The diffraction peaks at 21.7°,
31.02°, 37.8°, 39.0°, 49.9°, 50.4°, 55.9°, 69.15 and 77.8° corre-
spond to the (101), (110), (003), (021), (113), (211), (122), (303)
and (401) crystal planes of the Ni,;S, phase (PDF no. 44-1418).*°
The other peaks at 38.3°, 42.04°, 44.2°, 58.4°, 70.4° and 78.5°
correspond to the (110), (002), (111), (112), (300) and (113)
crystal planes of the Ni;N phase.*® We have also performed the
PXRD study of individual Ni;S, and Ni;N and the information is
provided in ESLf S1 Fig. S1. The investigation of the chemical
states of Ni, S and N was done by using X-ray photoelectron
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Fig. 1 (a) The PXRD pattern of NizS,—NizN and (b) the high resolution XPS
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spectroscopy. The XPS spectrum of Ni2p is given in Fig. 1b. The
peaks appearing at 852.9, 855.7, and 859.07 eV correspond to
Ni"*, Ni*? and one satellite peak of Ni2p;,. Similarly, the other
three peaks at 870.0, 873.3 and 880.5 eV correspond to Ni'!,
Ni"* and one satellite peak of Ni2p,,,.*""*> The XPS spectrum of
S2p (Fig. 1c) shows two peaks at 162.4 and 163.6 eV attributed
to S2ps/, and S2py,.** The XPS wide scan survey spectrum of
Ni;S,-NizN is given in ESI,{ S2.1 Fig. S2. The N1s spectrum
(Fig. 1d) shows one peak at 398.6 eV corresponding to metal
nitrogen bonding.?® For comparison we also performed the XPS
analysis of individual Ni;S, and Ni;N phases and the informa-
tion is given in ESI, S2.2 and 2.3 Fig. S3 and S4. We observed a
positive shift of 0.2 eV in the binding energy when comparing
the data of Ni2p present in Ni3S,-NizN with respect to indivi-
dual NizN. Similarly, a negative shift of 0.3 eV has been
observed in the high resolution Ni2p XPS spectra of Ni;S,—
Ni;N and individual Ni;S,. The information is given in the ESI,
S2.4 Fig. S5. These results show that there is a charge transfer
from Ni3N to NizS, through the interface, which enhances the
adsorption of intermediates (H*) on the surface of Ni;S, by the
increased availability of electrons.

The morphological investigation of the catalyst was per-
formed using the field emission scanning electron microscopy
(FESEM) technique. Fig. 2a depicts the FESEM image of bare
NF. Fig. 2b depicts that of NizS,-Niz;N coated on nickel foam.
The FESEM images of Ni;S,-Ni;N are given in Fig. 2(c and d).
The FESEM images show the sheet-like morphology of the
catalyst. To confirm the uniform distribution of all the elements
over the catalyst surface, we did EDX elemental mapping of the
catalyst. Fig. 2(e-h) show the elemental mapping of Ni;S,-Ni;N
where all the elements (Ni, S and N) distributed evenly over the
catalyst surface. The nanoscopic features of NizS,-Niz;N were
examined by high-resolution TEM imaging. The images show a
sheet-like structure of Ni3S,-Niz;N (Fig. 3a and b). The presence
of both the phases was confirmed by the HR-TEM images
(Fig. 3c and d). The interface formation between Ni;S, and
Niz;N was observed with the fringe width of 0.29 nm corres-
ponding to the (110) crystal plane of Ni3S, and fringe width of

Fig.2 The SEM images of (a) bare nickel foam and (b) NizS,—NizN
heterostructure nanosheets over NF; (c and d) the sheet-like morphology
of NizS,—NizN and (e—h) elemental mapping of NizS,—NizN showing the
presence of all the elements uniformly over the catalyst surface.
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Ni,S, (110)

Fig. 3

(a and b) The TEM images of 2-D nanosheets showing the heterostructure of NizS,—NizN. (c and d) The HRTEM images of NizS,—NizN showing

the formation of an interface between NizS, and NisN. (e and f) The HRTEM images showing the presence of NizS, and NizsN phases with the

corresponding fringe widths.

0.21 nm corresponding to the (111) crystal plane of Ni;N (Fig. 3e
and f).**** The superhydrophilic surfaces enable heterogeneous
catalysis because they tend to acquire low adsorption energies
on their surfaces.*® The surface behaviour of Ni;S,-Ni;N is
equally relevant in heterogeneous catalysis. The contact angle
measurement analysis shows that the Ni;S,-Ni;N surface is
superhydrophilic as it quickly absorbs a water droplet as soon
as it is dribbled on it (Fig. 4a and b), resulting in a contact angle

Drop
absorbed

Fig. 4 (a and b) The contact angle measurement of NizS,—NizN showing
superhydrophilic behavior with a contact angle of 0°. (c and d) Bare nickel
foam (NF) showing hydrophobic behavior with a contact angle of 116.7°.

324 | Energy Adv, 2023, 2, 321-327

of 0°. The surface of the bare nickel foam (NF) was found to be
superhydrophobic with a contact angle of 116.7° with a water
droplet (Fig. 4c and d).

Electrochemical

The hydrogen evolution reactions of Ni;S,—-NizN, NizS, and
Ni;N were performed in an alkaline medium of 1 M KOH
(pH = 14). The electrocatalytic properties of Pt/C (coated on a
nickel foam) were investigated for comparison under the iden-
tical experimental conditions. The polarization curves for the
HER are given in Fig. 5a. The overpotential values of 44, 96,
179 and 264 mV are acquired at 10 mA cm ™ > of current density
for Pt/C, NizS,-NizN, NizN and Ni;S,, respectively (Fig. 5b). A
table containing the HER activities of recently reported NizN
and Ni;S, catalysts is given in ESI,T S3.1 Table S1. Additionally,
this table compares the HER activities of recently published
reports, which are relevant to our catalyst. To acquire more
information about the reaction kinetics, we determined Tafel
slope values by plotting the Tafel equation (Fig. 5c). Under
alkaline conditions, the HER proceeds along the Volmer-Tafel
and Volmer-Heyrovsky routes, which are depicted below:

H,O0+M+e — M — Hugs + OH™ (Volmer)

H,0 + M-Hygs + €~ > Hy, + M+ OH™  (Heyrovsky)

2M-H,qs + € — H, +2M (Tafel)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) The polarization curves of all the catalyst for the HER. (b) Overpotential values of the catalysts at 10 mA cm™2 of current density. (c) The Tafel
plots showing the Tafel slope values of all the catalysts. (d) The Nyquist plots for the determination of R using an equivalent circuit shown in the inset
image. (e) Stability study using chronoamperometry. (f) Double layer capacitance values of NizS,—NizN, NizS, and NizN. (g) Comparison of our catalyst

with the recently reported catalysts for the HER.

The adsorption of the hydrogen on the catalyst’s surface is the
initial step in both processes. The onset potential of the HER
can be evaluated by a Volmer step. With the support of the
information based on the aforementioned data, it would be
reasonable to assume that the water dissociation during the
Volmer stage is significantly boosted, particularly in the case of
Ni;S,-NizN. Depending upon the value of Tafel slope we can
explain the reaction pathway in the Volmer, Tafel, or Heyrovsky
steps. The theoretical values of 30, 40 and 120 mV dec™ ' are
obtained when Tafel, Heyrovsky and Volmer are the rate
determining steps. Our findings for Ni3S,-Ni;N revealed that
the reaction follows a Volmer-Heyrovsky pathway with a Tafel
slope value of 135 mV dec™ '. The Tafel slope values for NizN
and Ni3S, are 185 and 235 mV dec . The concerned catalyst
shows favourable HER kinetics by depicting a lower Tafel slope
value than those of the individual phases. The strong interfacial
contacts seem to enable a quicker electron transit over the
interface, as shown by the charge transfer resistance, assessed
using electrochemical impedance spectroscopy. Fig. 5d shows
the Nyquist plots at an applied potential of 100 mV. By fitting
the equivalent circuit shown in Fig. 5d, all the relevant

© 2023 The Author(s). Published by the Royal Society of Chemistry

parameters are determined. The charge-transfer resistance
(Rcq) is lower for NizS,-NizN with respect to the other catalysts.
The lower value of R reflects both a decent rate of charge-
transfer between the electrode surface and the electrolyte and a
greater amount of electrochemically active sites on the elec-
trode surface. These Nyquist plots also indicate an excellent
HER activity of Ni3S,-Ni;N. The table showing the values of R
and R is provided in ESIL,1 S3.2 Table S2. The stability of the
Ni;S,-NizN catalyst was determined using chronoamperome-
try, continuously running for 70 h (Fig. 5e). Even after 70 hours
of stability study, no significant change in the current density
was noticed. The XPS analysis and PXRD study of the catalyst
after the stability test have been done and the data are provided
in ESL,T S3.3, S3.4 and Fig. S6, S7. The XPS and PXRD details
confirm that the structure of the catalyst remains intact
even after the stability experiment. Both the phases (Ni;S,
and Ni;N) with the corresponding planes were present in the
PXRD pattern. Electrochemically active surface areas (ECSAs)
were calculated using the double-layer capacitance (Cq;) values
retrieved from cyclic voltammetry curves in the non-faradaic
region (Fig. 5f). The calculated ECSA values for Ni;S,-Ni3N,

Energy Adv.,, 2023, 2, 321-327 | 325
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Ni;N and Ni;S, are 16.5, 10.5 and 1 cm™ >, respectively. The
higher value of ECSA indicates that there are abundant active
sites on the catalyst surface. Cyclic voltammetry curves used for
the calculation of the ECSA values are given in ESIf S3.5
Fig. S8. A comparison of the overpotential of Ni;S,-Ni;N with
those of recently reported catalysts is given in Fig. 5g.

Conclusions

Herein, an appropriate nanostructuring and judicious selection
of the catalyst composition lead to the formation of an excellent
electrocatalyst. Plentiful Ni;S,-NizN interface that is formed
in-situ in-between the layers of Ni;N and Ni;S, creates a
heterostructure with highly improved HER parameters. The
procedure inherits the benefits of the abundant interfaces
formed in addition to the individual components in the
catalyst. The catalyst is superhydrophilic in nature as shown
by the contact angle measurement, enhances the ionic transfer from
the electrolyte to the electrode surface and facilitates the mass
transport mechanism. XPS studies have revealed charge transfer
from Ni3N to Ni;S,, which provided abundant electrons on the
surface of Ni,;S, for better interaction with the H" ion. The Ni,S,-
Ni;N catalyst displayed excellent HER activity in an alkaline medium
with an overpotential of 96 mV to drive a current density of
10 mA cm 2 Chronoamperometric study exhibits no significant
variation in the current density even after 70 hrs of stability
experiment in an alkaline medium. It should be noted that the
current densities used for the stability experiment are quite a bit
higher than usual. The above study furnishes an important clue
towards the possible manipulation of the composition of metal
sulphide and nitride at the nanoscale to create a desirable
heterostructure for efficient electrochemical applications.
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