
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
Ju

ly
 2

02
3.

 D
ow

nl
oa

de
d 

on
 3

/1
3/

20
26

 5
:2

4:
34

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Bifunctional CuS
aSchool of Chemical and Materials Engin

Sciences and Technology (NUST), H-12 Cam

taqimehran@scme.nust.edu.pk
bDepartment of Metallurgy and Materia

Engineering and Applied Sciences (PIEAS), I
cDepartment of Nanotechnology and Ad

University, Seoul, 05006, Republic of Korea
dClean Combustion Research Center, Kin

Technology, Thuwal 23955-6900, Kingdom
eDepartment of Chemical & Polymer En

Technology Lahore, Faisalabad Campus,

E-mail: khalid@uet.edu.pk

Cite this: RSC Adv., 2023, 13, 22017

Received 18th April 2023
Accepted 9th July 2023

DOI: 10.1039/d3ra02581k

rsc.li/rsc-advances

© 2023 The Author(s). Published by
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electrocatalyst for efficient hydrogen production
by water splitting
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Metal sulfides and 2D materials are the propitious candidates for numerous electrochemical applications,

due to their superior conductivity and ample active sites. Herein, CuS nanoparticles were fabricated on

2D greener HF-free Cl-terminated MXene (Ti3C2Cl2) sheets by the hydrothermal process as a proficient

electrocatalyst for the hydrogen evolution reaction (HER) and overall water splitting. CuS/Ti3C2Cl2
showed an overpotential of 163 mV and a Tafel slope of 77 mV dec−1 at 10 mA cm−2 for the HER. In the

case of the OER, CuS/Ti3C2Cl2 exhibited an overpotential of 334 mV at 50 mA cm−2 and a Tafel slope of

42 mV dec−1. Moreover, the assembled CuS/Ti3C2Cl2jjCuS/Ti3C2Cl2 electrolyzer delivered current

density of 20 mA cm−2 at 1.87 V for overall water splitting. The CuS/Ti3C2Cl2 electrocatalyst showed

excellent stability to retain 96% of its initial value for about 48 hours at 100 mA cm−2 current density.

The synthesis of CuS/Ti3C2Cl2 enriches the applications of MXene/metal sulfides in efficient bifunctional

electrocatalysis for alkaline water splitting.
1 Introduction

To surmount the increasing energy demand and the incre-
mental fossil fuel depletion, high-performance energy storage
devices e.g. supercapacitors and batteries, over alternative
energy sources including nuclear, solar and wind energy, are
required.1–3 The researchers have dedicated signicant atten-
tion to the development and design of new eco-friendly mate-
rials for energy storage devices and electrochemical energy
production. In contrast, the hydrogen evolution reaction (HER)
is a signicantly procient way to produce green energy. To
attain a specic current density, the potent electrocatalysts for
HER produce low overpotentials and increase the rate of
electrolysis.4–7 Platinum is the most efficient electrocatalyst for
hydrogen evolution reactions (HER), but its low stability
towards impurities and high cost hinder its use as a commercial
electrocatalyst.8–11
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Extensive research has been going on two-dimensional (2D)
materials owing to their electronic,12,13 optical,14 mechanical,15

and structural properties.16–18 Except for graphene, phosphor-
ene, transition metals dichalcogenides (TMDs), and their
derivatives are examples of the ultimate analyzed two-
dimensional (2D) materials. In 2011, the rst member of the
MXene family (synthesized from MAX phase), titanium carbide
(Ti3C2) was introduced, having exclusive electronic and struc-
tural features, facilitating their usage on several
applications.19–21 Generally, the MAX phase is the starting
compound, and MXenes are manufactured by explicitly etching
the A element layers from the MAX phase by using F-containing
acids/salts such as HF, NH4HF2, or LiF/HCl, where A indicates
Al or Si.22,23 MXenes prepared by HF acid has its own demerits;
HF breaks the MXene sheets,24 being such a strong acid causes
several health and environmental issues.25 So, HF-free MXenes
can play a better role than ordinary HF-based MXenes.

Recently, metal suldes, nitride, phosphates have drawn
vast attention because of reversible charge/discharge proper-
ties and ample redox reactions in contrast with corresponding
oxides.26,27 Moreover, binary metal suldes and mixed metals
suldes, like NiS, CuS, CoS, Ni2S, and NiCo2S4 along with other
3D and 2D materials (MXenes, graphene, etc.) in the form of
composites are used in enormous applications like electro-
catalysts for overall water splitting reactions and electrode
material for supercapacitors.28,29 Recently a review on the
transition metal chalcogenides shows that metal suldes
alone did not show much good results, but when these mate-
rials are deposited on 2D nanosheets like MXenes or graphene
RSC Adv., 2023, 13, 22017–22028 | 22017
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electrochemical activities improved in a greater extend
because both the surface area and conductivity increases.30

Among the most striking transition-metal chalcogenides,
copper sulde (CuS) is extensively studied as a secondary
material in electrochemical sensors,31 Li-ion batteries,32,33 and
solar cells applications34,35 due to its metal-like conductivity,
inexpensive and plentiful qualities. Recently,36 the composite
of CuS nanomaterial with two-dimensional (2D) nano MXene
(HF acid-based) was investigated for supercapacitor applica-
tions. MXene provided more surface area which reduced the
diffusion resistance and enabled transmission of an electron,
hence gained high capacity, while CuS particles as semi-
conductor material increased the overall conductivity of the
composite.36

In this study, CuS/Ti3C2Cl2 composite was synthesized by
hydrothermal deposition of copper sulde (CuS) on Cl-
terminated HF-free MXene (Ti3C2Cl2) sheets. CuS nano-
particles decoration on the Cl-terminated MXene sheets
increased the interlayer spacing and providedmore surface area
for electrochemical activity. CuS nanoparticles having metal
like conductive behavior, not only provided the additional
surface area for reaction but also improved the overall
conductivity of the composite. The CuS/Ti3C2Cl2 exhibited
enhanced electrochemical activities for HER and OWS. The
overpotential of 163 mV to get 10 mA cm−2 current density for
HER and incase of overall water splitting the composite showed
the potential of 1.87 V to get 10mA cm−2 current density in CuS/
Ti3C2Cl2jjCuS/Ti3C2Cl2 two electrode system. The composite
appeared to be a great addition in the library of bifunctional
electrocatalysts for overall water splitting applications.
2 Experimental section
2.1 Materials

For the synthesis of HF-MXene, Cl-terminated MXene, and CuS/
Cl-terminated MXene, the materials used were MAX phase
powder (Ti3AlC2) with the particle size less than 40 mm, 37%
HCl, 40% HF, copper chloride (CuCl2), ethylene glycol
(CH2OH)2, copper nitrate (Cu(NO3)2), thioacetamide (CH3-
CSNH2), absolute ethanol and deionized water.
2.2 Synthesis of HF MXene

The MXene (Ti3C2Tx) was prepared from the MAX phase
(Ti3AlC2) with HF acid treatment. 10 mL of 50% HF acid was
dropped into 10 mL of deionized water in a pp bottle. 2 grams of
MAX phase powder was added slowly to into the HF solution
under magnetic stirring. Aer adding the MAX phase, the
heating was started. The temperature of the solution was
maintained at 35–40 °C. The reaction time under this temper-
ature was 8 h with continuous stirring. Aer the reaction,
reacted solution was cool to room temperature. The reacted
mixture was washed with deionized water with the help of
a centrifuge at 4000 rpm for 2 h with several cycles of washing
(time per cycle 5 minutes). Aer maintaining pH $ 6, the
mixture was nally washed with ethanol. The mixture was dried
for overnight drying at 80 °C in a vacuum oven.
22018 | RSC Adv., 2023, 13, 22017–22028
2.3 Synthesis of Cl-terminated MXene

Greener Cl-terminated MXene was prepared using MAX phase
and copper chloride at 550 °C for 5–6 h in a tube furnace under
an inert Ar gas environment by the thermal treatment process.
Copper chloride and MAX phase were mixed in a vacuum glove
box under Ar with a molar ratio of 6 : 1. Then mixed powder was
shied into a boat crucible and placed in a tube furnace. The
reacted mixture was treated with 2% HCl for about 2 h under
magnetic stirring for the removal of residues. The product was
separated by centrifuge, with several washes with DI water to
maintain a pH of around 6. Finally, the prepared Cl-terminated
MXene was rinsed with absolute ethanol and dried in the oven
at 80 °C for 24 hours.

2.4 Synthesis of CuS/Cl-terminated MXene

The CuS/Cl-terminated MXene composite was fabricated by
using a hydrothermal process. 200 mg of Cl-MXene powder and
300mg of copper nitrate were added into 60mL of ethylene glycol
and magnetically stirred for 30–40 min. The 300 mg of thio-
acetamide was dropped slowly into the solution. Aermaking the
perfect suspension, a solution was transferred into a Teon cup
and placed into an autoclave. The reaction was carried out for 9 h
at 150 °C. Then the reacted product was received by centrifuge
and rinsed with DI water several times at 4500 rpm and nally
with ethanol. The product was dried overnight at 85 °C.

2.5 Synthesis of HF-MXene, Cl-MXene, and CuS/Cl-MXene
electrodes

The electrodes for characterization purposes were prepared on
Ni foam (as substrate). Firstly, a 1 × 1 cm2 piece of nickel foam
was treated with 3 M HCl acid solution to eliminate the oxide
layers and then dried at 60 °C for 4 hours. The WE (working
electrode) were prepared by loading synthesized materials ink.
For the ink preparation 500 mL of deionized water was taken in
a glass vial. 450 mL isopropyl alcohol, 50 mL Naon, and 10mg of
required material were added to that vial. The solution was
sonicated for about an hour at room temperature. Then 200 mL
of prepared ink suspension was deposited on Ni foam and dried
at 60 °C for 3–4 hours.

2.6 Characterization of synthesized materials (HF-MXene,
Cl-MXene and CuS/Cl-MXene)

The structural analysis of Cl-terminated MXene was performed
by scanning electron microscopy (SEM) (JEOL139/JSM-6490A)
equipped with energy-dispersive X-ray spectroscopy (EDX).
XRD peaks were obtained by X-ray diffraction (XRD) (STOE-
Seifert/X'Pert PRO), using Cu-Ka radiation at 2q angle values
from 5° to 60°. For the chlorine termination, Fourier transforms
infrared spectroscopy (FTIR) (iS50 FT-IR spectrometer/Thermo
Scientic) was used.

2.7 Electrochemical characterizations of HF-MXene,
Cl-MXene and CuS/Cl-MXene

Three electrode system was used for the electrochemical char-
acterization of synthesized materials. Pt mesh was used as
© 2023 The Author(s). Published by the Royal Society of Chemistry
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a counter electrode, while Ag/AgCl was as a reference electrode.
The working electrode was a 1 cm × 1 cm piece of treated nickel
foam with synthesized materials coated on it. Cyclovoltammetry
analysis was carried out from 0 to 0.6 V and LSV analysis was
conducted for the overall water splitting at 10 mV s−1 scan rate,
OER was conducted between 1.2 to 1.8 V, while HER was in the
range of −0.5 to 0 V. The VRHE potential values were calculated
by the Nernst equation.

VRHE ¼ VAg=AgCl þ 0:059� pHþ Vo
Ag=AgCl

where VRHE is the value of potential (V) vs. RHE, VAg/AgCl repre-
sents the measured potential vs. Ag/AgCl value, and the value of
VoAg/AgCl is 0.198 V at 25 °C. For iR corrections of all measure-
ments, the value of Rs (series resistance) was calculated from
electrochemical impedance spectroscopy (EIS). Electrochemical
impedance spectroscopy was carried at 10 mV sinusoidal
amplitude out in the frequency range of 100 mHz to 1 MHz.
3 Results and discussion
3.1 Material characterization of synthesized electrocatalyst
catalysts

The evolution of CuS/Cl-terminated MXene from MAX phase is
illustrated with the help of schematic diagram in Fig. 1. Fig. 1
shows that 3DMAX phase was thermally treated with Lewis salts
to etch the aluminum metal layer to make it 2D sheet like
structure. Further the activity of that 2D Cl-terminated MXene
was enhanced by depositing the CuS particles on these 2D Cl-
terminated sheets by a hydrothermal process. To conrm the
morphology and microstructure of Cl-terminated Mxene
(Ti3C2Cl2) and copper sulde/Cl-terminated MXene (CuS/
Ti3C2Cl2), SEM analysis was performed. Fig. 2(a) shows the
Fig. 1 Schematic illustration of the synthesis of Cl-terminated MXene fr
chloride (CuCl2), then deposition of CuS nano particles on Cl-MXene sh

© 2023 The Author(s). Published by the Royal Society of Chemistry
three-dimensional (3D) MAX phase material (Ti3AlC2) from
which the MXene is synthesized. In Fig. 2(b) the layered
sandwich-like structure conrms the formation of two-
dimensional (2D) Cl-terminated MXene.37,38 Fig. 2(c) and (d)
exhibit the SEM images of CuS/Ti3C2Cl2, where CuS nano-
particles are deposited on the Cl-terminated MXene sheets. A
large number of CuS particles are dispersed on the surface and
interlayer space of Cl-terminated MXene sheets, preventing the
collapse and stacking of Cl-MXene sheets.36

To further examine the formation of Cl-terminated MXene
and composite of Cl-MXene with CuS, EDX analysis was carried
out. EDX analysis of the prepared composite CuS/Ti3C2Cl2 was
also performed. Fig. 2(e) shows weight percentages of all the
present elements in prepared CuS/Cl-terminated MXene
composite. CuS is successfully deposited on the MXene sheet,
a plentiful amount of Cu and S is present in the pie chart,
conrming the maximum deposition of the CuS on the Cl-
terminated MXene. Fig. 2(f) is the corresponding SEM image
for elemental mapping. Elemental mapping of all the elements
in CuS/Ti3C2Cl2 is shown in Fig. 2(g)–(m) to validate the equal
sharing of elements. Fig. 3 shows the elemental composition of
the synthesized Cl-MXene, it is seen that amount of Al is much
reduced as compared to other elements showing the plentiful
etching of Al metals to form Cl-MXene. The presence of Cl in
Fig. 3 conrms the Cl-termination. Additionally, elemental
mapping is provided to validate the equal sharing of elements
in the compound.

Fig. 4(a) shows the details of X-ray diffraction (XRD) analysis
from base material MAX phase (Ti3AlC2) to copper sulde
composite with Cl-terminatedMXene (CuS/Ti3C2Cl2). (002) peak
at 9.4°, (004), (101), (104), (105), (107), (108) and (109) peaks at
19°, 33.95°, 38.95°, 41.75°, 48.4°, 52.35° and 56.35° scan angles
om the heat treatment procedure of MAX phase (Ti3AlC2) and copper
eets by hydrothermal process.

RSC Adv., 2023, 13, 22017–22028 | 22019
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Fig. 2 (a) SEM analysis of three-dimensional (3D) MAX phase (Ti3AlC2) material, (b) figure depicts the formation of 2D layer structure of Cl-
terminated MXene (Ti3C2Cl2), (c) and (d) SEM images of CuS/Ti3C2Cl2 composite shows the deposition of CuS particles on Cl-terminated MXene
(Ti3C2Cl2) sheets, (e) EDX analysis of prepared CuS/Ti3C2Cl2 composite together with weight percentage of all the elements present in
composite, (f) corresponding SEM image for elemental mapping, (g)–(m) elemental mapping of the elements of prepared CuS/Ti3C2Cl2
composite.
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related to the planes of MAX phase (Ti3AlC2).39Hydrouoric acid
(HF) MXene (blue) (Ti3C2) peaks (002), (004), and (006) were
observed at scan angles 9.1°, 18.42°, and 27.74° respectively.40

The formation of Cl-terminated MXene was conrmed by the
diffraction peaks at 15.45°, 16.2°, 22.95°, 30.9°, 32.25°, and
40.7°, which correspond to the Cl-MXene (Ti3C2Cl2).37,38 In Cl-
terminated MXene, the intensity of broadened peaks (002),
(004), and (006) were reduced and (002) peak shied from 9.1°
to 7.5°, (004) and (006) peaks shied from 18.42°, 27.74° to
17.55°, and 27.7° respectively, indicating the increase in inter-
layer distance (Bragg diffraction equation).37,40 The XRD pattern
of pure CuS nanoparticles is consistent with the hexagonal
structured CuS particles with JCPDS No. 06-0464,36 the CuS
peaks appeared at 28.03°, 29.76°, 32.41°, 42°, 52° and 55.05°.
XRD results of CuS/Ti3C2Cl2 composite conrm the presence of
both Cl-MXene and CuS, as peaks appeared at 16.25°, 27.65°,
31.05° and 32.75° belongs to Cl-MXene(Ti3C2Cl2). The intensity
of these peaks is low due to the excessive CuS deposition. The
successful decoration of copper sulde particles on Cl-
terminated MXene was conrmed by XRD of the CuS/Ti3C2Cl2
composite, all diffraction peaks at 29.15°, 31.8°, 47.8°, 52.6°,
and 59.2° are consistent with the hexagonal structured CuS
particles (with JCPDS No. 06-0464).36

Fourier transform infrared spectroscopy commonly known
as FTIR was used for the molecular ngerprinting of the
synthesized materials. Fig. 4(b) shows the detailed analysis of
22020 | RSC Adv., 2023, 13, 22017–22028
the materials ranging from 0 to 4000 cm−1 wavelength. The
peaks that appeared at 826 cm−1 in Cl-terminated MXene
(Ti3C2Cl2) and 808 cm−1 in CuS/Ti3C2Cl2 are the conrmation of
C–Cl bond vibration, which be found in Cl-terminated MXene.
The band at 3422 cm−1 indicates the OH group due to the
existence of absorbed water.41 While the characteristic band at
2916 cm−1 may correspond to the N–H stretching, which comes
from one of the raw materials (thioacetamide) used to prepare
copper sulde (CuS) on Cl-terminated MXene sheets. A peak at
1623 cm−1 corresponds to C]O, while a 1072 cm−1 peak is
related to either C–O or S–O.42 C–O may come from ethanol,
which was used for the washing of the prepared catalyst.41 The
peak at 602 cm−1 indicates the vibrational mode of the Cu–S
bond,41–44 which conrms the formation of CuS on Cl-
terminated MXene.
3.2 Electrochemical characterization for overall water
splitting

Electrochemical characterization is of the utmost importance
and unique techniques to check the performance of synthesized
materials in energy storage applications. The catalytic activity
and the reaction mechanisms involved for electron transfer,
mass transport, charge transfer, electrolyte transport are also
examined by electrochemical techniques. To investigate the
catalytic performance of the synthesized materials for overall
water splitting, hydrogen evolution reactions (HER) and oxygen
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) and (b) EDX analysis of Cl-terminatedMXenewith weight percentage of all elements present in Cl-terminatedMXene, (c)–(h) elemental
mapping of all the present elements in synthesized Cl-terminated MXene.
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evolution reactions (OER) was performed along with the cyclo-
voltammetry (CV) and chronopotentiometry (CP) analysis.

All the electrochemical tests were performed out in a three-
electrode system with silver/silver chloride (Ag/AgCl) as a refer-
ence electrode. Platinum (Pt) mesh was used as a counter
electrode while the working electrode was a 1 cm × 1 cm piece
of nickel foam on which all three different prepared MXenes
(HF-MXene, Cl-terminated MXene, and CuS/Cl-terminated
Fig. 4 (a) XRD analysis of MAX phase (Ti3AlC2), HF-MXene (Ti3C2Tx), Cl-M
HF-MXene (Ti3C2Tx), Cl-MXene (Ti3C2Cl2) and CuS/Cl-MXene (CuS/Ti3C

© 2023 The Author(s). Published by the Royal Society of Chemistry
MXene) were deposited. 1 M KOH solution was used as an
electrolyte. For HERs, linear sweep voltammetry (LSV) was per-
formed in the potential range of −0.5 V to 0 V (vs. RHE). To
check the performance of CuS/Ti3C2Cl2 compared to other
manufactured materials, 10 mA cm−2 current density was set as
a reference point in the case of HER. Fig. 5(a) shows the enor-
mously improved HER activity of CuS/Ti3C2Cl2 as compared to
other materials. To deliver the same (10 mA cm−2) amount of
Xene (Ti3C2Cl2), CuS and composite CuS/Ti3C2Cl2, (b) FTIR spectrum of

2Cl2).

RSC Adv., 2023, 13, 22017–22028 | 22021
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Fig. 5 (a) HER analysis of Ni foam, HF-MXene (Ti3AlC2), Cl-MXene (Ti3C2Cl2) and CuS/Cl-MXene (CuS/Ti3C2Cl2), (b) corresponding HER Tafel
slopes of Ni foam, HF-MXene (Ti3AlC2), Cl-MXene (Ti3C2Cl2) and CuS/Cl-MXene (CuS/Ti3C2Cl2), (c) OER behavior of Ni foam, HF-MXene
(Ti3Al2C2), Cl-MXene (Ti3C2Cl2) and CuS/Cl-MXene (CuS/Ti3C2Cl2), (d) corresponding OER Tafel slopes.
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current density, HF-MXene required a huge overpotential of
443 mV, while Cl-terminated MXene needs 259 mV over-
potential to achieve 10 mA cm−2 current. As expressed in XRD
analysis, the improvement in HER performance was due to the
increase in interlayer distance of MXene sheets which aids the
intercalation.45 Another reason is the highly ordered crystalline
structure of Cl-terminated MXene synthesized at a higher
temperature which leads towards efficient hydrogen evaluation.
The ordered structures enable the accurate determination of the
preferred sites on Cl-terminated MXene.46 CuS/Ti3C2Cl2 shows
an overpotential of 163 mV which is the lowest valve of over-
potential among all.47,48 This is due to the presence of CuS
particles between the layers of Cl-terminated MXene. The onset
potential values shown by bare Ni foam, HF-MXene, Cl-
terminated MXene, and CuS/Cl-terminated MXene are
515 mV, 412 mV, 234 mV, and 124 mV, respectively. To further
support enhanced HER activity of CuS/Ti3C2Cl2, Tafel slopes of
all the synthesized materials were calculated and shown in
Fig. 5(b). Fig. 5(b) reveals that CuS/Ti3C2Cl2 has a slope of 77 mV
dec−1 which is much lesser than the slopes of Ti3C2Cl2, Ti3C2

and bare Ni foam (101 mV dec−1, 268 mV dec−1, 425 mV dec−1

respectively).
22022 | RSC Adv., 2023, 13, 22017–22028
To explore the other side of water splitting reactions, OER
behaviors of all the three manufactured materials were depicted
through LSV in Fig. 5(c) from 1.2 V to 1.8 V (vs. RHE). The
current values of all materials bare Ni foam, HF-MXene (Ti3C2),
Cl-terminated MXene (Ti3C2Cl2), and copper sulde composite
with Cl-terminated MXene (CuS/Ti3C2Cl2) increased rapidly
aer onset potentials of 370 mV, 350 mV, 312 mV, and 287 mV,
respectively. As the oxidation peaks of all the preparedmaterials
appeared aer 20 mA cm−2 current density, so the OER activi-
ties of described materials were compared at 50 mA cm−2

current density. It is clearly shown in Fig. 5(c) that CuS/Ti3C2Cl2
exhibits the least overpotential value of 334 mV among all
(364 mV for Ti3C2Cl2, 418 mV for Ti3C2 and 535 mV for bare Ni
foam) to reach a current density of 50 mA cm2. The reasons
behind this improved activity are already mentioned above. For
further conrmation for the improved OER activity of CuS/
Ti3C2Cl2, Tafel slopes were plotted in Fig. 5(d) 42 mV dec−1

slope related to CuS/Ti3C2Cl2, while 50 mV dec−1, 176 mV dec−1,
208 mV dec−1 slopes correspond to Ti3C2Cl2 Ti3C2, and bare Ni
foam respectively.

Fig. 6 shows the CV of individual HF-MXene, Cl-terminated
MXene, and copper sulde/Cl-terminated MXene at different
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Cyclovoltammetry (CV) analysis of hydrofluoric acid (HF) based MXene (Ti3C2Tx) at different scan rates, (b) CV analysis of Cl-terminated
MXene (Ti3C2Cl2) at different increasing scan rates, (c) CV analysis of CuS/Cl-terminated MXene (CuS/Ti3C2Cl2) composite at different scan rates,
(d) comparison of CV of Ni foam, HF-MXene, Cl-MXene and CuS/Cl-MXene at 10 mV s−1 scan rate.
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scan rates, respectively. The CV of all threematerials was carried
out in the range of 0 to 0.6 V at different scan rates. Redox peaks
were examined in the CuS/Ti3C2Cl2 cyclic voltammetry (CV) plot
demonstrating the reversible faradaic reaction process which
may be responsible for changing the oxidation state of Cu.49

Fig. 6(c) depicts the cyclovoltammetry (CV) of CuS/Ti3C2Cl2 in
the potential range from 0.9 V to 1.7 (V vs. RHE) at different scan
rates (10 mV s−1 to 100 mV s−1). The redox peaks can be
observed at low scan rates. The oxidation peaks at 1.4 V and
1.49 V correspond to nickel foam which is used as a support for
catalyst and CuS/Ti3C2Cl2 catalyst, respectively.10 Similarly, the
reduction peaks at 1.37 V and is related to nickel foam and
synthesized catalyst.10,50 It shows that increasing the scan rate
area under the curves is increasing due to the reduction of
diffusion layer resistance, to support higher current density
values. The shape of the CV plot did not change much even on
higher scan rates, which provide evidence of small resistance,
tremendous electrochemical kinetics, and high cyclic stability.49

Comparison of cyclovoltammetry (CV) of Ni foam, HF-
MXene, Cl-MXene, and CuS/Cl-MXene at 10 mV s−1 scan rate
in the potential (V vs. RHE) range of 1 to 1.6 V as shown in
Fig. 6(d). Fig. 6(d) is used to compare the calculated areas under
© 2023 The Author(s). Published by the Royal Society of Chemistry
the curve to check the properties. Calculations depicted that
CuS/Cl-MXene having more area under the curve than Ni foam
(used as substrate), HF-MXene and Cl-MXene respectively.

To check the kinetics of all the prepared materials, EIS
analysis was conducted in 1MKOH solution from the frequency
range of 100 mHz to 100 kHz. Fig. 7(a) is the representation of
the EIS plot. The equivalent circuit is shown inside a graph in
which R1 shows the ohmic resistance, which is the resistance
between the electrodes in an electrolyte. R2 resistance shows the
polarization resistance or the charge transfer resistance. The
values of R1 resistance for CuS/Cl-MXene, Cl-MXene, and HF-
MXene are 0.516 U, 0.548 U, and 2.28 U, respectively. Simi-
larly, R2 values for CuS/Cl-MXene, Cl-MXene, and HF-MXene are
0.219 U, 0.348 U, 1.96 U, correspondingly. The EIS plot on
smaller scale shown in Fig. 7(a), clearly depicts that both the
ohmic and polarization resistances of CuS/Cl-MXene are lower
than other materials because CuS/Cl-MXene has the lowest
starting point and shorter width of semicircle as shown in
Fig. 7(a). These values provide evidence for the overall
minimum resistance of CuS/Cl-MXene among all, indicating
enhance electrochemical catalyst activity than single Cl-MXene
and ordinary HF-MXene.
RSC Adv., 2023, 13, 22017–22028 | 22023
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Fig. 7 (a) Electrochemical impedance spectroscopy (EIS) analysis of HF-MXene (Ti3AlC2), Cl-MXene (Ti3C2Cl2) and CuS/Cl-MXene (CuS/
Ti3C2Cl2), (b) chronopotentiometry (CP) analysis of synthesized CuS/Cl-MXene (CuS/Ti3C2Cl2), (c) overall water splitting curves of both Cl-MXene
(Ti3C2Cl2) and CuS/Cl-MXene (CuS/Ti3C2Cl2).
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The chronopotentiometry (CP) analysis for the long-term
durability test of synthesized CuS/Ti3C2Cl2 electrocatalyst was
performed for a cycle of 48 hours at 100 mA cm−2 current
density is shown in Fig. 7(b). The value of voltage started from
0 V and reached the voltage of 0.684 V in a few minutes,
maintained 96% of this value for 48 hours. This stability is
achieved by the structural characteristics of synthesized CuS/
Ti3C2Cl2, due to the activation of the electrocatalyst rapid ion
transportation among the active sites is happened and ion
diffusion resistance is decreased.

The above investigations reveal that the synthesized CuS/
Ti3C2Cl2 material can be used as an electrocatalyst for both HER
and OER reactions. To further investigate these characteristics
Table 1 HER performance of CuS/Cl-MXene (CuS/Ti3C2Cl2) and severa

Catalyst Morphology Substrate

(CuS/Ti3C2Cl2) 2D sheets Ni foam
CuS Nano sheets Ni foam
NiSe2/Ti3C2Tx 2D sheets Ni foam
MoS2/Ni–Al-LDH Nano sheets Ni foam
MoS2/Ni–Fe-LDH Nano sheets Ni foam
NiPS3 Nano sheets Ni foam
MoOx/Ni3S2/Ni foam Hollow microspheres Ni foam
MoS2@CNF Nano bers Ni foam

22024 | RSC Adv., 2023, 13, 22017–22028
overall water splitting test was performed. In 1 M KOH solution,
both anode and cathode electrodes were made of CuS/Ti3C2Cl2
on nickel foam and tested for overall water splitting as shown in
Fig. 7(c). The results of overall water splitting were compared at
20 mA cm−2 current density with HF-based MXene. Fig. 7(c)
shows that to deliver a current density of 20 mA cm−2, CuS/
Ti3C2Cl2 exhibit a 1.87 V value of voltage while HF-MXene
exhibits a voltage of 2.02 V much higher than CuS/Ti3C2Cl2.
This value of potential is improved from 2.02 to 1.87 V aer the
CuS deposition.

Finally, to compare the electrochemical activity for overall
water splitting with the reported catalysts, Tables 1 and 2 are
prepared. Table 1 shows the hydrogen evolution (HER)
l reported electrocatalysts

Electrolyte
Overpotential
h (mV)

Current density
(mA cm−2) Ref.

1 M KOH 163 10 This work
1 M KOH 279 10 51
2 M KOH 200 10 52
1 M KOH 330 10 48
1 M KOH 300 10 48
1 M KOH 530 10 53
1 M KOH 200 15 54
1 M KOH 186 10 55

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 OER performance of Cl-terminated MXene (Ti3C2Cl2) and several reported electrocatalysts

Catalyst Morphology Substrate Electrolyte
Overpotential
h (mV)

Current density
(mA cm−2) Ref.

(CuS/Ti3C2Cl2) 2D sheets Ni foam 1 M KOH 334 50 This work
Ni–Fe-LDH/MoS2 Nano sheets Glassy carbon 1 M KOH 370 50 48
CoNiP/NC-1 Nano strips Glassy carbon 1 M KOH 330 10 56
MoCo(OH)2/CoP/NF Nanostructure Ni foam 1 M KOH 287 10 57
Ni–Al-LDH/MoS2 Nano sheets Glassy carbon 1 M KOH 410 50 48
CoP/MXene Nano sheets — 1 M KOH 300 50 58
NiPS3 Nano sheets Glassy carbon 1 M KOH 437 20 59
NiPS3@NiOOH Nano sheets RDE 1 M KOH 350 10 60
NiCoS/Ti3C2Tx Sheets Glassy carbon 1 M KOH 365 10 61

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
Ju

ly
 2

02
3.

 D
ow

nl
oa

de
d 

on
 3

/1
3/

20
26

 5
:2

4:
34

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
performance of our prepared CuS/Ti3C2Cl2 with state of the art
reported noble metal free catalysts. The data presented in table
depicts that the prepared CuS/Ti3C2Cl2 electrocatalyst as potential
candidate for HER. Similarly, for OER comparison, Table 2 shows
prepared CuS/Ti3C2Cl2 green electrocatalyst with literature.

4 Conclusion

In summary, the CuS/Ti3C2Cl2 bifunctional composite was
successfully synthesized by a hydrothermal process. CuS
nanoparticles were effectively deposited on the Cl-terminated
MXene and signicantly increased the interlayer distance of
Cl-terminated MXene. The overall electrochemical activity was
improved much as compared to bare Cl-terminated MXene and
HF-MXene. The overpotential of CuS/Ti3C2Cl2 comes out to be
163 mV for HER, which is much less than overpotentials values
of Cl-MXene (Ti3C2Cl2) and HF-MXene (Ti3C2Tx) (259 mV and
443 mV respectively) to deliver a current density of 10 mA cm−2.
The subsequent Tafel slopes are 77mV dec−1, 101mV dec−1 and
268 mV dec−1 for CuS/Ti3C2Cl2, Ti3C2Cl2 and Ti3C2Tx, respec-
tively. Likewise, in the case of OER, the overpotentials to achieve
the same current density of 50 mA cm−2 are 334 mV, 364 mV,
and 418 mV for CuS/Ti3C2Cl2, Ti3C2Cl2, and Ti3C2Tx, respec-
tively. Additionally, CuS/Ti3C2Cl2 delivered 20 mA cm−2 current
density for overall water splitting at 1.87 V. Chro-
nopotentiometry (CP) analysis depicted the stable structure of
CuS/Ti3C2Cl2 composite, the composite retained 96% of its
starting value for 48 hours of long time at specic current
density value of 100 mA cm−2. All the above electrochemical
investigations indicate that CuS/Ti3C2Cl2 its auspicious appli-
cations in overall water splitting and high-performance elec-
trochemical storage devices. The excellent electrochemical
activities of CuS/Ti3C2Cl2 composite also open up the new class
of composites with Cl-terminated HF-free greener MXenes for
electrochemical energy production and storage applications.
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