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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• ZnSe microspheres with Ti3C2Tx nano
sheets boost electrochemical 
performance.

• ZnSe@Ti3C2Tx achieves 1673.8 F g− 1 

and 98.81 % retention after 10,000 
cycles.

• DFT simulations show strong stability 
and adsorption for ZnSe@Ti3C2Tx.

• AC//ZnSe@Ti3C2Tx-APSC device shows 
major improvements in energy storage.

• LSV tests confirm superior HER and OER 
performance of composite electrode.
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A B S T R A C T

In response to the increasing demand for sustainable energy, recent efforts have focused on developing novel 
composites with improved crystalline structures, chemical stability, and conductivity for electrochemical ap
plications. Self-assembled zinc selenide (ZnSe) microspheres are synthesized by a simple hydrothermal process, 
and their electrochemical applications as a positive electrode/electrocatalyst in asymmetric pseudocapacitive 
supercapacitor (APSC) and water splitting are investigated. ZnSe is integrated into the two-dimensional (2D) 
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Density-function theory (DFT)
Water splitting

Ti3C2Tx/MXene nanosheets that serve as a physical barrier to mitigate agglomeration, prevent side reactions of 
Zn, provide ZnSe with more sites and a steady Zn2+ supply, ultimately enhancing the electrochemical perfor
mance. Composite electrode demonstrates superior specific capacitance of 1673.8 F g− 1 at 1 A g− 1, remarkable 
cyclic stability (98.81 % capacity retention over 10,000 cycles), and excellent pseudocapacitive performance of 
88 % at 60 mV s− 1. Density functional theory (DFT) simulations displayed highest adsorption energy for 
ZnSe@Ti3C2Tx, showcasing stable structure and strong electron interaction. To demonstrate the commercial 
viability, active carbon (AC) is employed as the cathode to fabricate the AC//ZnSe@Ti3C2Tx-APSC device. In the 
water splitting assessment, ZnSe@Ti3C2Tx shows the lowest Tafel slopes (~51.3 mV dec− 1 for oxygen evolution 
reaction (OER) and ~36.9 mV dec− 1 for hydrogen evolution reaction (HER)). This novel approach significantly 
advances the overall performance of APSC and water-splitting.

Dear Editor, I am writing to provide you with a Declaration of Interest State
ment regarding the research we have conducted. As a member of Donghua 
University, I would like to solemnly declare that there are no financial or per
sonal interests that could potentially bias the findings or interpretations pre
sented in our research.

1. Introduction

Sustainable and efficient energy storage systems play an important 
role in the pursuit of green energy. Supercapacitors boasting rapid 
charging-discharging rates [1], high power densities, and long lifespans 
have emerged at the forefront of the development. However, the broader 
integration of supercapacitors is hampered by challenges such as limited 
capacity, constrained voltage range, and relatively small energy den
sities [2,3]. Researchers have focused on enhancing the surface activity 
and refining crystal structures to bolster the energy storage efficacy 
[4–6]. The properties of supercapacitors depend on materials such as 
metal selenides/oxides, conducting polymers, and carbon derivatives 
like activated carbon, carbon aerogel, and carbon nanofibers [7,8]. 
Transition metal selenides (TMSe) have emerged as promising electrode 
materials in energy conversion and storage due to ease of 
manufacturing, low cost, suitable bandgaps, safety, higher theoretical 
capacity, and high electrical conductivity compared to the metal oxide 
and sulfide counterparts [9,10]. The weak binding energy of TMSe en
ables efficient Faradaic discharging/charging [11–13]. In particular, 
zinc-based electrode materials have garnered significant attention in 
energy storage and conversion due to their high theoretical capacity 
(820 mAh g− 1), small ionic radius (0.74 Å) of Zn2+, stability, revers
ibility, ductility, working potential (− 0.762 V vs hydrogen electrode), 
eco-friendliness, and low cost [14–17]. Selenium exhibits superior 
metallic and intrinsic electrical characteristics compared to sulfur (5 ×
10− 1 S m− 1) and oxygen (1 × 10− 1 S m− 1), with significantly higher 
electrical conductivity (10− 3 S m− 1). The combination of selenium and 
zinc enables efficient electron and ion transport, resulting in enhanced 
electrochemical performance. For example, Yang et al. have demon
strated that ZnSe microspheres exhibit favorable charge transfer and a 
high reversible capacity of 433 mAh g− 1 [18].

However, Zn electrodes face challenges such as NPs volume expan
sion, self-corrosion, reactive growth, passivation on the electrolyte/ 
anode surface, and hydrogen evolution, which severely restrict their 
usage in energy storage applications [19–21]. Various strategies have 
been proposed to stabilize Zn-based electrodes/anodes [22,23]. 2D 
materials such as metal chalcogenides and metal carbides have attracted 
attention due to their exceptional properties [24–27]. The intricate na
ture of carbon-based materials necessitates the pursuit of innovative 
alternatives [28–30]. For example, T. Zhang et al. have synthesized the 
ZnSe@Carbon electrode with excellent cyclic stability and a capacity of 
426.1 mAh g− 1 after 3000 cycles at a current density of 5 A g-1 [31]. The 
implementation of MXene as a conductive additive in Zn-based elec
trochemical systems can confer notable benefits over carbon, including a 
large surface area, high conductivity, inherent metal vacancies, and 
hydrophilic nature, which synergistically can overcome the limitations 
plaguing energy storage [32–34]. These nanostructures exhibiting 
strong Vander Waal forces between MXene nanosheets help to mitigate 

aggregation and enhance the reaction kinetics [35]. However, pure 
MXene faces limitations in terms of energy density and reaction stability, 
but incorporating MXene into composite electrodes improves the energy 
density and alleviates the agglomeration of active materials [36–38]. 
Karkuzhali et al. have studied the incorporation of MXene into CoNi(Ox) 
Se revealing significant improvements such as a specific capacitance of 
1782 F g− 1, 95 % capacity retention after 5000 cycles, and an energy 
density of 131.9 Wh kg− 1 at a power density of 7.2 kW kg− 1 [39]. The 
use of TMSe electrodes in energy storage is limited by 
self-agglomeration and side reactions, but 2D materials like Ti3C2Tx are 
being explored to mitigate these issues and enhance ion diffusion. 
However, there is still a need for significant improvement, underscoring 
the importance of further enhancing the structural and morphological 
properties of Ti3C2Tx.

Electrochemical water splitting generates high-quality hydrogen 
(H2) from water sources with varying pH levels (acidic, neutral, and 
basic) for clean energy applications [40,41]: 2H2O(l)→ 2H2(g) + O2(g),
with ΔEo = 1.23 V vs. RHE. However, the overpotential of 1.23 eV ne
cessitates the use of electrocatalysts (237 kJ mol− 1) for the cathodic or 
anodic processes [42,43]. ZnSe is a promising candidate for water 
splitting on account of efficient visible light absorption, a narrow 
bandgap (2.7 eV), eco-friendly nature, and low cost [44]. However, ZnSe 
suffers from aggregation and potential side reactions of Zn, which can 
impact the oxygen evolution reaction (OER) and hydrogen evolution 
reaction (HER) activities, and Ti3C2Tx has been proposed to overcome 
these drawbacks [45]. For example, M. Saquib et al. have synthesized 
NiMoSe/MXene@CC showcasing superior overpotential of 203 mV at a 
current density of 10 mA cm− 2 and a Tafel slope of 45 mV dec− 1 for HER 
as well as 320 mV with a Tafel slope of 189 mV dec− 1 [46]. However, 
there is an urgent need to produce better composite materials with 
outstanding morphology and structure for high-performance energy 
storage devices and electrolysis.

Herein, the ZnSe@Ti3C2Tx composite is synthesized by simple hy
drothermal and solvothermal techniques to form the positive electrode, 
as shown in Fig. 1. Firstly, the agglomerated spherical ZnSe NPs are 
synthesized hydrothermally, and in order to mitigate agglomeration and 
increase the active sites, the Al layers are removed from Ti3AlC2 to 
generate more active sites. ZnSe is anchored to the Ti3C2Tx nanosheets to 
form the ZnSe@Ti3C2Tx nanocomposite. Systematic characterization 
reveals the excellent crystal structure and morphology and mitigated 
ZnSe agglomeration because of ample active sites and large area of the 
Ti3C2Tx nanosheets together with limited side reactions of Zn. The ca
pacity retention of ZnSe remains at 88.8 %, while ZnSe@Ti3C2Tx shows 
a capacity retention of 98.81 % and a specific capacitance of 1673.8 F 
g− 1 at 1 A g− 1. To demonstrate the applicability, the AC//ZnSe@
Ti3C2Tx-APSC with AC as the cathode shows cyclic stability of 91.92 % 
after 10,000 cycles, capacitance of 259.12 F g− 1 at 1 A g− 1, and 
maximum specific energy density of 92.90 Wh kg− 1 at a power density 
of about 803.3 W kg− 1. Remarkable improvements in the OER and HER 
activities are also observed from ZnSe@Ti3C2Tx in water-splitting 
experiments.

The ZnSe, Ti3C2Tx, and ZnSe@Ti3C2Tx composites were fabricated 
by hydrothermal and solvothermal techniques, as shown in Supporting 
Section S1. Fabricated materials were deposited onto pre-treated nickel 
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foam (NF) (Supporting Section S1.4.) to form the working electrodes 
illustrated by SEM images (Fig. S1). For this a mixture containing 0.5 ml 
of deionized water, 0.4 ml of isopropyl alcohol, 0.04 ml of Nafion, and 
10 mg of the synthesized materials was prepared. This mixture was 
sonicated in an ice bath for 1 h and coated uniformly on pre-treated NF, 
followed by drying at 80 ◦C for 2 h.

In the three-electrode setup, Hg/Hg2Cl2/KCl (potential of 0.238 V) 
was the reference electrode, a Pt wire served as the counter electrode, 
and the working electrode was ZnSe, Ti3C2Tx, or ZnSe@Ti3C2Tx. In the 
storage experiments, 2 M KOH was the electrolyte, but in water splitting 
only 1 M KOH solution was used. The CHI660E electrochemical work
station was employed to conduct cyclic voltammetry (CV), galvanostatic 
charging-discharging (GCD), electrochemical impedance spectroscopy 
(EIS) in the frequency range 0.1 Hz–1 MHz, linear sweep voltammetry 
(LSV) and chronoamperometry test (for 10 h).

In the APSC, the ZnSe@Ti3C2Tx electrode was used as positive 
electrode, and the counter electrode consisted of a mixture of 80 % 
active materials, 10 % carbon black, (CB), and 10 % polyvinylidene 
fluoride (PVDF) as a binder mixed with a few drops of N-methyl-2- 
pyrrolidone (NMP). Stirring was performed for 24 h at moderate speed. 
This mixture was applied evenly onto the NF substrate and dried under 
vacuum at 70 ◦C for 24 h. The total mass of the electrode materials 
varied between 2.5 and 3.5 mg cm− 2. APSC coin cell was fabricated by 
integrating the positive electrode (ZnSe@Ti3C2Tx) and negative elec
trode (AC), parted by organic separator and filled with 7 M KOH 
aqueous electrolyte.

2. Results and discussion

The materials fabrication is illustrated in Fig. 1 Initially, agglomer
ated spherical ZnSe NPs are hydrothermally synthesized to ensure the 
formation of homogeneous and well-defined nanostructures. To mitigate 
agglomeration and increase the number of active sites, Al layers are 
removed from Ti3AlC2. Subsequently, an anchoring process is employed 
to insert the ZnSe NPs into the Ti3C2Tx nanosheets to form the ZnSe@
Ti3C2Tx nanocomposite. Rigorous characterizations are carried out as 
deeply described in Supporting section S2.

SEM, TEM, and HR-TEM are performed to deeply investigate the 
morphology of synthesized materials. In Fig. 2a and (Fig. S2a), the ZnSe 
NPs self-assembled to form larger spherical microspheres during the 
synthesis process. Fig. 2b shows the multi-layered and flexible 2D 
Ti3C2Tx sheets. HCl/LiF etching eliminates Al layers from Ti3AlC2 to 
increase the surface area and active sites (Figs. S3a and S3b). HR-TEM is 

employed to observe the ultrathin Ti3C2Tx sheets (Fig. S3c). Fig. 2c and 
d displays that the ZnSe NPs occupy the active sites on the Ti3C2Tx sheets 
to form the ZnSe@Ti3C2Tx composite (Fig. S4a). Ti3C2Tx mitigates the 
agglomeration of ZnSe during synthesis and facilitates direct integra
tion. In Fig. 2e TEM image shows the uniform and dense ZnSe NPs 
(Fig. S2b). In Fig. 2f TEM image illustrates that ZnSe NPs are inserted 
into the ultrathin layer of Ti3C2Tx. A significant number of NPs with 
small diameters averaging 10–30 nm are observed (Fig. S4b). Fig. 2g 
shows HR-TEM image demonstrating two layers, one layer with a 
spacing of 0.326 nm corresponding to the (111) plane of ZnSe, which is 
surrounded by an ultrathin layer of Ti3C2Tx, while the other layer 
associated with Ti3C2Tx nanosheets with a spacing of 1.16 nm corre
sponding the (002) plane. The inset reveals the SAED pattern illustrating 
polycrystalline NPs scattered throughout, with some blurry diffraction 
spots indicating spherical nanostructures, which are likely ZnSe NPs. 
Several diffraction rings related to (111), (220), and (311) indicate the 
pure crystal structure of ZnSe, and the ring corresponding to (002) 
suggests the presence of Ti3C2Tx [47]. The calculated size of ZnSe NPs is 
between 10 and 30 nm demonstrated in Fig. 2h while the average 
calculated size of ZnSe is 22.04 nm, which is the most suitable for 
insertion into the Ti3C2Tx nanosheets (Fig. 2i). Fig. 2(j-j7) shows the EDS 
mapping of the synthesized ZnSe@Ti3C2Tx nanocomposite revealing Ti, 
C, Zn, and Se, while functional groups (F, Cl, and O) are also present, 
albeit at lower concentrations. Fig. 2k shows the concentrations deter
mined by EDS and the ratio of Zn to Se is 3 to 1. The concentrations of 
the other major elements in ZnSe@Ti3C2Tx are: Ti = 46.2 %, C = 15 %, 
Zn = 21.8 %, and Se = 7.4 %.

Fig. 3a presents the XRD spectra confirming the crystal phase in the 
as-synthesized MAX powder (Ti3AlC2), Ti3C2Tx, ZnSe, and ZnSe@
Ti3C2Tx. The etching of the Al layers and the formation of Ti3C2Tx sheets 
are validated by the 11◦ angle shift in the (002) peak and the disap
pearance of the prominent peak at 38◦ [48]. The XRD spectrum of the 
ZnSe microspheres exhibits peaks at 2θ = 27.26◦, 45.4◦, 53.8◦, 66.1◦, 
and 72.9◦, corresponding to the (111), (311), (220), (400), and (331) 
planes, respectively (JCPDS card no. 37–1463). These results confirm 
the successful synthesis of ZnSe spherical microstructures. A slight shift 
in the ZnSe peak and decreased intensity are detected, indicating the 
incorporation of ZnSe NPs into the inner and outer surface sheets of the 
Ti3C2Tx nanostructures.

Fig. 3b illustrates the relationship between the crystal size and full- 
width at half-maximum (FWHM) of the ZnSe NPs. The Debye Scherer 
equation, D = kλ/βCosθ, is used to determine the crystal size, displaying 
that the average size of the ZnSe NPs is between 10 and 30 nm. The small 

Fig. 1. Schematic illustration of the synthesis of agglomerated ZnSe microspheres, Ti3C2Tx/MXene nanosheets, and ZnSe@Ti3C2Tx/MXene nanocomposites.

I. Ullah et al.                                                                                                                                                                                                                                    Journal of Power Sources 643 (2025) 237046 

3 



Fig. 2. SEM images of (a) ZnSe microspheres, (b) Ti3C2Tx nanosheets, and (c–d) ZnSe@Ti3C2Tx composite nanostructure; TEM image of (e) ZnSe; HR-TEM images of 
(f) ZnSe@Ti3C2Tx; (g) Polycrystalline nature of the nanocomposite with the inset displaying the SAEED pattern; (h) HR-TEM image of ZnSe@Ti3C2Tx; (i) Average 
particle size of ZnSe; (j-j7) EDS maps of ZnSe@Ti3C2Tx with the scale bare of 250 nm; (k) Concentrations determined by EDS.

Fig. 3. (a) XRD patterns of Ti3AlC2, Ti3C2Tx, ZnSe, and ZnSe@Ti3C2Tx; (b) FWHM vs crystalline size of ZnSe NPs; (c) Raman spectra; (d) Bandgap and adsorption 
spectra; XPS spectra: (e) Full spectra (f) Zn 2p, (g) Se 3d, (h) Ti 2p, and (i) C 1s, (j) Charge difference analysis by CDD.
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crystallites in the ZnSe@Ti3C2Tx composite arise from reduced dislo
cation density and lattice strain, resulting in a larger surface area [49]. 
Fig. 3c shows Raman spectra of all synthesized materials. A peak with 
low intensity is observed at 701 cm− 1 from Ti-C, and that at 251.1 cm− 1 

indicates the LO mode of ZnSe [50]. The peak at 254.5 cm− 1 confirms 
the improved crystallinity and molecular bonding, with a peak shift 
from 251.1 cm− 1 to 254.5 cm− 1 for ZnSe NPs. Two minor peaks at 354.1 
cm− 1 and 466.8 cm− 1 indicate Ti-C and O-Ti-O, indicating the reaction 
of Ti3C2Tx with water during the synthesis process [51]. Fig. 3d shows 
the UV results and calculated bandgaps of ZnSe and ZnSe@Ti3C2Tx. The 
bandgap of ZnSe is determined to be 2.52 eV. The decrease in the 
bandgap is 0.15 eV indicating a smaller bandgap of 2.37 eV for 
ZnSe@Ti3C2Tx. The decrease in bandgap confirms the synergistic effect 
of composite material. The inset shows Adsorption edges in the range of 
400–500 nm, with a sharp edge at 430 nm for ZnSe@Ti3C2Tx [52].

The BET surface area analysis (Fig. S5) reveals that the ZnSe@
Ti3C2Tx composite exhibits a significant increase in surface area (53.2 
m2/g) compared to pure ZnSe (21.5 m2/g) and Ti3C2Tx (30.14 m2/g), 
indicating enhanced surface availability for electrochemical reactions. 
This increase in surface area is attributed to the synergistic effect be
tween ZnSe and Ti3C2Tx, which provides more active sites and improved 
contact between the materials, contributing to the superior electro
chemical performance.

XPS was employed to investigate the composition and chemical 
states of the Ti3C2Tx and ZnSe@Ti3C2Tx composites (Fig. 3e), where the 
characteristic peaks for Zn 2p, Se 3d, Ti 2p, and C 1s were observed. In 
addition, the presence of F, Cl, and O was also confirmed. The high- 
resolution Zn 2p spectrum Fig. 3f revealed two distinct peaks at 
1022.0 eV and 1044.6 eV, corresponding to Zn 2p3/2 and Zn 2p1/2, 
respectively, which are characteristic of Zn2+ in ZnSe. In the composite, 
ZnSe@Ti3C2Tx, these peaks shifted slightly to 1021.17 eV and 1044.14 
eV, indicating an interaction between Zn and the Ti3C2Tx substrate, 
likely due to charge redistribution at the interface, which may suggest 
interfacial charge transfer between ZnSe and Ti3C2Tx. These shifts could 
be due to the strong coupling between ZnSe and the conductive Ti3C2Tx 
sheets, affecting the electron density around Zn atoms. The Se 3d 
spectrum Fig. 3g shows two peaks at 54.1 eV and 55 eV, corresponding 
to Se 3d3/2 and Se 3d5/2, respectively, in ZnSe [53]. A slight shift in the 
Se binding energy was observed in the ZnSe@Ti3C2Tx composite, indi
cating a reduction in binding energy, which further supports the 
occurrence of interfacial charge transfer between ZnSe and Ti3C2Tx. For 
Ti 2p Fig. 3h the spectrum of Ti3C2Tx showed a Ti-C bond peak at 454.4 
eV, corresponding to Ti-C bonding in Ti3C2Tx, which shifted to 454.64 
eV in the ZnSe@Ti3C2Tx composite. A similar shift was observed for the 
Ti2+ peak, which shifted from 455.36 eV in Ti3C2Tx to 455.82 eV in the 
composite. Notably, the Ti3+ peak, present in pure Ti3C2Tx, vanished in 
the ZnSe@Ti3C2Tx spectrum, suggesting that the oxidation state of Ti 
changed, likely due to the interaction between ZnSe and Ti3C2Tx. 
Additionally, a new peak at 458.42 eV corresponding to Ti-O bonding 
was observed in the composite, which was absent in the pure Ti3C2Tx 
spectrum, suggesting slight oxidation of Ti3C2Tx upon coupling with 
ZnSe. This Ti-O peak may also indicate the formation of an interface 
layer contributing to the enhanced electrochemical performance of the 
composite.

The surface contribution of C-C is shown in Fig. 3i. The peaks at 
281.16, 284.65, and 288 eV stem from Ti-C, C-C, and C-F [54,55]. The 
presence of Ti-C and C-C shows strong bonding of Ti3C2Tx nanosheets.

The charge density difference (CDD) analysis of the ZnSe@Ti3C2Tx 
composite (Fig. 3j) provides key insights into the electron transfer dy
namics between ZnSe and the Ti3C2Tx. In the CDD plot, cyan regions 
indicate a decrease in charge density, while yellow regions represent an 
increase in charge density. The visualization clearly shows that electrons 
have been transferred from ZnSe to Ti3C2Tx, confirming the strong 
interaction between these two materials.

To quantify this electron transfer, Bader charge analysis (BCA) was 
performed. The BCA calculation revealed that the total number of 

electrons associated with the Zn and Se atoms is reduced when ZnSe 
forms a composite with Ti3C2Tx. The electron transfer can be determined 
by subtracting the remaining charge from the total number of valence 
electrons in ZnSe. For Zn and Se: (12 + 6) − (11.04 + 6.26) = 0.70, This 
result indicates that approximately 0.7 electrons are transferred from 
ZnSe to Ti3C2Tx. This electron transfer facilitates improved charge 
mobility and conductivity in the composite, significantly enhancing the 
electrochemical performance in energy storage applications. The 
transfer of electrons from ZnSe to the conductive Ti3C2Tx nanosheets 
supports the pseudocapacitive behavior observed, where the Ti3C2Tx not 
only provides active sites but also acts as an efficient electron transport 
matrix, thereby improving the overall electrochemical performance of 
the composite electrode.

2.1. Electrochemical properties

The synthesized electrode materials undergo a rigorous electro
chemical assessment to ascertain their suitability in energy storage ap
plications (Supporting section S5). CV curves are acquired at scanning 
rates from 1 to 150 mV s− 1, while the potential is in the range of 0–0.6 V. 
Fig. 4a shows the comparison of the CVs of NF, Ti3C2Tx, ZnSe, and 
ZnSe@Ti3C2Tx electrodes at a scanning rate of 10 mV s− 1. ZnSe@
Ti3C2Tx outperforms the others as demonstrated by the largest CV area 
and highest current densities. Fig. 4b and c displays the CV results for 
ZnSe and ZnSe@Ti3C2Tx. The higher current densities indicate that ZnSe 
and ZnSe@Ti3C2Tx have high-rate capability and low internal resis
tance. ZnSe@Ti3C2Tx shows a significant increase in the CV area and 
reduced contact resistance. Significantly, the presence of redox peaks at 
high scanning rates indicates a dynamic interfacial response, charac
terized by reversible Faradaic reactions and electron transfer as 
evidencing the valence changes in Zn2+. The CVs of NF and Ti3C2Tx in 
(Figs. S6a–b) reveal inferior properties.

Fig. 4d shows the comparison of charging and discharging patterns of 
different electrodes at current density of 1 A g− 1 in a potential window 
0–0.6V. The voltage response observed in GCD curves were in complete 
accordance with the CV curves. Comparison shows ZnSe@Ti3C2Tx 
electrode exhibits the longest discharging duration as compared to ZnSe 
and Ti3C2Tx. The longer discharge time is proposed to the interaction 
between the electrolyte and Ti3C2Tx significantly influences ion 
mobility, thereby impeding ion diffusion within the electrolyte towards 
the active sites of ZnSe. In Fig. 4e and f, GCD curves display charging and 
discharging characteristics of ZnSe and ZnSe@Ti3C2Tx for current den
sities from 1 to 20 A g− 1. Longer discharging times are observed at lower 
current densities, particularly at 1 A g− 1 meanwhile high symmetry of 
the GCD curves show high Coulombic efficiency and excellent redox 
reaction reversibility. GCD curves of NF and Ti3C2Tx are also demon
strated in Figs. S7(a–b) at various current densities. Fig. 4g shows the 
correlation between the current density and specific capacity for current 
densities spanning 1–20 A g− 1. The ZnSe@Ti3C2Tx electrode, due to its 
enhanced structural integrity and dispersion, high electrical conduc
tivity, and controlled ion diffusion, shows a longer charging/discharging 
time (for 1 cycle) of 1922.4 s, surpassing 959.7 s of the ZnSe electrode 
the same conditions. The durability and long-term stability of ZnSe, 
Ti3C2Tx, and ZnSe@Ti3C2Tx, are presented in Fig. 4h. ZnSe@Ti3C2Tx 
displays outstanding cyclic stability with a capacity retention of 98.81 % 
after 10,000 cycles, surpassing ZnSe and Ti3C2Tx with capacitance re
tentions of 88.8 % and 80.22 %, respectively.

EIS is employed to assess the kinetic behavior, including ion diffu
sion, ion conductivity, and resistance. The Nyquist plots in Fig. 4i reveal 
that ZnSe@Ti3C2Tx has the smallest semicircle in the high-frequency 
region compared to pristine ZnSe and Ti3C2Tx. The calculated charge 
transfer resistances (Rct) from the semicircle diameter are 25 Ω, 37 Ω, 
and 48 Ω for ZnSe@Ti3C2Tx, ZnSe and Ti3C2Tx, respectively. The mini
mum Rct of ZnSe@Ti3C2Tx indicates the lowest resistance for charge 
transfer during the redox reactions, demonstrating superior charge 
transfer at the electrode interface. The slope in the low-frequency 
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region, determined by the Warburg constant (Wo), represents the ion 
conductivity. ZnSe@Ti3C2Tx exhibits the steepest slope with minimum 
Wo demonstrating the highest ionic conductivity. The Rct and Wo values 
are obtained by fitting the equivalent circuits of ZnSe@Ti3C2Tx (Fig. 4i, 
Fig. S8a), ZnSe (Fig. S8b), and Ti3C2Tx (Fig. S8c) also described in 
Table S1.

The CV curves disclose oxidation and reduction peaks, unequivocally 
indicating the occurrence of Faradaic redox reactions at the electrode- 
electrolyte interface. As shown in Fig. 5a and b, the anodic and 
cathodic properties (b values) of ZnSe and ZnSe@Ti3C2Tx are examined 
to evaluate the contribution of capacitive and diffusion-controlled pro
cesses. The anodic and cathodic b values of ZnSe (0.51, 0.47) and 
ZnSe@Ti3C2Tx (0.7, 0.8) reveal a diffusion-controlled effect for the ZnSe 
electrode, potentially attributed to the uncontrolled reaction of Zn. On 
the other hand, the ZnSe@Ti3C2Tx electrode demonstrates a capacitive- 
controlled effect attributed to the synergistic effects of Ti3C2Tx, which 
not only prevents side reactions but also aids in the removal of 
agglomeration. Fig. 5c shows that incorporating Ti3C2Tx into ZnSe en
hances the pseudocapacitive properties with improved anodic and 
cathodic correlation coefficients (R2) values (0.99, 0.96) compared to 
pristine ZnSe (0.983, 0.938). As shown in Fig. 5d, the CV of ZnSe reveals 
a pair of redox peaks at scanning rates ranging from 10, 20, 30, 40 and 
60 mV s− 1. Dunn’s method [56] is subsequently employed to delineate 
the pseudo-capacitance charge storage capabilities of both ZnSe and 
ZnSe@Ti3C2Tx and categorize them into two distinct components. The 
first component pertains to surface capacitive contributions, known to 
enhance the power density, while the second component relates to 
diffusion-controlled contributions, which can similarly boost the 

transportation of charge carriers within the material. The inset illus
trates the pseudocapacitive behavior of ZnSe, as evidenced by the redox 
peaks, highlighting that the majority of the capacitive contribution 
(71.7 %) stems from these peaks, with the remaining (28.3 %) attributed 
to diffusion processes at only 60 mV s− 1. Fig. 5e shows the pseudoca
pacitive behavior of the ZnSe electrode at different scanning rates 
(10–60 mV s− 1). The slopes (k1) calculated and plotted at different po
tentials in Fig. 5f show the charging and discharging behavior for 
pseudo-capacitance as expressed by equation (1): 

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

where i(V) shows the CV current at different voltages (V) in charging 
and discharging, v represents the scanning rate, and k1 determined by 
software shows the slope of each curve, while the current is determined 
by k1v at different voltages. To plot a graph for charging and discharg
ing, v1/2 (square root of scan rate) is set at abscissa, and i(V)/v1/2 is 
selected as the ordinate. Fig. 5g and inset reveal a substantial 
enhancement in the current densities for ZnSe@Ti3C2Tx, indicating a 
more pronounced pseudocapacitive effect. At 60 mV s− 1, ZnSe@Ti3C2Tx 
shows a pseudo-capacitance ratio of 88 % for the surface-controlled 
capacitive behavior. Fig. 5h shows the pseudocapacitive behavior of 
ZnSe@Ti3C2Tx at different scanning rates (10–60 mV s− 1). The charging 
and discharging profiles of ZnSe@Ti3C2Tx are presented in Fig. 5i using 
the same method for the ZnSe electrode. A comparative analysis of the 
pseudocapacitive contributions for both materials underscore the su
perior performance of ZnSe@Ti3C2Tx. Specifically, at a 10 mV s− 1, ZnSe 
shows only a 53 % capacitive contribution, whereas ZnSe@Ti3C2Tx 

Fig. 4. (a) CV comparison at 10 mV s− 1 scanning rate for ZnSe@Ti3C2Tx, ZnSe, Ti3C2Tx and NF; CV curves at various scanning rates (1–150 mV s− 1) of (b) 
ZnSe@Ti3C2Tx and (c) ZnSe; (d) GCD curves of NF and synthesized electrodes at 1 A g− 1; GCD curves at various current densities (1–20 A g− 1) of (e) ZnSe@Ti3C2Tx 
and (f) ZnSe; (g) Capacity-current plots, (h) Capacity retention for 10,000 GCD cycles; (i) Nyquist plots.
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shows 77 %. The remarkable increase in maximum capacitive contri
bution of ZnSe@Ti3C2Tx is primarily attributed to the incorporation of 
Ti3C2Tx, which exhibits excellent electrical conductivity and a signifi
cant surface area.

2.2. DFT calculations and practical assessment

DFT calculations are conducted to investigate the density of states, 
crystal structure, adsorption energy, and Fermi levels to study ion and 
electron transfer. Four computational models of Ti3AlC2, Ti3C2Tx, ZnSe, 
and ZnSe@Ti3C2Tx are adopted. Fig. 6a and b shows the crystal structure 
of Ti3AlC2 where Al layers can be clearly observed. The obtained 
adsorption energies are determined to be negative as shown in Fig. 6c, 
which signifies more favorable thermodynamics and better adsorption 
potentials for the composite materials [57], as expressed by Eq. (2): 

Ead =EZnSe@Ti3C2Tx :K − EZnSe − ETi3C2Tx :K (2) 

ZnSe@Ti3C2Tx has a higher adsorption energy of − 3.228 eV than ZnSe 
(− 1.432 eV) and Ti3C2Tx (− 2.112 eV). The higher adsorption energy can 
be attributed to the synergistic effects between ZnSe and Ti3C2Tx, indi
cating high stability. Fig. 6d–f shows the crystal structure, CTAB modi
fication, and density of state (DOS) of ZnSe, where the dashed line 
displays the Fermi energy, while Zn and Se have the 2p and 3d orbitals, 
respectively. Fig. 6g–i demonstrates the crystal structure, band energy, 
and DOS of pure Ti3C2Tx, and Fig. 6j–l presents the crystal structure of 
ZnSe@Ti3C2Tx-interface and density of states DOS. The high intensity of 
DOS and extensive dispersion of ZnSe@Ti3C2Tx -interface arise from the 

synergistic effects of Ti3C2Tx. The electronic states near the Fermi level 
are primarily contributed by Zn 2p, Se 3d, Ti 2p, and C 1s orbitals. In the 
ZnSe@Ti3C2Tx electrode, Zn makes the main contribution, while the Se 
3d, Ti 2p, and C 1s orbitals cross the Fermi level, suggesting that 
ZnSe@Ti3C2Tx possesses a higher electron transfer rate than ZnSe and 
Ti3C2Tx. The exceptional electrical conductivity of Ti3C2Tx and the 
presence of metallic Zn in the composite result in a high concentration of 
electrons near the Fermi level, contributing to accelerated electron 
transfer and improved reaction kinetics.

To assess the practical application of the ZnSe@Ti3C2Tx electrode, 
the AC//ZnSe@Ti3C2Tx-APSC device is assembled, as shown in Fig. 7a, 
in which ZnSe@Ti3C2Tx is the anode, AC is the cathode, and 7 M KOH is 
the electrolyte. In order to optimize the performance of the ZnSe@
Ti3C2Tx electrode, the charge balance theorem is used to determine the 
appropriate mass of AC loaded on the cathode [58]. CV and GCD per
formance of AC is shown in Figs. S9a and b. The CV profiles of the 
ZnSe@Ti3C2Tx electrode (0–0.6 V) and the AC electrode (− 1 to 0 V) 
exhibit a remarkable concordance at a scanning rate of 10 mV s− 1, as 
shown in Fig. 7b. To investigate the maximum operating voltage range, 
CV experiments are conducted on the AC//ZnSe@Ti3C2Tx-APSC in the 
potential window from 0 to 1.7 V (Fig. 7c). The CV curves show a similar 
shape until the potential reaches 1.6 V, beyond which notable polari
zation occurs at the maximum voltage of 1.7 V due to precipitation of 
oxygen from the decomposition of water-based electrolytes, as indicated 
by the blue dotted circles [59]. However, the CV curve of the AC//Zn
Se@Ti3C2Tx-APSC device maintains the integrity in the potential win
dow of 0–1.6 V, indicating exceptional electrochemical stability 

Fig. 5. b-values of (a) ZnSe and (b) ZnSe@Ti3C2Tx; (c) R2 values from the anodic and cathodic peak currents; (d) CVs of the ZnSe electrode at scanning rates from 10 
to 60 mV s− 1 with the inset showing the % pseudo-capacitances at 60 mV s− 1; (e) Pseudocapacitive and diffusion controlled behavior of the ZnSe electrode; (f) 
Charging and discharging curves at various potentials; (g) CV curves of ZnSe@Ti3C2Tx at scanning rates from 10 to 60 mV s− 1 with the inset showing the pseudo- 
capacitive contribution at a 60 mV s− 1 scan rate; (h) Pseudocapacitive and Diffusion controlled behavior of ZnSe@Ti3C2Tx at 10–60 mV s− 1; (i) Charging and 
discharging behavior at various potentials.

I. Ullah et al.                                                                                                                                                                                                                                    Journal of Power Sources 643 (2025) 237046 

7 



(Fig. 7d). Moreover, the area under the CV curve increases gradually, 
indicating outstanding electrochemical performance of the AC//Zn
Se@Ti3C2Tx-APSC device.

GCD measurements are carried out (Fig. 7e) in current densities 
between 1 and 10 A g− 1. The exceptional regularity of the GCD curve of 
the AC//ZnSe@Ti3C2Tx-APSC device demonstrates an exceedingly 
reversible charging/discharging curve. The specific capacitances of the 
ZnSe@Ti3C2Tx-APSC calculated from the discharging time of the indi
vidual curves and the entire mass of the electrode materials deposited on 
the substrate are shown in Fig. 7f. The ZnSe@Ti3C2Tx-APSC exhibits a 
maximum specific capacitance of 259.12 F g− 1 at 1 A g− 1, while the 
AC//ZnSe@Ti3C2Tx-APSC shows a specific capacitance of 149.54 F g− 1 

at 10 F g− 1 and capacity of 57.7 %. As shown in Fig. 7g, the AC// 
ZnSe@Ti3C2Tx-APSC device attains the highest energy density of 92.90 
Wh kg− 1 at a power density (803.3 W kg− 1) and sustained a specific 
energy density of 54.60 Wh kg− 1 (8.1 kW kg− 1). The final energy den
sities are compared to those of similar Ti3C2Tx/MXene-based materials. 
Our device demonstrates superiority compared to N-Ti3C2Tx-MXene// 
Zn (16.67 Wh kg− 1 at a power density of 6004.8 W kg− 1) [60], NiC
o2Se/MXene//AC (23.7 Wh kg− 1 at a power density of 800 W kg− 1) 
[61], CuS@MXene//Fe2O3@rGO (68.7 Wh kg− 1 at a power density of 
850 W kg− 1) [62], (Ti3C2Tx@Polyaniline//AC 12.8 Wh kg− 1 at a power 
density of 985.8 W kg− 1) [63], (MnCo2S4MXene//AC 25.6 Wh kg− 1 at a 
power density of 6400 W kg− 1) [64] and (NiCoMOF/MXene//AC 39.5 
Wh kg− 1 at a power density of 562.5 W kg− 1) [65].

Fig. 7h shows the Nyquist plots for the AC//ZnSe@Ti3C2Tx-APSC 
device at the initial cycle and after 10,000 cycles. APSC exhibits the 
lowest charge transfer resistance (Rct) of 8 Ω after the stability test by 
EIS. The series resistance (Rs), Warburg impedance (Rw), and charge 
transfer resistance (Rct) increase slightly after 10,000 cycles, as shown in 

Table S2. This increase in Rw after cycling stems from the complete 
penetration of the electrolyte. Ti3C2Tx introduces surface defects in ZnSe 
to facilitate electron transfer by enhancing the conduction of electrons in 
the valence band. Frequency response of device is mentioned in Fig. S10.

The AC//ZnSe@Ti3C2Tx-APSC shows (Fig. 7i) outstanding pseudo
capacitive properties of 80 % at a scanning rate of 50 mV s− 1 in the 
potential window of 0–1.6 V. Similarly, the pseudocapacitive and 
diffusion phenomena are observed at 10, 20, 30, 40, and 50 mV s− 1 

showing the growing trend of the pseudo-capacitances of 64,71,75,78, 
and 80 %, respectively as shown in Fig. 7j. The b values are calculated at 
the same rates and different potentials of 1–1.6 V to determine the 
surface-controlled pseudocapacitive and diffusive properties shown in 
Fig. 7k. The AC//ZnSe@Ti3C2Tx-APSC device exhibits a remarkable 
capacitance retention rate 91.92 % after 10,000 cycles (Fig. 7l) indi
cating excellent electrochemical performance and a wide range of 
application prospects. The inset of Fig. 7l and Fig. S11 show the practical 
application of APSC.

The different performance underscores the potential of structural 
and electrochemical enhancements for advancing pseudocapacitive 
supercapacitors (PCSs) technology and positions ZnSe@Ti3C2Tx as a 
compelling candidate for pseudo capacitors. The superior cycling sta
bility and energy density of AC//ZnSe@Ti3C2Tx-APSC can be ascribed to 
three factors. Firstly, the Ti3C2Tx nanosheets provide a large surface 
area, which acts as a physical barrier and offers more active sites for the 
deposition of active materials. Secondly, the incorporation of Ti3C2Tx 
mitigates the agglomeration of ZnSe NPs and prevents side reactions of 
Zn. This enables ZnSe to provide more sites and a stable supply of Zn2+, 
leading to enhanced reversibility and improved cyclic stability. The 
synergistic effects between ZnSe and Ti3C2Tx significantly enhance the 
electrochemical performance of the APSC. Thirdly, the modification 

Fig. 6. (a–b) Ti3AlC2; (c) Adsorption energies of the samples; Structure, DFT simulations, and DOS graphs; (d–f) ZnSe, (g–i) Ti3C2Tx, and (j–l) ZnSe@Ti3C2Tx.
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Fig. 7. Electrochemical properties of the AC//ZnSe@Ti3C2Tx-APSC device: (a) Schematic illustration of constructed APSC; (b) CV curve of the composite electrode 
versus AC at 10 mV s− 1; (c) CV curve of the APSC in different potential windows; (d) CV curves of the APSC at different current densities; (e) GCD curves at several 
scan rates in the potential window of 1–1.6 V; (f) Specific capacitance calculated at various current densities; (g) Ragone plot of AC//ZnSe@Ti3C2Tx-APSC and 
comparison with related published works; (h) Nyquist plots of the APSC; (i) Pseudo-capacitances of AC//ZnSe@Ti3C2Tx-APSC at 50 mV s− 1; (j) Capacitive and 
diffusion behavior at various scanning rates; (k) b values determined at different potentials; (l) Cyclic stability of the APSC for 10,000 cycles showing the initial and 
10,000th cycle with the inset showing the practical application of the APSC device.
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increases the surface activation energy, improves the efficiency of 
electrochemical reactions, and enhances the cycling stability.

2.3. Linear sweep voltammetry (LSV)

To evaluate the water-splitting capabilities with regard to OER and 
HER, comprehensive electrochemical assessments, including LSV, Tafel 
curves, and chronoamperometry, are undertaken at various scan rates. 

These methods shed light on the redox kinetics of NF, as well as syn
thesized Ti3C2Tx, ZnSe, and ZnSe@Ti3C2Tx composite electrodes, using a 
1 M KOH solution as the electrolyte. Specifically, LSV aims to ascertain 
the OER overpotential in the potential window of 1–2.6 (vs RHE) and 
HER (with a potential window 0.2 to -1V vs RHE) (Supporting section 
S6, Fig’s. S12 and S13). The experimental findings of OER in Fig. 8a 
reveal a substantial decrease in overpotentials for ZnSe and ZnSe@
Ti3C2Tx samples, with values of 234.3 mV and 185.4 mV, respectively. 

Fig. 8. OER and HER evaluation of NF (substrate), ZnSe, Ti3C2Tx, and ZnSe@Ti3C2Tx: (a) OER at a scanning rate of 5 mV s− 1; (b) Tafel plot for OER; (c) Tafel slopes 
and OER overpotentials; (d) HER at a scanning rate of 5 mV s− 1; (e) Tafel plot for HER; (f) Tafel slopes and HER overpotentials; (g) Atomic structure to calculate Gibbs 
free energy of H adsorption and H2O adsorption; (h) experimental setup; (i) Long-term stability in water splitting at a current density of 40 mA cm− 2, with the inset 
showing the schematic illustration of HER/OER.
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This reduction is in stark contrast to the higher values observed from NF 
and Ti3C2Tx of 466.5 mV and 319 mV, respectively. The improvement in 
the catalytic performance can be attributed to the improved structural 
characteristics of ZnSe@Ti3C2Tx. Furthermore, Fig. 8b shows that 
ZnSe@Ti3C2Tx is an exceptional catalyst with a Tafel slope of ~51.3 mV 
dec− 1. This finding contrasts with the weaker OER catalytic performance 
of NF and Ti3C2Tx, and the moderately better performance of ZnSe. The 
smaller Tafel slope of ZnSe@Ti3C2Tx underscores its superior catalytic 
activity, making it highly favorable for OER applications. Fig. 8c com
pares the OER overpotentials and Tafel slopes of different electro
catalysts. As shown in Fig. 8d, the overpotentials of NF, Ti3C2Tx, ZnSe, 
and ZnSe@Ti3C2Tx are in the 0.2 to − 1 V potential range (vs RHE). NF 
and Ti3C2Tx show higher overpotentials of 334.1 mV and 244.7 mV, 
respectively. In contrast, the ZnSe NPs show a marked reduction in the 
overpotential (141.3 mV), signifying better HER activity. This 
improvement is further amplified in the ZnSe@Ti3C2Tx composite, with 
96.2 mV overpotential. Fig. 8e shows the Tafel plots for HER, revealing 
suboptimal catalytic performance for NF and Ti3C2Tx, whereas ZnSe 
exhibits more favorable electrocatalytic behavior with a Tafel slope of 
73.4 mV dec− 1. The most notable advance is observed from ZnSe@
Ti3C2Tx which has the smallest Tafel slope of ~36.9 mV dec− 1. Fig. 8f 
compares the HER overpotentials and Tafel slopes. The Gibbs free en
ergy calculations for hydrogen (H) and water (H2O) adsorption on 
ZnSe@Ti3C2Tx were performed using the VASP package, as shown in 
Fig. 8g, calculated by equation (3) and (4), 

ΔGad =EZnSe@Ti3C2Tx :H − EZnSe@Ti3C2Tx − EH (for H) (3) 

ΔGad =EZnSe@Ti3C2Tx :H2O − EZnSe@Ti3C2Tx − EH2O (for H2O ) (4) 

The Gibbs free energy for hydrogen adsorption (ΔGH) was found to 
be − 2.22 eV, indicating strong interaction and efficient hydrogen atom 
binding, which enhances the HER kinetics. The Gibbs free energy for 
water adsorption (ΔGH2O) was − 0.23 eV, reflecting a moderate inter
action that facilitates water dissociation during the OER.

These results demonstrate the composite’s dual capability in pro
moting both HER and OER, contributing to its excellent performance in 
water splitting, as further confirmed by the low Tafel slopes of ~51.3 
mV dec− 1 for OER and ~36.9 mV dec− 1 for HER.

Fig. 8h shows the actual setup of overall water splitting. The Chro
noamperometry test (Fig. S14) was performed to assess the stability of 
ZnSe, Ti3C2Tx, and ZnSe@Ti3C2Tx under a constant current. As shown in 
(Fig. 8i) the ZnSe@Ti3C2Tx composite maintains a high current density 
of 40 mA cm− 1 for 10 h, demonstrating excellent stability as compare to 
ZnSe and Ti3C2Tx. This improved performance can be attributed to the 
enhanced conductivity of Ti3C2Tx, which facilitates efficient charge 
transport and supports the sustained current density in the composite, 
thereby improving its overall electrochemical stability [66]. The inset in 
Fig. 8i depicts a schematic representation of the electrolytic water 
splitting process, showing the generation of oxygen (O2) at the anode 
and hydrogen (H2) at the cathode.

3. Conclusion

In this study, the morphological and crystallographic properties of 
hydrothermally synthesized ZnSe microspheres are optimized. The 
synergistic effects rendered by the 2D-MXene nanosheets enhance the 
electrochemical performance in the APSC device as well as the water- 
splitting setup. The ZnSe electrode shows good electrochemical perfor
mance, but self-aggregation and side reactions of Zn restrict the per
formance of the cathode and applications. The Ti3C2Tx nanosheets 
function as a physical barrier to alleviate agglomeration and impeding 
side reactions of Zn, thereby enabling ZnSe to expose more sites in 
addition to a consistent supply of Zn2+, ultimately augmenting the 
reversibility, enhancing the cyclic stability, and diminishing the over
potential. The composite electrode demonstrates superior integrity and 
dispersion, resulting in a longer discharging time than the ZnSe 

electrode. The ZnSe@Ti3C2Tx electrode shows outstanding cyclic sta
bility (98.81 % capacity retention for 10,000 cycles), high specific 
capacitance of 1673.8 F g− 1 at 1 A g− 1, and remarkable pseudocapaci
tive behavior of 88 % at 60 mV s− 1. DFT results confirm the higher 
adsorption energy, high electron density, and stable structure of the 
composite electrodes. The AC//ZnSe@Ti3C2Tx-APSC device demon
strates remarkable cyclic stability, energy density, and high specific 
capacitance boding well for energy storage applications. LSV reveals 
that the ZnSe@Ti3C2Tx electrode has a remarkable tafel slope in OER 
(~51.3 mV dec− 1) compared to ZnSe (68.7 mV dec− 1) besides 
outstanding properties of ZnSe@Ti3C2Tx in HER. This innovative 
approach effectively mitigates the inherent limitations of ZnSe and 
significantly enhances the overall electrochemical performance, posi
tioning the ZnSe@Ti3C2Tx as a promising candidate for energy storage 
and water splitting applications.
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S1. Materials and Method: 



High-purity reagents were used to synthesize ZnSe nanoparticles, including zinc chloride 

(ZnCl2) and selenium powder (99.99% purity), both sourced from Sinopharm Chemical 

Reagent Co., Ltd. Sodium sulfite (Na2SO3), deionized water, ethanol, and methanol were also 

employed in the synthesis. For the preparation of Ti3C2Tx, MAX phase powder, LiF, and HCl 

were obtained from Shanghai Macklin Biochemical Co., Ltd. All materials were of analytical 

grade and used without further purification. 

S1.1. Synthesis of ZnSe nanoparticles: 

The synthesis of ZnSe nanoparticles was carried out by dissolving 1 g of 99.99% pure zinc 

chloride (ZnCl2) in 20 ml deionized water, 0.3 g of 99.99% pure selenium powder in 20 ml 

deionized water, and 2 g of 99.99% pure sodium sulfite (Na2SO3) in 50 ml deionized water. 

Each solution was stirred magnetically for 30 minutes, mixed together, and stirred again for 

another 30 minutes. The mixed solution was then transferred to a 100 ml autoclave and heated 

at 200°C for 22 hours. The resulting precipitate was centrifuged at 3500 rpm for 10 minutes to 

obtain a powder, which was then vacuum-filtered and washed multiple times with deionized 

water and ethanol to remove impurities. Finally, the powder was vacuum-dried at 0.1 pascal 

and 60°C for 6 hours. The synthesis mechanism is illustrated by the following chemical 

equations:  

𝑍𝑛𝐶𝑙2 + 𝑆𝑒 +  𝑁𝑎2𝑆𝑂3 +  𝐻2𝑂 → 𝑍𝑛𝑆𝑒 +  𝑁𝑎2𝑆𝑂4 + 2𝐻𝐶𝑙 − − − −𝐸𝑞 𝑆1  

After the hydrothermal synthesis of ZnSe spheres, CTAB was used as a surfactant to modify 

the surface properties of ZnSe. The CTAB treatment stabilized the ZnSe particles by preventing 

aggregation and improving their dispersion in solution. Additionally, CTAB's cationic 

surfactant properties enhanced the surface reactivity of ZnSe microspheres. 



we have investigated the morphology and crystal growth of ZnSe microspheres at different 

reaction temperatures (180°C, 200°C, and 220°C) and varied reaction times. Our observations 

show that the most uniform microspheres with the smallest crystal size were obtained at 200°C 

with a reaction time of 22 hours. At this condition, the ZnSe microspheres were self-

agglomerated, as seen in the SEM images provided below, which demonstrate well-defined and 

uniform structures. 

 

 

S1.2. Synthesis of Ti3C2Tx by MAX powder: 

The synthesis of Ti3C2Tx from MAX powder entailed a multi-step process. Initially, 2 g of LiF 

was dissolved in 40 ml of HCl and stirred for 30 minutes. Then, 2 g of MAX powder was 

incrementally added to this etching solution. This mixture was placed in a rotating heating bath 

at 40°C for 24 hours. Subsequent steps involved multiple washings with deionized water and 

centrifugation at 4200 rpm until the pH exceeded 7. The resultant mixture was vacuum-filtered 

to form a film, which was then dispersed in 200 ml of deionized water and sonicated for 1 hour 

in an ice bath under an argon atmosphere. Following sonication, the mixture was centrifuged 

for 1 hour to yield multilayer Ti3C2Tx, which was then poured into petri dishes and dried in 

vacuum oven at 80°C for 12 hours. The etching reactions take place according to following 

equations; 



𝐻𝐶𝑙 + 𝐿𝑖𝐹 → 𝐻𝐹 + 𝐿𝑖𝐶𝑙 − − − − − 𝐸𝑞 𝑆2  

𝑇𝑖3𝐴𝑙𝐶2 + 6𝐻𝐹 → 3𝑇𝑖3𝐶2 + 3𝐴𝑙𝐹3 + 3𝐻2 − − − − − −𝐸𝑞 𝑆3 

S1.3. Synthesis of ZnSe@Ti3C2Tx nanocomposite:  

The CTAB-modified ZnSe spheres, with enhanced dispersion and surface charge 

modification, facilitate the efficient incorporation of Ti3C2Tx layers. The ZnSe spheres and 

Ti3C2Tx were mixed in a 1:3 ratio with polyvinyl ethylene glycol as a dispersant. After 

stirring for 30 minutes, the mixture was autoclaved at 180°C for 12 hours and cooled at a rate 

of 1°C per minute. The resultant product was filtered, washed with deionized water and 

ethanol, and oven-dried at 60°C for 4 hours.  

 

 

 

 

 

 

 

S1.4. Electrode synthesis for electrochemical evaluation by SEM images:  



 

S2. Characterizations and computation: 

Following the successful synthesis of Ti3C2Tx, ZnSe, and ZnSe@Ti3C2Tx, a comprehensive 

suite of advanced characterization techniques was applied to investigate their materialistic 

properties. Morphological analysis was conducted using field emission scanning electron 

microscopy (FE-SEM, Hitachi S4800, Japan) and high-resolution transmission electron 

microscopy (HRTEM, JEOL JEM-2000 FX). Elemental composition and surface analysis were 

performed through energy-dispersive X-ray spectroscopy (EDS, JEM 2100F, JEOL, Tokyo, 

Japan). The crystalline structures of the materials were identified via X-ray diffraction (XRD, 

D/MAX-2250VB+/PC, Rigaku, Tokyo, Japan), employing a Philips diffractometer with X’

PertPro monochromatized Cu Kα radiation (λ=1.54 Å). Raman spectroscopy and UV-visible 

diffuse reflectance spectroscopy (UV-Vis DRS, PerkinElmer Lambda 35) provided insights 

into vibrational modes, light absorption, and band gap energies. X-ray photoelectron 

spectroscopy (XPS, ESCALAB 250XI, Thermo Fisher, Waltham, USA) elucidated the 

Fig. S 1 ZnSe@Ti3C2Tx electrode synthesis illustrated by SEM images. 



nanoparticles’ structural and optical characteristics. Density-functional theory (DFT) is also 

performed to study the electrochemical properties of the ZnSe@Ti3C2Tx composite by using 

the Vienna ab initio simulation package (VASP) [1,2]. The project-augmented-wave (PAW) [3] 

method and the Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation (GGA) [4] 

method was employed for handling pseudopotentials and exchange correlation functionals, 

respectively. To ensure accurate results, a plane wave cutoff of 520 eV was applied to the 

kinetic energy, and all self-consistent field computations converged with a criterion of 1×10-5 

eV. To evaluate the adsorption energies of ZnSe, Ti3C2Tx and ZnSe@ Ti3C2Tx, three distinct 

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 ZnSe, Ti3C2Tx, and ZnSe 

composite with Ti3C2Tx, respectively. The ZnSe layer had a thickness of 5.3 Å. To prevent 

interactions between adjacent periodic images, a vacuum layer of 15 Å was introduced along 

the z-axis to separate each model effectively. The integration of the Brillouin zone was 

performed using a Monkhorst-Pack [5] k-mesh of 4 × 7 × 1, which ensured proper resolution 

for the calculations while maintaining computational efficiency. By employing these 

computational methods and models, a comprehensive understanding of the electrochemical 

properties and adsorption energies of the ZnSe@Ti3C2Tx composite and its constituent 

materials was achieved. In addition to the DFT calculations, the Gibbs free energy for hydrogen 

(H) and water (H₂O) adsorption was also evaluated. The Gibbs free energy (ΔG) provides 

insight into the interaction strength between adsorbates and the composite surface, which is 

critical for understanding catalytic activity. A more negative ΔG for H adsorption indicates a 

stronger interaction, beneficial for enhancing hydrogen evolution reaction (HER) kinetics, 

while ΔG for water adsorption reflects the composite's role in the oxygen evolution reaction 

(OER) process. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

S.3 SEM and TEM and HRTEM Images of Synthesized samples: 



 

Fig. S 2 images of ZnSe, (a) SEM (b) TEM 

 

Fig. S 3 SEM images of (a) Ti3AlC2 (b) Ti3C2Tx; (c) HRTEM image of Ti3C2Tx. 

 

Fig. S 4. images of ZnSe@Ti3C2Tx, (a) SEM (b) TEM (c) HRTEM. 

S.4 BET: 



 

 

 

Fig S 5. BET analysis of synthesized materials. 

 

 

 

S.5 Electrochemical measurements: 



The CHI660E electrochemical workstation was employed to perform the three-electrode 

evaluation in 1 M KOH. Three-electrode setup was used for that purpose: a) Hg/Hg2Cl2/KCl 

served as the reference electrode with a potential of 0.238 V, b) A Pt wire was utilized as the 

counter electrode, c) The working electrode completed the setup where Nickel foam, Ti3C2Tx, 

ZnSe and ZnSe@Ti3C2Tx was used as working electrode and mass loading was set at 2.86 mg 

cm-2. The electrochemical properties of the electrodes were assessed through cyclic 

voltammetry (CV), galvanostatic charge-discharge (GCD) analysis, and electrochemical 

impedance spectroscopy (EIS). Furthermore, the electrolysis properties were investigated 

through linear sweep voltammetry (LSV), Tafel slopes, Over Potentials and 

chronoamperometry test.  

Current measurements were taken across the counter and working electrodes while potential 

was applied between the reference and counter electrodes. The potential window was set 

between 0 V to 0.6 V, while the scan rate was varied between 1 to 150 mV s-1. Electrochemical 

impedance spectra (EIS) of synthesized sample were determined in the frequency range of 100 

k Hz to 0.1 Hz at 5 mV amplitude.  

To assess the electrochemical properties of energy storage Asymmetric supercapacitor CV and 

GCD test were performed at different scan rate to calculate the electrochemical and 

Pseudocapacitive behaviour of electrode. Specific capacitance (Cm, F g-1), power density (P, 

W kg-1) and Energy density (E, Wh kg-1) values were also calculated to relate different 

parameters by using Eq. (1), (2) and (3) given bellow. 

𝐶𝑚 =
𝐼 × ∆𝑡

𝑚 × ∆𝑉
 (F 𝑔−1) − − − − − 𝐸𝑞 𝑆4 



Here Δt is discharging period, I indicating galvanostatic discharging current, ΔV was used for 

discharging voltage window, m indicates mass of electrode. 

𝐸 =
𝐶𝑚(∆𝑉)2

2
×

1000

3600
 (Wh 𝑘𝑔−1) − − − −Eq S5   

𝑃 =
3600×𝐸

∆𝑡
 (W 𝑘𝑔−1) − − − − − 𝐸𝑞 𝑆6   

Here ΔV for voltage window (V), E for energy density and P for Power Density. 

The OER (oxygen evolution reaction) and HER (hydrogen evolution reaction) were 

investigated using Linear Sweep Voltammetry (LSV). The potential window for the OER was 

fixed at 0 to 1.6 V, while for the HER, it was fixed at 0 to -2 V. The Tafel slope was also 

determined by analysing the linear portion of the Tafel plot. To calculate the overpotential (η), 

the experimental potential values were subtracted from the standard potential for water 

oxidation (1.23 V) using the following equation: 

𝜂 = 𝑉(𝑣𝑠. 𝑅𝐻𝐸) − 1.23 𝑉 − − − − − 𝐸𝑞 𝑆7 

 

 

 

 

 



S5.1. CV and GCD N.F & Ti3C2Tx: 

 

Fig. S 6. CV curves of (a) Nickel Foam, (b) Ti3C2Tx. 

 

 

Fig. S 7. GCD of (a) Nickel Foam, (b) Ti3C2Tx. 

 

 



 

S.5.2. Bode Plot for EIS: 

 

 

 

 

 

 

 

 

 

 

Fig. S 8 Bode plot of (a) ZnSe@Ti3C2Tx (b)Ti3C2Tx (c) ZnSe. 



 

 

 

 

Table S 1. Equivalent Resistance for electrodes. 

Electrodes Rs Rct Rw 

ZnSe@Ti3C2Tx 2 25 0.25 

ZnSe 4 37 0.18 

Ti3C2Tx 12 48 0.7 

 

 

 

 

 

 

 

 



 

 

 

S.5.3. CV & GCD graphs for AC: 

 

Fig. S 9. CV and GCD curves for AC (a) CV (b) GCD. 

 

 

 

 

 

 



 

S.5.4: Bode plot of ZnSe@Ti3C2Tx//AC-APSC: 

 

 

Fig. S 10. Bode plot of ZnSe@Ti3C2Tx//AC-APSC (a) before 10,000 GCD cycles (b) After 

10,000 GCD cycles. 

Table S 2. Equivalent resistance of before and after cyclic stability. 

State Rs Rct Rw 

Before 10k cycles 0.8 8 0.36 

After 10k cycles 1 10.55 0.47 

 



 

S. 5.5: Practical Application of AC//ZnSe@Ti3C2Tx-APSC 

 

Fig. S 5. The practical application involves the utilization of two AC//ZnSe@Ti3C2Tx-APSC 
devices connected in a series circuit to illuminate light-emitting diodes (LEDs) arranged to 
form the inscription "DHU                              

 

 

 

 

 

 

 

 



S6. Electrochemical Water-splitting: 

Water electrolysis produces hydrogen (H2) and oxygen (O2) on the cathode and 

anode accompanied with oxygen evolution reaction (OER) and hydrogen evolution reaction 

(HER) , 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.  

S6.1 OER: 

In the present investigation, a comprehensive examination of the Oxygen Evolution Reaction 

(OER) was conducted, focusing on meticulous analysis. ZnSe@Ti3C2Tx, recognized for its 

exceptional properties, was employed as the anode material. The cathode consisted of a Pt wire, 

while the renowned Hg/Hg2Cl2 configuration served as the reference electrode. During the 

OER process, an intriguing phenomenon was observed, whereby hydroxide ions (OH-) 

adsorbed onto the electrode surface, initiating a cascade of chemical reactions. At the interface 

between the electrode and the electrolyte, a four-electron transfer process transpired, resulting 

in the liberation of oxygen gas (O2) and water molecules (H2O). The purpose of these 

experimental tests was to unravel the underlying mechanism of the OER and explore its 

potential applications in the field of water splitting technologies. 

S6.2. HER: 

In the current investigation, the cathode material chosen for the Hydrogen Evolution Reaction 

(HER) was ZnSe@Ti3C2Tx. The anode material was a Pt wire, and the reference electrode used 

was Hg/Hg2Cl2. In the process of HER, protons (H+) are adsorbed onto the surface of the 

https://www.sciencedirect.com/topics/engineering/water-electrolysis
https://www.sciencedirect.com/topics/engineering/produce-hydrogen
https://www.sciencedirect.com/topics/engineering/anodes-and-cathode
https://www.sciencedirect.com/topics/engineering/anodes-and-cathode
https://www.sciencedirect.com/topics/engineering/oxygen-evolution-reaction


electrode. This is followed by a Tafel reaction at the interface between the electrode and the 

electrolyte, resulting in the generation of hydrogen gas (H2). 

 

 

 

 

 

 

 

 

 

 

 
Fig. S 6 illustrate OER by using ZnSe@Ti3C2Tx electrode. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S 7  illustrate HER by using ZnSe@Ti3C2Tx electrode. 



S5.1. Chronoamperometry test for ZnSe, Ti3C2Tx: 

Chronoamperometry tests reveal that ZnSe can endure in alkaline media (7M KOH) for 

approximately 8.52 hours, but its current density exhibits instability over time. In contrast, 

MXene can only sustain a stable current density for about 5.15 hours, with a gradual and 

continuous decline in its current density. The limited stability of both ZnSe and Ti3C2Tx in the 

alkaline solution can be attributed to surface degradation and electrochemical instability under 

harsh conditions. However, when tested in the same solution, the ZnSe@Ti3C2Tx composite 

maintains a stable current density for over 10 hours, indicating the protective effect of the 

MXene layer. This enhanced stability can be attributed to the synergistic interaction between 

ZnSe and Ti3C2Tx, which prevents the degradation of ZnSe and mitigates the electrochemical 

instability of Ti3C2Tx, thereby improving the overall performance of the composite. 

 

Fig S 14. Chronoamperometry Test for ZnSe and Ti3C2Tx. 

 



S7. Electrochemical behaviour of MXene-based electrodes for supercapacitors: 

 

Table S 3. Electrochemical properties of Ti3C2Tx/MXene based electrode that are previously 

reported. 

MXene 

based 

devices 

Electro

lyte 

Potent

ial 

windo

w (V) 

Specifi

c 

capacit

ance 

 

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//ZnSe

@Ti3C2Tx

/MXene 

7 M 

KOH 

1.6 259.1 F 

g-1 

1 A g-1 92.9 1000 91.92 10000 This 

Wor

k 

rGO//Ti3C

2Tx 

3 M 

H2SO4 

1.8 76.5 F g-

1 

1 A g-1 34.4 1000 ~100 10000 6 

NiCo-

MOF/Ti3

C2Tx/AC 

2 M 

KOH 

1.5 126.4 F 

g-1 

0.5 A g-1 39.5 562.5 82.3 10000 7 

NiCo2S4/

MXene//A

C 

KOH 1.7 171.2 1 A g-1 68.7 850 89.5 5000 8 



 

 

 

 

MXene/N

CF//MXe

ne/NCF 

PVA/KO

H 

1.0 63 F g-1 1 A g-1 8.75 1871 96 2500 9 

Ti3C2Tx/C

uCo2S4//A

C 

6 M 

KOH 

1.6 269.4 C 

g-1 

1 A g-1 66.8 895.1 88.2 10000 10 

rGO/CNT

/PANI//Ti

3C2Tx 

3 M 

H2SO4 

1.5 116.9 10 mV s-1 28.6 590 80 10000 11 

RuO2//Ti3

C2Tx 

PVA- 

H2SO4 

1.6 93 F g-1 50 mV s-1 29 3800 86 20000 12 

Ti3C2Tx/N

iS//G/AC 

2 M 

KOH 

1.5 56.73 1 A g-1 17.69 750 97.7 3000 13 

MnCo2S4/

MXene//A

C 

3 M 

KOH 

1.6 460 C g-

1 

0.5 A g-1 25.6 6400 100 12000 14 

NiFe-

LDH/ 

Ti3C2Tx//

AC 

1 M 

KOH 

1.3 135.7 F 

g-1 

1 A g-1 42.4 758.27 86 1000 15 



S7. OER performance of Electrocatalysts: 

 

Table S 4. OER behaviour of Ti3C2Tx/MXene based electrocatalysts. 

Electrocatalyst Electrolyte Over 

Potential 

(mV) 

Tafel Slope 

(mV dec-1) 

Ref. 

ZnSe@Ti3C2Tx/MXene 1M KOH 185 51 This Work 

N-CoSe2/3D Ti3C2Tx 0.1 M KOH 310 45.0 16 

1T/2H MoSe2/MXene 1.0 M KOH 340 90.0 17 

FeNi-LDH/Ti3C2 1.0 M KOH 298 43.0 18 

Co-LDH@Ti3C2Tx 1.0 M KOH 330 82.0 19 

CoP/MXene 1.0 M KOH 230 50.0 20 

 

 

 



S8. HER performance of Electrocatalysts: 

 

Table S 5. HER behaviour of several Ti3C2Tx/MXene based electrocatalysts reported 

previously along with the comparison of this work. 

Electrocatalyst Electrolyte Over 

Potential 

(mV) 

Tafel 

Slope 

(mV dec-1) 

Ref. 

ZnSe@Ti3C2Tx/MXene 1M KOH 96 36 This Work 

MoSe2/MXene-O 0.5 M H2SO4 171 61 21 

NiSe2/Ti3C2Tx 0.5 M H2SO4 200 37.7 22 

NiFe-LDH/Ti3C2Tx 1.0 M KOH 132 70 23 

Co-MoS2/Mo2CTx 1.0 M KOH 112 82 24 
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