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A B S T R A C T

Two-dimensional (2D) materials, such as MXene with its 2D structure and excellent conductivity, have emerged 
as crucial components in electrochemistry for energy storage and water electrolysis. However, the limited 
capacitance exhibited by 2D MXene as a cathode material hinders widespread practical applications. In this 
study, CuS@Ti3C2Tx/MXene nanocomposites are synthesized by integrating copper sulfide (CuS) into Ti3C2Tx 
layers to enhance energy storage characteristics alongside water-splitting properties, including the hydrogen 
evolution reaction (HER) and oxygen evolution reaction (OER). This remarkable progress is attributed to the 
synergistic effect of Ti3C2Tx nanosheets and CuS nanoparticles (NPs), which reduce agglomeration, modulate side 
reactions and enhance the electron transfer rate. Cyclic voltammetry (CV) and galvanostatic charging and dis
charging (GCD) confirm the superior electrochemical properties of CuS@Ti3C2Tx compared to CuS and Ti3C2Tx 
alone. CuS@Ti3C2Tx demonstrates a specific capacitance of 957.36 F g-1 at 1 A g-1, with 99.1 % capacity retention 
after 10,000 cycles and a pseudo-capacitance ratio of 90.3 % at 50 mV s-1. The asymmetric supercapacitor (ASC) 
comprising CuS@Ti3C2Tx as the positive electrode and activated carbon (AC) as the negative electrode exhibits a 
specific capacitance of 361.1 F g-1, 98.84 % capacity retention after 10,000 cycles and an energy density of 36.11 
W kg-1. CuS@Ti3C2Tx shows a minimum overpotential of 89.7 mV in HER and 171 mV in OER. These results 
suggest that 2D MXene-based CuS NPs are promising for energy storage and water splitting.

1. Introduction

As the demand for innovative and efficient clean energy solutions 
continues to rise, the development of environmentally friendly, effec
tive, and stable strategies for energy storage, transfer, and generation 
becomes increasingly crucial [1–3]. In this context, supercapacitors 
have emerged as a promising technology due to their outstanding 
durability, flexible temperature tolerance, high power output, and 
eco-friendliness. However, despite advancements in nanotechnology, 
commercially available supercapacitors utilizing carbon materials as 
electrodes still exhibit limited energy densities of 4, 5 Wh kg-1 at power 
densities of 10–20 kW kg-1, positioning them between batteries and 
dielectric capacitors [4,5]. To bridge this performance gap, significant 
research efforts have focused on the advancement of electrode materials 
that exhibit high specific capacitance, energy density, and cyclic 

stability. A critical aspect of these developments lies in harnessing ad
vances in surface and interface science. By optimizing the interactions 
between electrode materials and electrolytes at the nanoscale, re
searchers aim to enhance energy storage mechanisms, increase charge 
transfer efficiency, and improve overall device safety and longevity. 
These interface modifications not only influence the electrochemical 
properties of the materials but also contribute significantly to the overall 
performance of supercapacitors. Therefore, exploring innovative mate
rials and synthesis techniques that harness these surface phenomena is 
vital for the future of energy storage technologies [6–8].

Materials like transition metal sulfides/oxides, conductive polymers 
and carbon-based substances are theoretically promising as pseudoca
pacitive electrodes but often face practical limitations such as reduced 
cycle life, poor conductivity and suboptimal capacitance, hindering 
their use in high-energy-density SCs [9,10]. Copper sulfide (CuS), as a 
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transition metal sulfide, has been studied as a battery-type electrode 
material for asymmetric supercapacitors (ASCs) due to its ease of 
fabrication, high theoretical capacitance, tunable surface structure, 
affordability and high redox activity [11,12]. CuS-based electrode ma
terials can be readily fabricated into a variety of micro/nanostructures, 
including CuS nanosheets [13], nanotubes [14], nanocages [15], micro 
flowers [16], nanospheres [17] and so on. Y. Liu et al. reported that 
hollow CuS flowers achieved a high capacitance of 536.7 F g-1 at a 
current density of 8 A g-1, with 83.6 % retention after 20,000 cycles at 5 
A g-1 [18]. Similarly, S. I. El-Hout et al. found that CuS nanospheres 
anchored on 7 % rGO (CuS/7 %rGO) exhibited a specific capacity of 235 
C g-1 at 1 A g-1 and 95 % retention after 2000 cycles at 10 A g-1 [19]. 
However, the specific capacities of these CuS nanostructures often fall 
short of expectations due to the inferior structural stability and electron 
transfer efficiency [20]. To overcome these limitations, integrating 
active materials with conductive materials, such as MXene, carbon 
materials, metal particles and conductive polymers, has emerged as an 
effective strategy for CuS-based electrodes [21].

MXene is a 2D material derived from layered MAX precursors, 
capable of forming a graphene-like layered structure [22]. MXene 
nanosheets, with the general formula Mn+1XnTx, consist of transition 
metals (M) like titanium, vanadium, chromium, or molybdenum com
bined with carbon and/or nitrogen (X). The surface terminations (Tx) 
can include -O, -OH, -F, -Cl, or -Br. Their high electrical conductivity, 
large surface area, remarkable hydrophilicity, low work function and 
tunable surface chemistry make MXene attractive as supercapacitor 
electrodes and electrocatalysts [23–25]. Although >30 distinct stoi
chiometric MXene types have been synthesized, Ti3C2Tx remains the 
most common for supercapacitors due to its high electrical conductivity 
(up to 6500 S cm-1) and theoretical gravimetric capacitance (1116 F g-1) 
[26,27]. Few-layered MXene/Ti3C2Tx materials exhibit exceptional 
properties for energy storage applications, including high electrical 
conductivity, low ion diffusion barriers, abundant exposed active sites, 
and significant specific capacitance [28,29]. However, these materials 
face challenges such as aggregation and restacking due to strong van der 
Waals interactions between adjacent layers, as well as a propensity for 

rapid oxidation, which can adversely affect their performance [30]. To 
overcome these limitations, researchers have explored the combination 
of MXenes with other active materials to harness synergistic effects in 
heterojunction electrodes or catalysts [31,32]. This approach involves 
integrating nanomaterials into the surface and interlayers of MXene, 
effectively addressing the issues of stacking and oxidation while also 
improving conductivity and reducing the tendency for aggregation [33]. 
For example, Fu et al. examined few-layered MXene nanosheets wrap
ped in a sisal-like NiCo2S4 structure, achieving a specific capacity of 
1028 C g-1 at 1 A g-1 and 94.27 % retention after 5000 cycles [34]. Zhang 
et al. grew CoS nanowires on few-layered Ti3C2Tx sheets, resulting in a 
capacity of 528 F g-1 at 1 A g-1 and 99.3 % retention after 20,000 cycles 
at 10 A g-1 [35]. Therefore, combining CuS nanocrystals with Ti3C2Tx 
nanosheets can enhance charge transfer and structural stability.

Electrocatalytic water decomposition involves two half-reactions: 
HER and OER. Compared to HER, which involves a two-electron trans
fer process, OER is more complex, involving a coupling of four electrons 
and protons, making it the rate-determining step in water splitting 
[36–39]. Currently, precious metal electrocatalysts such as iridium (Ir) 
and platinum-based (Pt) catalysts dominate OER and HER due to their 
excellent catalytic activity under alkaline conditions [40,41]. However, 
their scarcity and high-cost limit on large-scale applications, high
lighting the urgent need for more effective and economical electro
catalysts [39,42–44]. Many materials exhibit slow kinetics for both OER 
and HER due to low desorption/adsorption rates of reactants [45,46]. 
MXene, with its unique structure, incorporates various metal and 
non-metal atoms during preparation, altering electronic properties and 
enhancing catalytic activity. In particular, CuS@Ti3C2Tx contains 
numerous intrinsic defects, such as atomic vacancies and structural 
distortions, creating additional catalytic sites [47,48]. Bilal et al. studied 
the characteristics of the OER and HER of CuS/Ti2C2Cl2 on a nickel 
substrate in 1 M KOH. The electrode exhibits a HER overpotential of 163 
mV at 10 mA cm-2 and an OER overpotential of 334 mV at 50 mA cm-2 

[49]. The convergence of nanotechnology and material science has 
ushered in significant advancements in surface and interface science, 
pivotal for enhancing the performance of energy storage devices. The 

Fig. 1. Schematic illustration showing the synthesis of CuS NPs, Ti3C2Tx/MXene nanosheets, and CuS@Ti3C2Tx nanocomposite.
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interface between active materials and conductive substrates plays a 
critical role in optimizing charge transfer and overall device efficiency. 
Recent strategies in nanomaterial synthesis have emphasized modifying 
these interfaces to improve conductivity, stability, and electrochemical 
performance.

In this context, we developed a novel in situ growth strategy for 
synthesizing CTAB-treated CuS NPs embedded in Ti3C2Tx using a 
rotating hydrothermal method, as depicted in Fig. 1. This method not 
only yields a well-defined porous 3D network but also significantly en
hances electrolyte transport through increased interlayer spacing. Such 
structural modifications counteract the challenges of self-stacking in 
Ti3C2Tx and agglomeration of CuS, which are crucial for maintaining 
high electrode stability and conductivity.

Furthermore, the advancements in surface and interface engineering 
like targeted modifications at the nanoscale allow for improved in
teractions at the electrode-electrolyte interface. For instance, DFT cal
culations were employed to examine the electronic structure and 
adsorption energies of ions on the newly formed interfaces, elucidating 
how these modifications can enhance electrode performance.

To demonstrate the commercial viability of our synthesized mate
rials, we tested the electric performance of the CuS@Ti3C2Tx//AC-ASC 
configuration, achieving a specific capacitance of 361.1 F g-1 and an 
impressive capacity retention of 98.84 % after 10,000 cycles, alongside 
an energy density of 36.11 W kg-1. Additionally, our composite electrode 
exhibited superior electrocatalytic properties in hydrogen evolution and 
oxygen evolution reactions, with minimal overpotentials and favorable 

Tafel slopes, illustrating the tangible benefits of our approach.
These results emphasize the potential of CuS@Ti3C2Tx in advancing 

renewable energy applications by leveraging innovations in surface and 
interface science, thereby paving the way for more efficient and stable 
energy storage solutions in the future.

2. Experimental section

2.1. Material preparation

Lithium fluoride (LiF, 99.9 %), MAX powder (Ti3AlC2, 99 %), poly
vinylpyrrolidone (PVP, 99 %), copper chloride (CuCl2), hydrochloric 
acid (HCl) and tetrabutylammonium bromide ((C4H9)4NBr) were 
sourced from Sinopharm Chemical Reagent Co., Ltd, as well as sodium 
sulfide (Na2S) and ascorbic acid (C6H8O6) from Shanghai Macklin 
Biochemical Co., Ltd. All chemicals used in this study were of analytical 
grade and used without further purification. These chemicals were dis
solved in deionized (D.I.) water to prepare the required solutions.

2.1.1. Preparation of Ti3C2Tx/MXene
For the synthesis of multilayer Ti3C2Tx/MXene, the etching solution 

was prepared using 40 ml HCL and 2 g of LiF. The mixture was stirred for 
half an hour at 40 ◦C and then the 2 g of Ti3AlC2/MAX powder was 
added slowly to the etching solution. The etching solution was then 
stirred for 1 day at around 40 ◦C in the water bath. The solution was 
centrifuged at 4200 rpm for half an hour. The solution was then washed 

Fig. 2. (a) XRD spectra of Ti3AlC2, Ti3C2Tx, CuS and CuS@Ti3C2Tx; (b) Raman scattering spectra; (c) BET of synthesized samples (d) Pore size distribution curves (e) 
XPS spectra of (e) Full spectra (f) Cu 2p (g) S 2p (h) Ti 2p and (i) C 1 s.
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with ethanol and DI water for several times until pH~7. The resultant 
solution was vacuum filtered to obtain a film, which was then mixed 
with DI water and make it to around 150 ml. The solution was exposed 
to Argon gas and then sonicated in an ice bath for 1 h. The sonicated 
mixture was centrifuged for 1 h to yield multilayer Ti3C2Tx. The solution 
was poured into petri dishes, pre-frozen for 6 h at − 32 ◦C, and then 
freeze dried at − 64 ◦C for 12 h to obtain the freeze-dried Ti3C2Tx/MXene 
powder.

2.1.2. Synthesis of CuS
CuS NPs were successfully synthesized in a two-step process in an 

aqueous solution, providing precise control over the formation and 
ensuring high-quality NPs. In the first step, a carefully measured solu
tion was prepared by combining deionized water, polyvinylpyrrolidone 
(PVP), CuCl2 solution and (C4H9)4NBr solution. This solution was then 
stirred, resulting in the formation of turbidity. To initiate the synthesis, 
an ascorbic acid solution was added and the mixture was stirred for a 2 
h. In the second step, the Na2S solution was added slowly to the prepared 
solution while stirring and left undisturbed at room temperature. During 
this process the solution turned to brown color indicating the formation 
of Cu2S hollow spheres. To enhance the synthesis process, the brownish 
mixture was transferred to an autoclave lined with polytetrafluoro
ethylene (PTFE) and heated at a controlled temperature for 24 h. This 
controlled heating process facilitated the transformation of Cu2S into 
well-crystallized CuS NPs, ensuring the desired structural properties. 
After synthesis, the CuS solution was centrifuged, washed with DI water 
and ethanol to remove impurities and dried in air. The resulting CuS NPs 
were then ready for further analysis and applications.

2.1.3. Synthesis of CuS@Ti3C2Tx/MXene
CuS@Ti3C2Tx/MXene was fabricated using a solvothermal method. 

Specifically, 0.3 g of CuS NPs and 0.2 g of Ti3C2Tx/MXene powder were 
mixed in 60 mL of ethylene glycol. After stirring the mixture magneti
cally for 30 min, 0.1 mL of hydrazine hydrate (N2H4) was slowly added 
and the mixture was stirred until a homogeneous solution was obtained. 

This mixture was then transferred to a stainless-steel autoclave and 
heated at 150 ◦C for 9 h. The resulting material was separated by 
centrifugation, washed and centrifuged again at 4500 rpm several times, 
followed by drying under vacuum at 85 ◦C for 9 h. To enhance the 
robustness of our results, we conducted all experiments for each of the 
three samples (CuS, Ti3C2Tx and CuS@Ti3C2Tx) with five replicates, 
systematically testing their electrochemical performance to ensure 
reliability and reproducibility.

3. Results and discussion

The preparation process and schematic structure of Ti3C2Tx, CuS and 
CuS@Ti3C2Tx are shown in Fig. 1 and electrode formation is described in 
Supporting Section S1. The synthesized materials and electrodes are 
systematically characterized and thoroughly discussed in Supporting 
Section S2.

Fig. 2 shows the XRD, Raman spectroscopy and XPS results of 
Ti3C2Tx, CuS and CuS@Ti3C2Tx. According to Fig. 2a, Ti3AlC2 (MAX 
precursor) shows diffraction peaks at 2θ = 9.58◦, 19.2◦, 34.2◦, 36.81◦, 
38.81◦, 41.65◦, 48.45◦, 52.4◦ and 56.31◦ corresponding to Miller indices 
(002), (004), (101), (103), (104), (105), (107), (109) and (110) 
respectively, (as referenced by JCPDS # 52–0875 for Ti3C2Tx and JCPDS 
# 32–1383 for TiC) [50]. XRD reveals a significant shift in the peak from 
9.58◦ to 8.53◦ for Ti3C2Tx, associated with the (002) plane and the 
disappearing peak at 38.81◦ corresponds to the (103) plane showcasing 
that Al layers have been successfully eliminated [51]. Peaks at 2θ =
27.78◦, 32.1◦, 47.63◦ and 54.7◦ indicating a uniform crystal structure of 
CuS NPs, (JCPDF # 65–3588) [52]. A further peak shift is observed, with 
the (002) index moving from 8.53◦ to 6.23◦ due to the insertion of CuS 
NPs into Ti3C2Tx nanosheets. The increase in the intensity of CuS@
Ti3C2Tx peaks showcasing the improvement in crystal structure and the 
peak at 25.1◦ arises from TiO2.

Fig. 2b shows two diffraction peaks at 129.44 and 701 cm-1 corre
sponding to Ti-C in Ti3C2Tx, while the smaller peaks at 129.9 and 290 
cm-1 indicate Ti-O and O-Ti-O, respectively. The three prominent Raman 

Fig. 3. Morphology and EDS results; SEM images of; (a, b) Ti3C2Tx, (c) CuS, and (d) CuS@Ti3C2Tx; (e) TEM image of CuS@Ti3C2Tx; (f) HR-TEM image of CuS@
Ti3C2Tx with the inset showing the SAED pattern; (g, h) Particle size of CuS and calculated average particle size; (i-i7) EDS elemental maps of CuS@Ti3C2Tx; (j) 
Elemental concentrations determined by EDS.
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peaks observed at 216, 468.58 and 472.32 cm-1 are associated with Cu- 
S, confirming the crystalline structure of CuS NPs. In the CuS@Ti3C2Tx 
composite, similar peaks are observed, albeit with varying intensities. A 
notable peak shift occurs for Cu-S from 468.58 to 472.32 cm-1, high
lighting the strong synergistic effects between CuS and Ti3C2Tx. The 
disappearance of the Ti-C bond in the composite can be attributed to the 
interaction between CuS NPs and the Ti3C2Tx sheets, likely inducing 
changes in the vibrational modes of the Ti-C bonds and altering the 
electronic environment within the Ti3C2Tx structure. This interaction 
resulted in the suppression of characteristic peaks associated with the Ti- 
C bonds. Fig. 2c, d present the BET isotherms for Ti3C2Tx, CuS and 
CuS@Ti3C2Tx electrode materials, revealing IV-type isotherm with an 
H3 hysteresis loop, indicative of their mesoporous characteristics. The 
specific surface area of CuS@Ti3C2Tx is 50 m2 g-1, surpassing that of the 
individual Ti3C2Tx (31.97 m2 g-1) and CuS (26.94 m2 g-1), which high
lights the composite’s enhanced porosity. Additionally, the pore diam
eter of CuS@Ti3C2Tx is 6.18 nm, larger than that of Ti3C2Tx (19.13 nm) 
and CuS (17.04 nm). This increase in surface area and pore diameter 
upon incorporating CuS NPs into the Ti3C2Tx nanosheets is significant. 
The augmented surface area provides a greater number of active sites for 
electrolyte ion interaction with the electrode material, which is crucial 
for improving electrochemical performance. Consequently, the CuS@
Ti3C2Tx composite demonstrates significant potential for enhanced 

electrochemical properties in supercapacitor applications, as the 
increased active sites facilitate improved charge transfer and energy 
storage capabilities. This analysis supports the hypothesis that com
posite materials can leverage the strengths of individual components, 
leading to superior performance in energy storage technologies.

Fig. 2e presents the complete X-ray Photoelectron Spectroscopy 
(XPS) spectrum of CuS@Ti3C2Tx, revealing the significant presence of 
key elements, including Ti, C, Cu and S. Additionally, it highlights the 
presence of functional groups such as F and O, underscoring the mate
rial’s complex chemical composition. Fig. 2f depicts the spectrum of Cu 
in CuS@Ti3C2Tx, showing two peaks at 952.4 and 932.5 eV for Cu+ (Cu 
2p1/2 and Cu 2p3/2, respectively). Two other peaks at 933.6 and 952.4 eV 
correspond to Cu2+. Fig. 2g shows the S 2p spectrum of CuS@Ti3C2Tx, 
revealing peaks at 161.58, 162.4, 163.61 and 164.82 eV, attributed to S- 
CuS, S-Cu, S-Ti-C and S-Cu for S 2p3/2 and S 2p1/2, respectively. The 
presence of the Cu-S bond confirms the synthesis of uniform CuS crystals 
[53]. Fig. 2h shows Ti 2p peaks at 455.3, 456.2, 456.9, 458, 459.5 and 
462.5 eV corresponding to (Ti-C, Ti+2, Ti+3) 2p3/2, (Ti-O, Ti-C) 2p1/2 and 
Ti-X, respectively [54]. Fig. 2i shows the C 1 s peaks at 282.2, 284.45, 
285.1, 285.8 and 286.5 eV for C-Ti, C-C, Ti-C-O, C-O and C-F, respec
tively [22]. These peaks confirm the strong interactions between Ti and 
C in Ti3C2Tx.

SEM, TEM and HR-TEM are performed to examine the nanostructure 

Fig. 4. CV plots of (a) CuS and (b) CuS@Ti3C2Tx; (c) CV comparison; GCD plots of (d) CuS and (e) CuS@Ti3C2Tx; (f) comparison graph; (g) Current density vs specific 
capacitance; (h)% capacity retention; (i) Nyquist plots for EIS.
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and morphology of Ti3C2Tx, CuS and CuS@Ti3C2Tx. Fig. 3(a, b) and S2b 
show the SEM images of the irregular and well-stacked nanosheet 
structure of Ti3C2Tx with active sites created by etching of Al from 
Ti3AlC2 (Fig. S2a), while the HR-TEM image reveals the Ti3C2Tx nano
sheets in Fig. S2c. Fig. 3c displays the SEM image of self-agglomeration 
CuS NPs Fig. S3(a, b). To overcome the self-assembly of CuS NPs, it is 
imperative to increase the available surface area. Ti3C2Tx nanosheets 
etched by HCl have active layers that can provide a large surface area by 
mitigating the agglomeration of these NPs. The SEM images in Figs. 3d 
and S4a, demonstrate that Ti3C2Tx nanosheets have a large surface area 
for active material, which securely anchor their positions and show a 
greater number of CuS NPs sandwiched between these layers. The 
distinctive micro-structure of CuS@Ti3C2Tx provides a substantial con
tact area for electrochemical reactions.

Fig. 3e displays the TEM image of CuS@Ti3C2Tx, revealing ultra-thin 
Ti3C2Tx sheets that are instrumental in dispersing the CuS NPs. The CuS 
NPs are efficiently enclosed by these ultrathin Ti3C2Tx sheets, as shown 
in Fig. S4b. Fig. 3f illustrates the multi-layer spacing of CuS@Ti3C2Tx. 
The distinct D-spacing of 1.16 nm corresponds to the (002) planes of 
Ti3C2Tx, whereas the 0.281 nm and 0.304 nm spacings align with the 
(103) and (102) planes of CuS, respectively [55]. The SAED pattern of 
CuS@Ti3C2Tx, reveals both CuS and Ti3C2Tx. Fig. 3g displays the TEM 
image of CuS, showing that they tend to self-aggregate. The Ti3C2Tx 
nanosheets (averaging 40 nm) have a large surface area, but in contrast, 
the calculated average size of agglomeration-free CuS NPs is 19.04 nm, 
making them more suitable for insertion into the generated active sites 
between Ti3C2Tx sheets. Fig. 3h shows the average size of CuS NPs 
anchored on the surface of Ti3C2Tx measured by HR-TEM. Fig. 3(i-i6) 
displays the EDS results of CuS@Ti3C2Tx showing Cu, S, Ti, C, F, Cl and 
O. Meanwhile, Fig. 3(i7) illustrates the elemental contributions of 
CuS@Ti3C2Tx with the electron image in the inset. Fig. 3j presents the 
concentration of these elements involved in CuS@Ti3C2Tx. Cu and S 
have the highest concentration of 68.9 %, indicating that a significant 
portion of the Ti3C2Tx surface is covered by CuS.

3.1. Electrochemical assessment

The electrochemical evaluation of the energy storage mechanism 
was conducted using a CHI660E electrochemical workstation. The 
working electrodes consisted of CuS, Ti3C2Tx and CuS@Ti3C2Tx, 
immersed in a 1.0 M KOH electrolyte solution supplemented with 0.2 
mM potassium hexacyanoferrate (II) (K₄[Fe(CN)₆]) as the electrolyte. A 
Silver/Silver Chloride (Ag/AgCl) reference electrode and a graphite 
plate counter electrode (10 × 10 × 3 mm) were used. The potential 
window of the working electrodes was established as 0 to 0.6 V. To 
ensure the reliability and reproducibility of our results, each experiment 
for the prepared electrodes (CuS@Ti3C2Tx, CuS, and Ti3C2Tx) was con
ducted five times, during which we assessed the electrochemical prop
erties of each sample to verify the accuracy of our findings. Fig. S5 
displays the cyclic voltammetry (CV) curves along with the corre
sponding error bars and standard deviations for the anodic and cathodic 
peaks of all electrodes. To further analyze the results, galvanostatic 
charge-discharge (GCD) curves were obtained for each electrode type 
(CuS@Ti3C2Tx, CuS, and Ti3C2Tx), with five replicates for each sample 
facilitating the calculation of specific capacitance and energy density 
represented in Fig. S6. The experiment that exhibited the closest align
ment with the calculated mean values and the minimum deviation was 
selected for further analysis.

Fig. 4 (a, b) display the CV results for CuS and CuS@Ti3C2Tx at 
various scanning rates (1 to 200 mV s-1). The electrode synthesis is 
illustrated in Fig. S1. Sharp rise in the current density is observed for 
redox peaks (anodic and cathodic). The broad redox peaks of CuS@
Ti3C2Tx reflect the reversible conversion of ferrocyanide to ferricyanide, 
resulting in the oxidation of Cu [56]. The shape of the CV plots remains 
consistent across increasing scanning rates, with continuous increases in 
intensity and current, indicating low resistance, cyclic stability, 

reversibility and favorable electrochemical kinetics. However, achieving 
a reversible capacitive trend for the composite electrodes proves chal
lenging due to the translational absorption behavior of CuS. CV results 
for NF and Ti3C2Tx, shown in Fig. S7(a, b), reveal lower current densities 
at scanning rates of 5, 10, 20, 30, 40 and 50 mV s-1.

Fig. 4c compares the CV results of Ti3C2Tx, CuS and CuS@Ti3C2Tx. 
The increased area of the CV curve for CuS@Ti3C2Tx suggests enhanced 
electron transfer, with sharper redox peaks indicating improved ki
netics. The increasing intensities and areas of the reversible redox re
actions imply valence changes of Cu+/Cu2+accompanied by electron 
transfer [57]. Fig. 4(d, e) presents the GCD curves, revealing the 
charging and discharging properties of CuS and CuS@Ti3C2Tx at 
different current densities (1 to 50 A g-1). As current density increases, 
the discharging time decreases, with the longest discharging time 
observed at a low current density of 1 A g-1. This decline in discharge 
time at higher current densities is due to the faster movement of charge 
carriers, resulting in more efficient and rapid discharge of stored energy. 
The GCD curves for NF and Ti3C2Tx are shown in Fig. S8(a, b). which 
demonstrate shorter discharge times compared to CuS and CuS@
Ti3C2Tx. Fig. 4f illustrates the charging/discharging times and a 
comparative graph at 1 A g-1. CuS@Ti3C2Tx has exceptional integrity 
and dispersion, yielding a charging/discharging time of 1599.8 s, which 
is significantly longer than that of CuS with a discharging time of 963.8 
s. In comparison, Ti3C2Tx has a shorter discharging time of 590.5 s. 
CuS@Ti3C2Tx shows a longer discharging time than CuS, indicating a 
significantly higher specific capacitance for CuS@Ti3C2Tx boding well 
for supercapacitors.

Fig. 4g presents the specific capacitance versus current density 
relationship based on GCD for CuS, Ti3C2Tx and CuS@Ti3C2Tx at various 
current densities (1 to 50 A g-1). The specific capacitance of CuS is 
734.49 F g-1 at 1 A g-1, while CuS@Ti3C2Tx achieves a larger capacitance 
of 957.36 F g-1 at the same current density.

The relationship between power density and energy density is shown 
in the Fig. S9. As expected, energy density decreases with increasing 
power density, indicating that higher power densities limit the rate at 
which ions can be intercalated or deintercalated in the electrode, lead
ing to slower reaction kinetics and reduced energy storage capacity. At a 
power density of 300 W kg-1, the CuS and Ti3C2Tx electrodes demon
strate maximum energy densities of 37.71 Wh kg-1 and 19.2 Wh kg-1, 
respectively, while CuS@Ti3C2Tx achieves a remarkable energy density 
of 47.86 Wh kg-1. The synergy between CuS and Ti3C2Tx in the com
posite enhances overall energy storage performance.

Fig. 4h illustrates the cyclic stability of CuS and Ti3C2Tx compared to 
CuS@Ti3C2Tx. The CuS@Ti3C2Tx composite demonstrates robust cyclic 
stability with 99.1 % capacity retention after 10,000 cycles, whereas the 
CuS electrode retains only 82.2 % of its capacity. The excellent cycling 
stability of CuS@Ti3C2Tx can be attributed to several factors: the strong 
interaction between CuS NPs and Ti3C2Tx nanosheets enhances struc
tural integrity during charge-discharge cycles, preventing significant 
physical degradation or agglomeration of CuS particles. Additionally, 
the layered structure of Ti3C2Tx allows for efficient ion transport, 
contributing to capacity retention over extended cycling. The high sur
face area and conductivity of Ti3C2Tx facilitate rapid electron transfer 
and ion diffusion, minimizing resistance during cycling.

The electrochemical kinetics of CuS@Ti3C2Tx, CuS and Ti3C2Tx are 
investigated by EIS. The Nyquist plots in Fig. 4i reveal that CuS@Ti3C2Tx 
has the smallest semicircle in the high-frequency region compared to 
pristine CuS and Ti3C2Tx. The fitted equivalent circuit results indicate 
that the calculated charge transfer resistance (Rct) of CuS@Ti3C2Tx, CuS 
and Ti3C2Tx are 2, 2.45 and 6 Ω, respectively. The smaller charge 
transfer resistance of CuS@Ti3C2Tx implies superior electron transfer 
and electrical conductivity. The slope in the low-frequency region, 
determined by the Warburg constant (Wo), reflects the ionic conduc
tivity. CuS@Ti3C2Tx exhibits the steepest slope with the minimum Wo, 
indicating the highest ionic conductivity. The Rct and Wo values are 
obtained by fitting the equivalent circuits of CuS@Ti3C2Tx Fig. 4(i), 
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(Fig. S10a), CuS (Fig. S10b) and Ti3C2Tx (Fig. S10c) along with the Bode 
plots.

Fig. 5 illustrates the double-layer capacitance of CuS and CuS@
Ti3C2Tx, highlighting pseudo-capacitance values obtained from the CV 
data at various current densities. Fig. 5a, b presents the calculated 
anodic and cathodic b-values for the pseudocapacitive and diffusion 
properties of both materials. The b-values for CuS are 0.52 (anodic) and 
0.787 (cathodic), indicating moderate behavior. In contrast, CuS@
Ti3C2Tx exhibits remarkable pseudocapacitive behavior with b-values of 
0.645 and 0.836, respectively. The higher b-values suggest that CuS@
Ti3C2Tx has a greater charge storage capacity and superior pseudoca
pacitive characteristics. The slope R² values for CuS@Ti3C2Tx align with 
the b-values, showing anodic and cathodic R² values of 0.993 and 0.996, 
respectively, as illustrated in Fig. 5c.

Fig. 5d depicts the CV of CuS, revealing distinct redox peaks at 
scanning rates of 10–50 mV s-1. Pseudocapacitance, evaluated by Dunn’s 
method [58] demonstrates two contributions: a surface capacitive 

contribution enhancing power density and a diffusion-controlled 
contribution improving energy density. The inset of Fig. 5d shows the 
primary capacitive contribution with the redox peaks, while the yellow 
area represents the capacitive component of pseudocapacitance at 50 
mV s-1, with surface-controlled behavior accounting for 65.3 % and 
diffusion-controlled contribution for 34.7 %.

Fig. 5e reveals a significant increase in current densities with sharp 
redox peaks for CuS@Ti3C2Tx. As shown in Fig. 5e inset, the escalating 
trend suggests that at 50 mV s-1, the pseudo-capacitance ratio for the 
surface control capacitive contribution reaches 90.3 %. Furthermore, 
Fig. 5f shows the calculated slopes (k1) at different potential values 
effectively describing the charging and discharging behavior for pseudo- 
capacitance as outlined in Eq. (1). 

i(V)
v1/2 = k1v1/2 + k2 (1) 

The graph of i(V)/v1/2 versus square root of scanning rate (v)1/2:(mV 

Fig. 5. b values of (a) CuS and (b) CuS@Ti3C2Tx; (c) R2 plots of CuS and CuS@Ti3C2Tx; CV plots (10–50 mV s-1) and pseudocapacitive characteristics at 50 mV s-1 of 
(d) CuS and (e) CuS@Ti3C2Tx; (f) Charging/Discharging curves of CuS and CuS@Ti3C2Tx; (g) comparison of capacitive and diffusive effects.
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Fig. 6. Adsorption Energy (Ead) models of (a) Ti3C2, (b) Ti3C2Tx, (c) CuS@Ti3C2 composite, and (d) CuS@Ti3C2Tx composite; (e) Adsorption energies of CuS, 
Ti3C2Tx/MXene, and CuS@Ti3C2Tx/MXene; (f) PDOS of Ti3C2Tx; (g) PDOS of CuS; (h) PDOS of CuS@Ti3C2Tx.

Fig. 7. (a) CV comparison between the CuS@Ti3C2Tx anode and AC cathode; (b) CV curves in different potential windows; (c) CV curves at different current densities 
(1–90 mV s-1); (d) b values of the device at potentials from 1 to 1.7 V; (e) GCD curves at different current densities in the potential window of 0–1.6 V; (f) Specific 
capacitances calculated at various current densities; (g) Nyquist plot of CuS@Ti3C2Tx//AC-ASC; (h) Schematic illustration of CuS@Ti3C2Tx//AC-ASC.
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s-1)1/2 in cyclic voltammetry reflects the charging and discharging 
behavior, with k1 determined by Origin software representing the slope 
of each curve. The product of k1 and scanning rate (v) yields the current 
(i). Comparing the capacitive and diffusion pseudo-capacitance of both 
materials at the same scanning rates, the histogram (Fig. 5g) reveals that 
CuS@Ti3C2Tx exhibits a higher pseudocapacitive contribution than CuS. 
For instance, at 10 mV s-1, CuS has only 35.2 % capacitive contribution, 
while CuS@Ti3C2Tx shows 65.7 % capacitive contribution. The 
maximum capacitive contribution from CuS@Ti3C2Tx at 50 mV s-1 in
dicates that Ti3C2Tx enhances the pseudo-capacitive contribution due to 
its high conductivity, large superficial area for more active sites, miti
gated self-agglomeration of CuS NPs and improved transport of 
electrons.

DFT simulation is performed using software (VASP Package) to 
derive the density of state (DOS) and adsorption energy (Ead). The 
complete structures and electron models of the four rectangular paral
lelepipeds of Ti3C2, Ti3C2Tx, CuS@Ti3C2 and CuS@Ti3C2Tx are shown in 
Fig. 6(a-d), respectively. All samples exhibit negative Ead values, indi
cating exothermic behavior, with CuS@Ti3C2Tx showing the highest 
adsorption energy of − 3.228 eV, suggesting a stable structure and strong 
adsorption compared to CuS (− 2.024 eV) and Ti3C2Tx (− 2.112 eV) 
shown in Fig. 6(e). The negative value signifies an exothermic adsorp
tion process, indicating a release of energy upon K+ion binding to the 
surface, which enhances ion binding. Stronger interactions are indicated 
by more negative values, while positive values suggest weaker in
teractions, with higher positive values indicating even weaker in
teractions. Fig. 6(f-h) shows the DOS and project density of state (PDOS) 
of CuS, Ti3C2Tx and CuS@Ti3C2Tx. CuS@Ti3C2Tx shows higher Ead, 
indicating a stronger interaction with adsorbates, compared to CuS, 
suggesting a high electronic density and strong electronic interactions. 
The main contribution of the electronic state near the Fermi level is 
attributed to Ti 2p, C 1 s, Cu 2p and S 2p. In CuS@Ti3C2Tx, Cu shows the 
main contribution, while S 2p, Ti 2p and C 1 s cross the Fermi level. 
CuS@Ti3C2Tx shows higher electron transfer than CuS and Ti3C2Tx due 
to the more active sites, which provide more empty states for CuS NPs, 
thus mitigating agglomeration and preventing side reactions. Due to the 
outstanding electrical conductivity of Ti3C2Tx and the presence of 
metallic Cu, there is a high concentration of electrons close to the Fermi 

level boosting the superior conductivity. These characteristics enhance 
the electron transfer rate and reaction kinetics.

In the asymmetric supercapacitor (ASC), the CuS@Ti3C2Tx electrode 
serves as the anode, a 7 M KOH aqueous solution is the electrolyte and 
AC is the cathode, Fig. S11. To optimize the performance of the 
CuS@Ti3C2Tx electrode in the asymmetric supercapacitor, the AC mass 
loading on the cathode is determined by the charge balance theorem 
[59]. The CV curves of both electrodes are presented in Fig. 7a, where 
the CuS@Ti3C2Tx electrode exhibits a voltage window of 0–0.6 V, while 
the AC electrode has a voltage window of − 1 to 0 V. These voltage 
windows result in a compatible match at a scanning rate of 20 mV s-1, 
thus extending the potential window of CuS@Ti3C2Tx//AC-ASC to 0–1.6 
V. To explore the maximum operating voltage range, CV curves are 
acquired from CuS@Ti3C2Tx//AC-ASC in various potential windows, as 
shown in Fig. 7b. The CV curves display a similar shape until the po
tential reaches 1.6 V, at 1.7 V significant polarization occurs due to the 
precipitation of oxygen resulting from the decomposition of water-based 
electrolytes, as indicated by the red dotted circles [60]. However, the CV 
curve of the CuS@Ti3C2Tx//AC-ASC in Fig. 7c maintains a stable shape 
within the potential window of 0 − 1.6 V, indicating excellent electro
chemical stability. Furthermore, the area under the CV curve increases 
gradually with scanning rates, indicating that CuS@Ti3C2Tx//AC-ASC 
has excellent properties. Fig. 7d shows the b-values of CuS@
Ti3C2Tx//AC-ASC calculated in different potential windows to deter
mine the pseudocapacitive characteristics. The slope (b-value) is 
improved as the potential is increased from 1 to 1.6 V, indicating su
perior pseudocapacitive characteristics. To further investigate the per
formance of the CuS@Ti3C2Tx//AC-ASC device, GCD is conducted in the 
current density range of 1–30 A g-1, as shown in Fig. 7e. The high reg
ularity of the GCD curve indicates a highly reversible charge/discharge 
process. The specific capacitance of the CuS@Ti3C2Tx//AC-ASC is 
calculated from the discharge time and the total mass of the two elec
trode materials, as shown in Fig. 7f. CuS@Ti3C2Tx//AC-ASC device ex
hibits a maximum specific capacitance of 361.14 F g-1 at 1 A g-1. Even 
after 30 folds, the current density remains stable. CuS@Ti3C2Tx//A
C-ASC still shows a specific capacitance of 150.5 F g-1 and an excellent 
rate capability of 41.5 %.

The Nyquist plots of CuS@Ti3C2Tx//AC-ASC device before and after 

Fig. 8. (a) Ragone plot of CuS@Ti3C2Tx//AC-ASC and comparison with similar devices in the literature; (b) Pseudo-capacitance at 50 mV s-1; (c) Capacitive and 
diffusion contributions at various scanning rates; (d) Cyclic stability after 10,000 GCD cycles; (e) Practical application of CuS@Ti3C2Tx//AC-ASC.
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10,000 cycles are compared, revealing that before the stability test, the 
ASC shows a lower charge transfer resistance (Rct = 0.65). However, 
after 10,000 cycles, Rct, Rp and Rw increase slightly due to a decrease in 
the active material caused by charging and discharging, as shown in 
Table S1. This increase in Rw after cycling is ascribed to the degradation 
of electrolyte and decay of voltage along with voltametric distortions. 
The inclusion of Ti3C2Tx into the composite introduces surface defects in 
CuS, thus enhancing electron transfer, improving the conduction of 
electrons in the valence band and facilitating electron transfer.

The Bode plots are presented in Fig. S12 and the practical application 
of the CuS@Ti3C2Tx//AC-ASC setup is illustrated in Fig. 7h. The 
CuS@Ti3C2Tx//AC-ASC device achieves a maximum specific energy 
density of 36.11 Wh kg-1 at a power density of about 600 W kg-1 and 
maintains a specific energy density of 15.05 Wh kg-1 at a high-power 

density of 18 kW kg-1. The CuS@Ti3C2Tx//AC-ASC device exhibits 
remarkable enhancement in the energy density compared to super
capacitor electrodes based on MXene, as shown in Fig. 8a [57,61–64]. 
Fig. 8b shows the CV plot at 50 mV s-1 for CuS@Ti3C2Tx//AC-ASC 
showcasing outstanding pseudocapacitive contribution 84 %. The 
diffusive and capacitive phenomena are observed at different scanning 
rates ranging from 10 to 50 mV s-1, as shown in Fig. 8c. Furthermore, the 
CuS@Ti3C2Tx//AC-ASC device shows a capacitance retention rate as 
high as 98.84 % after 10,000 cycles, as shown in Fig. 8d. Fig. 8e shows 
the practical application of powering green and red LEDs with CuS@
Ti3C2Tx//AC-ASC. The remarkable electrochemical performance of the 
CuS@Ti3C2Tx//AC-ASC device is attributed to the notable capacity of 
CuS, the exceptional conductivity of Ti3C2Tx and the synergistic effect of 
both materials. These results indicate that this composite material has 

Fig. 9. HER and OER properties of Ti3C2Tx, CuS, CuS@Ti3C2Tx, and NF: (a) HER plots, (b) HER Tafel plots, (c) Comparison of overpotential and tafel slope for HER; 
(d) OER plots; (e) OER Tafel plots; (f) Comparison for OER; (g) Chronoamperometry results with the inset showing the schematic of overall water splitting with 
experimental setup.
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exhibited tremendous potential for the advancement of 
high-performance supercapacitors.

To gain insights into the redox kinetics of water splitting, linear 
sweep voltammetry (LSV) analysis combined with overpotential, po
larization curves, and stability analysis were conducted in an alkaline 
electrolyte (1 M KOH), focusing on two key processes: the oxygen evo
lution reaction (OER) and the hydrogen evolution reaction (HER). In the 
HER analysis (Fig. S13), the LSV polarization curves of CuS@Ti3C2Tx, 
CuS, Ti3C2Tx, and NF were recorded and are illustrated in Fig. 9a The 
results show that the electrocatalysts NF, Ti3C2Tx, and CuS exhibit 
overpotentials of 458, 332, and 176 mV, respectively, while the 
CuS@Ti3C2Tx composite achieves the most favorable overpotential of 
89.7 mV to reach the reference current density of 10 mA cm-2. The 
reduced overpotential of CuS@Ti3C2Tx is attributed to the increased 
interlayer distance resulting from the etching of Al layers. Additionally, 
the intercalation of CuS between the Ti3C2Tx sheets further decreases the 
overpotential. To analyze the HER performance of the electrocatalysts in 
terms of polarization curves, the Tafel slopes are plotted in Fig. 9b. 
CuS@Ti3C2Tx displays the minimum Tafel slope of 54 mV dec‑1, sug
gesting that it possesses a Volmer-Heyrovsky mechanism in the HER, 
with the Volmer step involving sluggish electron-coupled water disso
ciation as the rate-determining step. Fig. 9c presents a comparative 
analysis of the overpotentials and Tafel slopes, similar to Fig. 9(a, b). A 
schematic illustration of a three-electrode system using CuS@Ti3C2Tx as 
an electrocatalyst for OER is displayed in Fig. S14. Fig. 9d Fig. 9d depicts 
the OER performance of the CuS-based electrocatalysts using a typical 
three-electrode system. NF and Ti3C2Tx require overpotentials of 665 
mV and 470 mV, respectively, while CuS and CuS@Ti3C2Tx show 
significantly lower overpotentials of 258 mV and 171 mV, respectively. 
For further analysis of the OER response, the Tafel slopes are plotted in 
Fig. 9e. NF exhibits the largest Tafel slope of 224 mV dec‑1, while 
Ti3C2Tx shows a slope of 167 mV dec‑1. In contrast, CuS and CuS@
Ti3C2Tx demonstrate Tafel slopes of 75.1 mV dec‑1 and 39.3 mV dec‑1, 
respectively. Fig. 9f compares the overpotentials and OER Tafel slopes of 
the electrocatalysts and Fig. 9g illustrates that CuS@Ti3C2Tx composite 
remains stable for 10 h and can sustain high current densities during 
water splitting. The inset illustrates the water-splitting setup, demon
strating the formation of O2 at the anode and H₂ at the cathode in an 
alkaline electrolyte (1 M KOH) [65]. The first equation, 4OH- → O2 +

2H2O + 4e-1, describes the oxidation of hydroxide ions (OH-) to produce 
oxygen gas (O2), water (H2O) and electrons at the anode. This reaction is 
crucial in generating oxygen during the electrolysis of water. The second 
equation, (2H+ + 2e- → H2), represents the reduction of protons (H+) to 
form hydrogen gas (H2) at the cathode. Together, these reactions illus
trate the conversion of water into oxygen and hydrogen, showcasing the 
principles of electrochemical energy conversion. The overall water 
splitting performance of the CuS@Ti3C2Tx composite is depicted in 
Fig. S15, demonstrating that the material exhibits a minimum potential 
of 1.42 V at a current density of 10 mA cm-2. This observation suggests 
that the composite is effective in facilitating the water splitting reaction 
under the specified conditions. The reduced overpotential and Tafel 
slope are attributed to the synergistic effect of the composite material.

4. Conclusion

The CuS@Ti3C2Tx electrode is designed for ASC and water-splitting 
applications. By incorporating CuS NPs into the layers of Ti3C2Tx 
nanosheets, additional active sites and a large area are created to miti
gate agglomeration and control side reactions. The CuS@Ti3C2Tx com
posite has a remarkable specific capacitance of 957.36 F g-1 at 1 A g-1 

and 99.1 % capacity retention for 10,000 cycles. Analysis of the pseu
docapacitance properties of supercapacitors reveals a remarkable 
capacitive value of 90.3 %. DFT simulations are consistent with the 
experimental data. The CuS@Ti3C2Tx//AC-ASC shows a specific 
capacitance of 361.1 F g-1, 98.84 % capacity retention for 10,000 cycles 
and an energy density of 36.11 W kg-1. These findings highlight the 

tremendous potential of the CuS@Ti3C2Tx//AC in energy storage ap
plications. Furthermore, our analysis reveals that the multilayered 
structure of CuS@Ti3C2Tx enhances electron transfer and increases the 
efficiency of the OER and HER. LSV provides insights into the redox 
kinetics, disclosing the smallest Tafel slopes for OER (39.3 mV dec‑1) and 
HER (54 mV dec‑1). With its exceptional electrochemical properties, 
CuS@Ti3C2Tx exhibits immense potential as an electrode material for 
advanced supercapacitors (SCs) and water-splitting applications
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S1.  Preparation of Electrodes: 

The CuS, Ti3C2Tx, and CuS@Ti3C2Tx composites were synthesized through hydrothermal and 

solvothermal techniques. These composites were then deposited onto pre-treated nickel foam 

(NF) to create the working electrodes. To ensure the removal of excessive oxides, the NF was 

conditioned in 3 M HCl for 3 hours, followed by 6 hours of vacuum drying at 60°C.  

A synthesis material ink (SMI) was prepared by combining 500 μl of DI water, 50 μl of nafion, 

450 μl of isopropyl alcohol, and 10 mg of the active material (CuS, Ti3C2Tx, or CuS@Ti3C2Tx) 

in a glass vial. The mixture was sonicated in an ice bath for 1 hour and then uniformly coated 

on the treated NF. The coated NF was dried at 80°C for 5 hours.  

In the three-electrode setup, the reference electrode was Ag/AgCl with a potential of 0.197 V, 

the counter electrode was a graphite plate, and the working electrode was either CuS, Ti3C2Tx, 

or CuS@Ti3C2Tx. For the energy storage calculations, the electrolyte consisted of 1.0 M KOH, 

supplemented with 0.2 mM potassium hexacyanoferrate (II) (K4[Fe(CN)6]), while for water 

splitting, only 1 M KOH was used. The CHI660E electrochemical workstation was utilized for 

various tests including cyclic voltammetry (CV), galvanostatic charging-discharging (GCD), 

electrochemical impedance spectroscopy (EIS) in the frequency range of 0.1 Hz to 1 MHz, 

linear sweep voltammetry (LSV), and chronoamperometry test (for 10 hours).  

In the asymmetric supercapacitor (ASC) configuration, the CuS@Ti3C2Tx electrode served as 

the positive electrode, while Active Carbon was used as the counter electrode. Active Carbon 

was synthesized by mixing 10% carbon black (CB) and 80% active carbon in a solution 

containing 10% polytetrafluoroethylene (PTFE) and ethanol. The mixture was stirred at a slow 

speed for 48 hours. The resulting mixture was evenly applied onto the NF substrate and dried 

under vacuum at 60°C for 24 hours. The total mass of the electrode materials ranged from 2.5 
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to 3.5 mg cm-2. The ASC was assembled by separating the positive and negative electrodes 

with an organic separator, and the electrolyte used was 7 M KOH. 

 

 

S2. Materials characterization: 

The morphology and crystal structure of the electrocatalyst were observed and studied by using 

Scanning Electron Microscopy (SEM) on the S4800 (HITACHI, Tokyo, Japan) and X-ray 

Diffraction (XRD) on the D/max-2550VB+/PC (Rigaku, Tokyo, Japan). The chemical states 

and elemental composition of the synthesized electrocatalyst were examined and analyzed by 

X-ray Photoelectron Spectroscopy (XPS) on ESCALB 250XI (Thermo Fisher, Waltham, MA 

USA), X-Ray Diffraction Spectrometry (EDS) & Transmission Electron Microscopy (TEM) 

Figure S 1. Electrode formation process illustrated by SEM images. 
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on the JEM 2100 F (JEOL, Tokyo Japan) at 200kV, Selected-Area Electron Diffraction (SAED) 

on the X-MAX 80TLE (Oxford Instrument, Oxford, England).  

S2.1 Density-functional theory calculations 

The density-functional theory (DFT) calculations were carried out using the Vienna ab initio 

simulation package (VASP) [1],[2]. For the treatment of pseudopotentials and exchange 

correlation functionals, the project-augmented-wave (PAW) [3] method and the Perdew-Burke-

Ernzerhof (PBE) generalized gradient approximation (GGA) [4] method was employed. To 

ensure accurate results, a plane wave cutoff of 520 eV was set for the kinetic energy, and all 

self-consistent field computations were performed with a convergence criterion of 1×10-5 eV. 

In order to determine the adsorption energies of sodium ions on MXene, CuS, and 

CuS@Ti3C2Tx, three computational models in the form of rectangular parallelepipeds were 

constructed. These models had dimensions of 8.5 Å × 4.9 Å × 25 Å and consisted of MXene, 

CuS, and CuS composite with Ti3C2Tx, respectively. The CuS layer had a thickness of 5.3 Å. 

To eliminate any interactions between adjacent periodic images, each model was separated by 

a 15 Å vacuum layer along the z-axis. The Monkhorst-Pack [5] k-mesh of 4 × 7 × 1 was utilized 

for the Brillouin zone integration. 

S2.2 Electrochemical measurements: 

The electrochemical evaluation was conducted using the CHI660E electrochemical 

workstation. The working electrodes consisted of NF, CuS, Ti3C2Tx, CuS@Ti3C2Tx with 1.0 M 

KOH serving as the electrolyte. The reference electrode used was a Silver/Silver Chloride 

(Ag/AgCl), and the counter electrode was a graphite plate (10×10×3 mm). The mass loading 

was set at 2.86 mg cm-2. In the three-electrode system, the potential was applied between the 

reference and working electrodes, while the current was measured across the counter and 
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working electrodes. To determine the electrochemical properties, cyclic voltammetry (CV), 

galvanostatic charging-discharging (GCD), and electrochemical impedance spectroscopy (EIS) 

were performed. The potential window of the electrodes was determined to be 0V-0.6V. The 

mass specific capacitance (𝐶𝑚 , F g-1) and area capacitance (𝐶𝑎 , F cm-2) were assessed by 

constant current charging and discharging (GCD) according to: 

𝐶𝑚 =  
𝐼𝑡

𝑚∆𝑉
  ------------- (S2) 

𝐶𝑎 =  
𝐼𝑡

𝑆∆𝑉
  -------------- (S3) 

where ΔV is the discharging voltage window, t is the discharging duration (s), I indicate 

discharging current (A), m is the mass of the active materials (g), and S is the surface area (cm2). 

The energy density (E, Wh kg-1) and power density (P, W kg-1) were calculated by: 

𝐸 =  
𝐶𝑚𝑉2

2
 ×  

1000

3600
 -------------- (S4) 

𝑃 =  
3600𝐸

∆𝑡
 ----------------------- (S5) 

where Δt denotes the discharge time(s) and V is the voltage window(V).  

The potential vs Reduced Hydrogen Electrode (RHE) was calculated using Nernst Equation,  

𝑉𝑅𝐻𝐸 = 0.197 + 0.059 × 𝑝𝐻 + 𝑉𝐴𝑔/𝐴𝑔𝐶𝑙/𝐾𝐶𝑙 ------- (S6) 
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Where potential vs. RHE is represented by VRHE, 0.197 V is standard potential of Ag/AgCl 

electrode at 25oC, 0.059 is Nernst Constant and pH is the pH value of the electrolyte (pH~13.9) 

used for testing. 
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S3. SEM, TEM and HRTEM images: 

Figure S 2. SEM images of (a) Ti3AlC2 (b) Ti3C2Tx; HRTEM image of (c) Ti3C2Tx. 

Figure S 3. (a, b) SEM images of CuS. 

 

Figure S 4. Images of CuS@Ti3C2Tx/MXene, (a) SEM (b) TEM. 
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S4. Electrochemical Characterizations:  

To ensure the reliability and reproducibility of our results, each experiment for the prepared 

electrodes (CuS@Ti3C2Tx, CuS, and Ti3C2Tx) was conducted five times. The experiment that 

exhibited the closest alignment with the calculated mean values and the minimum deviation 

was selected for further analysis. 

To verify the accuracy and consistency of our findings, we assessed the electrochemical 

properties of each electrode sample. Figure S5 displays the cyclic voltammetry (CV) curves 

along with the corresponding error bars and standard deviations for the anodic and cathodic 

peaks of all electrodes. 

In Figure S5(a), the CV curves for five replicates of CuS@Ti3C2Tx are presented, showcasing 

minimal variations across all measurements. The associated error bars for the anodic and 

cathodic peaks are illustrated in Figures S5(d) and (g), with the mean values indicated by a 

magenta line. Notably, the results for the third electrode align closely with the mean, while the 

other electrodes exhibit some deviations. Similarly, Figure S5(b) illustrates the CV curves for 

five replicates of CuS, again revealing small variations. The error bars for the anodic and 

cathodic peaks are depicted in Figure S5(e) and (h), respectively. In this case, the first electrode 

closely aligns with the mean value, whereas the remaining electrodes show noticeable 

deviations. Figure S5(c) presents the CV curves for five replicates of Ti3C2Tx, showcasing 

minimal variation. The error bars for the anodic and cathodic peaks are shown in Figures S5(f) 

and (i), with the mean values also indicated by a magenta line. Here, the second electrode 

closely matches the mean, while the others demonstrate some degree of variation. 

The standard deviations for the anodic peak currents are summarized in Figure S5 (j). For 

CuS@Ti3C2Tx, the anodic peak has a standard deviation of 0.6485, resulting in a relative 

standard deviation of 0.5387%. The CuS electrodes show a standard deviation of 0.4388, 
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corresponding to a relative standard deviation of 0.5849%. For Ti3C2Tx, the anodic peak has a 

standard deviation of 1.0909, with a relative standard deviation of 2.390%. In Figure S5(k), we 

present the standard deviations for the cathodic peak currents. The cathodic peak values for 

CuS@Ti3C2Tx show a standard deviation of 0.5427 and a relative standard deviation of 

0.5387%. The CuS electrodes display a standard deviation of 0.2724, with a relative standard 

deviation of 0.5849%. Lastly, the Ti3C2Tx electrodes show a standard deviation of 0.5980, 

resulting in a relative standard deviation of 2.390%. 
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Figure S 5: CV curves for all replicates at 20 mV s-1 (a) CuS@Ti3C2Tx , (b) CuS and (c) Ti3C2Tx; 
Error bars for anodic peak currents (d) CuS@Ti3C2Tx , (e) CuS and (f) Ti3C2Tx; Error bars for 
cathodic peak currents (g) CuS@Ti3C2Tx , (h) CuS and (i) Ti3C2Tx; (j) comparison for standard 
deviations of anodic peak currents (k) comparison for standard deviations of cathodic peak 
currents. 
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To further analyze the results, galvanostatic charge-discharge (GCD) curves were obtained for 

each electrode type, with five replicates for each sample facilitating the calculation of specific 

capacitance and energy density represented in Figure S6.  

Figure S6(a) displays the GCD curves for the five replicates of CuS@Ti3C2Tx, demonstrating 

highly consistent results with only minor variations attributable to factors such as human error 

or environmental influences. Figure S6(d) illustrates error bars for the energy density values, 

with the mean indicated by a magenta line. The results for the third electrode closely align with 

this mean. Figure S6(b) presents the GCD curves for the five replicates of CuS, revealing a 

similar consistency among measurements. The error bars for energy density values are 

provided in Figure S6(e), again with the mean marked by a magenta line. The results for the 

first electrode are in close agreement with this mean. In Figure S6(c), the GCD curves for 

Ti3C2Tx reinforce the reliability of the measurements, with error bars for energy density values 

shown in Figure S6(f), where the mean is indicated by a magenta line. Results from the second 

electrode closely align with this mean. 

Furthermore, Figure S6(g) summarizes the standard deviations of specific capacitance values 

across all samples. CuS@Ti3C2Tx exhibits a standard deviation of 5.4608, with a relative 

standard deviation of 0.5699%. For CuS, the standard deviation is 4.8230, leading to a relative 

standard deviation of 0.6588%, while Ti3C2Tx shows a standard deviation of 12.3462 and a 

relative standard deviation of 3.2852%. 

These comprehensive results highlight the consistency and reliability of our electrochemical 

measurements across the various tested electrodes. Additional statistical calculations related to 

peak current values, specific capacitance, and energy density are included in the accompanying 

table for further reference. 
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Figure S 6: GCD curves for all replicates at 1 A g-1 (a) CuS@Ti3C2Tx, (b) CuS and (c) Ti3C2Tx; 
Error bars for Energy density (d) CuS@Ti3C2Tx, (e) CuS and (f) Ti3C2Tx; (j) comparison of 
standard deviation for specific capacitance. 
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CuS@Ti3C2Tx  
Mean Standard 

Deviation 
Variance Mean 

Absolute 
Deviation 

(MAD) 

Standard 
Error of 

Mean 

Coefficient 
of 

variance 
CV 

Relative 
Standard 
Deviation 

RSD 
Anodic 
Peak 

Current 

120.367173 0.648488282 0.42053705 0.49955776 0.2900128 0.0053876 0.54% 

Cathodic 
Peak 

Current 

-100.72506 0.54266476 0.29448504 0.418037456 0.2426871 -0.005388 -0.54% 

Specific 
Capacitance 

958.058242 5.46080981 29.8204438 4.3852623 2.4421484 0.0056999 0.57% 

Energy 
Density 

47.9029121 0.27304049 0.07455111 0.074551109 0.1221074 0.0056999 0.57% 

CuS  
Mean  Standard 

Deviation 
Variance Mean 

Absolute 
Deviation 

(MAD) 

Standard 
Error of 

Mean  

Coefficient 
of variance 

CV 

Relative 
Standard 
Deviation 

RSD 
Anodic 
Peak 

Current 

75.0320988 0.43888946 0.192623958 0.354043082 0.19627733 0.00584936 0.58% 

Cathodic 
Peak 

Current 

-46.570477 0.272407303 0.074205739 0.219745357 0.121824249 -0.0058494 -0.58% 

Specific 
Capacitance 

732.088793 4.823 23.2613872 3.91324842 2.156913 0.006588 0.66% 

Energy 
Density 

36.6044396 0.2411503 0.05815346 0.19566241 0.107845 0.006588 0.66% 

mailto:CuS@Ti3C2Tx
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Ti3C2Tx 
 

Mean  Standard 
Deviation 

Variance Mean 
Absolute 
Deviation 

(MAD) 

Standard 
Error of 

Mean  

Coefficient 
of variance 

CV 

Relative 
Standard 
Deviation 

RSD 
Anodic 
Peak 

Current 

45.6332134 1.09085351 1.18996138 0.784973832 0.48784452 0.02390481 2.39% 

Cathodic 
Peak 

Current 

-25.016128 0.598005907 0.357611065 0.430322664 0.26743637 -0.0239048 -2.39% 

Specific 
Capacitance 

375.808873 12.3462732 152.430461 9.0922248 5.5214212 0.0328525 3.29% 

Energy 
Density 

18.7904437 0.617313658 0.381076152 0.45461124 0.2760711 0.0328525 3.29% 
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S4.1. CV and GCD results: 

 

Figure S 7. Cyclic Voltammetry (CV) curves at scan rates ranging from 1 mV s-1 to 20 mV s-1 

for (a) Nickel Foam, (b) Ti3C2Tx/MXene. 

 

Figure S 8. GCD graph of (a) Nickel Foam, (b) Ti3C2Tx/MXene 
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S4.2. Energy Density For all synthesised electrodes: 

 

 

Figure S 9. Energy density vs power density diagram for synthesised electrodes. 
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Cyclic stability of CuS@Ti3C2Tx/MXene after 10,000 GCD cycles: 

 

 

 

S4.3. Bode Plot: 

 

Figure S 10.  Bode Plots along with the equivalent circuits (a) CuS@Ti3C2Tx (b) CuS and (c) 
Ti3C2Tx. 
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S4.4. CV GCD of Active Carbon: 

 

Figure S 11. CV and GCD plots of Active Carbon. 
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S4.5. Bode Plot: 

 

Figure S 12.  Bode plot of CuS@Ti3C2Tx//AC-ASC before and after 10,000 cycles. 

 

The Bode plot analysis reveals that the impedance increases and the capacitance decreases as 

the cycling progresses. This increase in impedance leads to distortion in the impedance 

response, particularly at higher frequencies. Additionally, the logarithm of the impedance 

experiences a moderate reduction, accompanied by curvature distortion. These observations 

indicate the presence of pseudocapacitive behavior, as evidenced by the differences in phase 

angle. 

Table S 1. Table or equivalent resistance before and after cyclic stability. 

State of electrode Rct Rp Rw 

Before 10000 cycles 0.65 2.5 0.4 

After 10000 cycles 1.4 3.8 0.5 
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S5. Electrocatalytic Water-splitting: 

Water electrolysis  (H2) and oxygen (O2) on the cathode and anode accompanied with 

hydrogen evolution reaction (HER) and the oxygen evolution reaction (OER), respectively. 

The electrodes for water electrolysis were prepared with the same process as described earlier. 

All experimental tests were conducted in a 1 M potassium hydroxide (KOH) electrolyte 

solution.  

S5.1 HER: 

In the present study, the cathode material employed for the Hydrogen Evolution Reaction (HER) 

was CuS@Ti3C2Tx/MXene. The anode material consisted of a graphite rod, while the reference 

electrode utilized was Ag/AgCl. During the HER process, protons (H+) undergo adsorption 

onto the electrode surface. Subsequently, a Tafel reaction occurs at the electrode-electrolyte 

interface, leading to the evolution of hydrogen gas (H2). 

 

 

 

 

 

 

Figure S 13. Schematic illustration of 3 electrode system for 
using CuS@Ti3C2Tx/MXene as an electrocatalyst HER. 

https://www.sciencedirect.com/topics/engineering/water-electrolysis
https://www.sciencedirect.com/topics/engineering/anodes-and-cathode
https://www.sciencedirect.com/topics/engineering/oxygen-evolution-reaction
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S5.2 OER: 

In this study, we investigated the Oxygen Evolution Reaction (OER) with great attention to 

detail. As the anode material, we used CuS@Ti3C2Tx/MXene, which is known for its 

exceptional properties. The cathode was a graphite rod, and the reference electrode was the 

renowned Ag/AgCl configuration. During the OER process, an intriguing phenomenon occurs 

as hydroxide ions (OH-) adsorb onto the electrode surface, initiating a series of chemical 

reactions. At the electrode-electrolyte interface, a four-electron transfer process takes place, 

leading to the release of oxygen gas (O2) and water molecules (H2O). We conducted these tests 

to gain a deeper understanding of the OER mechanism and its potential applications in water 

splitting technologies. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S 14.  Schematic illustration of 3 electrode system for using 
CuS@Ti3C2Tx/MXene as an electrocatalyst OER. 
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S5.3 Overall water splitting of CuS@Ti3C2Tx/MXene: 

 

 

Figure S 15. Overall water splitting of CuS@Ti3C2Tx using alkaline electrolyte (1M KOH). 
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S6. Cyclic Stability comparison of MXene based electrodes: 

Table S 2. Cycle stability comparison of various Ti3C2Tx/MXene -based electrode materials 

presented in literatures and this work. 

Positive 

materials 

Voltage 

range 

(V) 

Current 

Density 

(A g-1) 

Number of 

cycles 

Capacitance 

retention (%) 

Ref. 

 

CuS@Ti3C2Tx/MXene 

 

 

0~0.6 

 

5 

 

 

10000 

 

 

99.1 

 

 

This 

Work 

 

 

NiCo2Se4/MXene 

 

0~0.4 

 

5 

 

3000 

 

93.9 

 

[12] 

 

HS−NCS@MXene 

 

0~0.6 

 

20 

 

10000 

 

96 

 

[13] 

 

MXene@Ni-Mn LDH 

 

0~0.5 

 

6 

 

5000 

 

79.1 

 

[14] 

 

MXene@CoSe2/Ni3Se4 

 

0~0.5 

 

5 

 

10000 

 

75 

 

[15] 

 

p-MXene/Ni3S4@CuS 

 

0~0.45 

 

15 

 

30000 

 

91.2 

 

[16] 

 

CoS@MXene/CF 

 

0~0.45 

 

10 

 

10000 

 

97.5 

 

[17] 
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S7. Cyclic Stability comparison of MXene based ASCs deviceTable S 3. Cycle stability 

comparison of various Ti3C2Tx/MXene -based ASC devices. 

MXene 

based 

devices 

Electro

lyte 

Potenti

al 

windo

w (V) 

Specif

ic 

capaci

tance 

 

Current 

Density 

mA cm-2 

Energy 

density 

(Wh kg-1) 

Powe

r 

densit

y (W 

kg-1) 

Capacit

ance 

retentio

n (%) 

Num

ber of 

cycles 

Ref. 

AC//CuSe@

Ti3C2Tx/MX

ene 

7 M 

KOH 

1.6 361.2 

F g-1 

1 A g-1 36.11 600 98.84 10000 This 

Work 

rGO//Ti3C2Tx 3 M 

H2SO4 

1.8 76.5 F 

g-1 

1 A g-1 34.4 1000 ~100 10000 19 

NiCo-

MOF/Ti3C2T

x/AC 

2 M 

KOH 

1.5 126.4 

F g-1 

0.5 A g-1 39.5 562.5 82.3 10000 20 

NiCo2S4/MX

ene//AC 

KOH 1.7 171.2 1 A g-1 68.7 850 89.5 5000 21 

MXene/NCF/

/MXene/NCF 

PVA/K

OH 

1.0 63 F g-

1 

1 A g-1 8.75 1871 96 2500 22 

Ti3C2Tx/CuC

o2S4//AC 

6 M 

KOH 

1.6 269.4 

C g-1 

1 A g-1 66.8 895.1 88.2 10000 23 

rGO/CNT/P

ANI//Ti3C2Tx 

3 M 

H2SO4 

1.5 116.9 10 mV s-1 28.6 590 80 10000 24 
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S8. HER and OER performance of electrocatalysts: 

Table S 4. HER performance of CuS/Ti3C2Tx/MXene and several reported electrocatalysts. 

  Catalyst 

 

 

Morphology 

 

Substrate Electrolyte Overpotential 

η (mV) 

 

Current 

density  

(mA cm-2) 

Ref. 

CuS@Ti3C2Tx Nanosheets 

Nanospheres 

Ni Foam 1M KOH 89.7 10 This 

Work 

CuS Nano spheres Ni Foam 1M KOH 279 10 [18] 

RuO2//Ti3C2

Tx 

PVA- 

H2SO4 

1.6 93 F g-

1 

50 mV s-1 29 3800 86 20000 25  

Ti3C2Tx/NiS/

/G/AC 

2 M 

KOH 

1.5 56.73 1 A g-1 17.69 750 97.7 3000 26  

MnCo2S4/M

Xene//AC 

3 M 

KOH 

1.6 460 C 

g-1 

0.5 A g-1 25.6 6400 100 12000 27 

NiFe-LDH/ 

Ti3C2Tx//AC 

1 M 

KOH 

1.3 135.7 

F g-1 

1 A g-1 42.4 758.2

7 

86 1000 28  
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(CuS/Ti

3C2Cl2) 
 

2D sheets 

 

Ni Foam 1M KOH 163 10 [29] 

MoS2/Ni-Fe-

LDH 

Nano sheets Ni Foam 1M KOH 300 10 [30] 

NiPS3 Nano sheets Ni Foam 1M KOH 530 10 [31] 

MoOx/Ni3S2/Ni 

foam 

Hollow 

microsphere 

Ni Foam 1M KOH 200 15 [32] 

MoS2@CNF Nano fiber Ni Foam 1M KOH 186 10 [33] 

 

 

 

 

 

Table S 5. OER performance of CuS/Ti3C2Tx/MXene and several reported electrocatalysts 

  Catalyst 

 

 

Morphology 

 

Electrolyte Overpotenti

al       

   η (mV) 

 

Tafel 

Slope 

(mV dec-1) 

Current 

density  

(mA cm-2) 

Ref. 

CuS@Ti3C2Tx Nanosheets 

Nanospheres 

1M KOH 171 39.3 30 This work 

Ti3C2TX-

FeOOH 

Nano sheets 1M KOH 420 31.7 10 [34] 
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(CuS/Ti3

C2Cl2) 
 

2D sheets 

 

1M KOH 334 42 50 [29] 

NiFe-

LDH/Ti3C2TX/

NF 

Nano sheets 1M KOH 229 44 10 [35] 

FeS2@Ti3C2Tx Nano sheets 1M KOH 240 58.6 10 [36] 

FeNi@Mo2TiC

2Tx@NF 

Hollow 

microsphere 

1M KOH 195 42 10 [37] 

NiCo2O4 3 D nano 

flowers 

1M KOH 383 187 10 [38] 
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