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Abstract

The growing demand for high-performance supercapacitors has driven intensive research on
two-dimensional (2D) nanoarchitectural materials. This study investigates MXene/Zinc-
incorporated graphene oxide (MX:Zn�GO) hybrid hydrogels as pseudocapacitor electrodes to
enhance energy storage and rate performance. MXene and Zn�GO were synthesized and
assembled into three-dimensional hydrogels at room temperature with di�erent zinc ratios.
The morphology and composition were analyzed using scanning electron microscopy (SEM)
and energy-dispersive X-ray spectroscopy (EDX), which con�rmed distinct layered structures
and homogeneous elemental distribution. The electrochemical performance was evaluated
using cyclic voltammetry (CV), galvanostatic charge�discharge (GCD), and electrochemical
impedance spectroscopy (EIS) in a three-electrode con�guration. Among the tested composi-
tions, the MX:Zn�GO (8:2) hydrogel composite, with a Zn:GO ratio of 2:1, exhibited the high-
est speci�c capacitance of 360 F g−1, an energy density of 15.1 Whkg−1, a power density of
101 Wkg−1, and 93% capacitance retention after 5000 charge�discharge cycles. These results
demonstrate that composition-driven integration of MXene/Zinc-incorporated graphene oxide
(MX:Zn�GO) within a hydrogel architecture o�ers a scalable route toward high-performance
supercapacitor electrodes.
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1 Introduction

Two-dimensional transition metal carbides and ni-
trides (MXenes) have potential for supercapaci-

tor applications due to their conductivity, layered
structure, and abundant surface chemistry. From a
wide range of reviews, it has been found that MX-
ene derived from MAX phases, such as Ti3C2Tx
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MXene, exhibits qualitative charge-transfer charac-
teristics and con�gurable surface terminations that
directly enhance its performance as an electrochem-
ical energy storage device [1, 2]. Moreover, reports
on three-dimensional MXenes, such as hydrogels
and aerogels, have shown further improved elec-
trolyte ion accessibility due to reduced restacking
problems [3,4]. Similarly, graphene oxide (GO) is a
two-dimensional monolayer of graphene with a large
surface area, functional groups, and a chemically
active surface that enhances electrical conductivity.
However, it cannot work alone as it shows a moder-
ate conductivity, and its capabilities can be altered
by reducing it with metals, such as zinc, in a versa-
tile ratio of zinc. According to various studies, the
reduced GO has enhanced electrochemical proper-
ties as compared with GO acting alone inside the
fabricated material [5, 6].

The concept of hybridization has been exten-
sively investigated as an area in which MXene and
graphene-based materials have been incorporated
to aim for further increased electrochemical sta-
bility and capacitance. Reduced graphene oxide
plays an important role in promoting hydrogel for-
mation and integrity through structural engineer-
ing because of its large surface area and richness
in oxygen-containing functional groups [7,8]. How-
ever, it does not show expected electrical conduc-
tivity, hence it should be combined with the ma-
terials having high electrical conductivity so that
its useful characteristic features are valued as en-
ergy storage devices, such as supercapacitors. Sev-
eral recent studies have mentioned the synergistic
e�ects of MX:Zn-GO incorporation in lowering in-
ternal resistance and improving capacitance, along
with charge transfer kinetics for which this combi-
nation is considered more e�ective than when they
are used individually for the same purposes [4, 8].
In the �eld of electrochemistry, many studies re-
lated to the metal-assisted composition, such as
MX:Zn-GO, have explained the great combination
of this assembly as an electrochemical performance
device if the interlayer spacing and charge transfer
routes are controlled [9, 10]. All studies have con-
cluded that the logical design of MXene-Graphene
Oxide hydrogel structures works e�ectively as high-
performance supercapacitor electrodes.

In this study, MXene/Zn-graphene oxide hydrogel
electrodes with optimized composition for pseudo-
capacitor applications are reported. The synthe-
sis of Ti3C2Tx MXene and Zn-incorporated GO at
room temperature has been discussed. The layered
shape and elemental distribution of the fabricated
MXene were analyzed using SEM and EDX, which
showed a speci�c capacitance of 244 F g−1. SEM
and EDX exhibited the distinctive nanosheet mor-
phology of independently synthesized graphene ox-

ide that showed a capacitance of 200 F g−1. The
hydrogel composite was synthesized by adding nano
zinc to Graphene oxide in a 2:1 ratio at room tem-
perature. The performance of MX:Zn-GO elec-
trodes was measured in di�erent ratios in which
MX:Zn-GO (8:2) showed the highest speci�c capac-
itance of 360 F g−1 and lowest impedance of 0.16 Ω
while when the GO composition was slightly in-
creased as in MX:Zn-GO (7:3) (340 F g−1, 0.64 Ω)
and MX:Zn-GO (6:4) (250 F g−1, 0.67 Ω), the per-
formances were relatively poor. This study high-
lighted the importance of MXene-based hydrogel
for better ion transport and charge storage proper-
ties, ultimately leading to advanced supercapacitor
applications [11,12].

2 Materials and Methods

2.1 Materials

Titanium Aluminum Carbide of high purity (MAX
phase Ti3AlC2, 99.9% purity, Mol Wt.�194.6, APS:
500 nm TEM) was purchased from Nano Research,
India. Similarly, Lithium Fluoride nanoparticles
(99.9% purity, APS < 100 nm SEM, CAS No 7789-
24-4, Mol Wt. 25.944) were bought from Nano
Research Elements (India). Zinc nanoparticles
(99.9% purity, 40�100 nm particle size) were pur-
chased from Nano Research Elements (India). The
rest of the chemicals, including potassium perman-
ganate (KMnO4, ≥ 99%), sulfuric acid (H2SO4,
95�98%), hydrogen peroxide (H2O2, 30%), hy-
drochloric acid (HCl, 37%), and potassium hydrox-
ide (KOH, ≥ 85%) were of analytical grade and
were from Thermo Fisher. Nickel foam (1.5 mm
thickness, > 95% porosity), polyvinylidene �u-
oride (PVDF) binder, acetylene black, and N-
methyl-2-pyrrolidone (NMP) solvent, which are the
materials for the fabrication of electrodes, were
purchased from Xiamen Tob Energy Technology,
China. Double-distilled water was used to prepare
all the solutions necessary for the study.

2.2 Synthesis of a few-layer MX-
ene (Ti3C2Tx) aqueous disper-
sion from MAX phase (Ti3AlC2)

About 1.5 g of lithium �uoride (LiF, < 100 nm)
and 60 mL of 6 M hydrochloric acid (HCl) were
mixed in a plastic beaker and stirred continuously
with a magnetic stirrer in a fume hood. Over a
course of �ve minutes, 1.5 g of MAX phase titanium
aluminum carbide (Ti3AlC2, APS ∼ 500 nm) was
slowly added onto the mixture of LiF and HCl when
all these chemicals were continuously stirred to en-
sure uniform dispersion [13,14]. Then, this mixture
was allowed to react for 24 hours in a water bath at
45◦C to ensure the selective etching of Aluminum
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from the MAX phase. After 24 hours of reaction,
the mixture was made free of acidic contaminants
by repeatedly washing it with de-ionized water, cen-
trifuging at 3500 rpm, and discarding the super-
natant until the supernatant became neutral. The
�ltrate obtained after this puri�cation showed a
green tint, and further, in order to prevent restack-
ing and oxidation, it was freeze-dried [13�15]. This
�nal MXene product was then investigated using
various characterization methods.

2.3 Synthesis of graphene oxide
(GO) dispersion from graphite
powder

Modi�ed Hummers Method was used to synthe-
size Graphene Oxide (GO) from Graphite [16]. For
this, 60 mL of concentrated sulfuric acid (H2SO4)
was mixed with 1 g �nely divided graphite, and
the mixture was continuously stirred using mag-
netic stirring. In this mixture, 4 g of potassium
permanganate (KMnO4) was added very carefully
by controlling the conditions so as not to exceed the
temperature of 20◦C to yield a viscous green paste.
The mixture was left to cool down and then diluted
slowly by adding 200 mL of crushed ice to prevent
any unnecessary reactions. After this, the oxida-
tion reactions of the mixture ceased by adding 3 mL
of 30% pure hydrogen peroxide (H2O2), where the
colour of the mixture changed from dark brown to
light yellow. Then, this �nal product was subjected
to multiple centrifugation cycles (3500 rpm) along
with alternatively washing it with 10% hydrochloric
acid (HCl) and deionized water [5, 17,18].

2.4 Fabrication of MXene/Zn-
graphene oxide hybrid hydrogels
(MX:Zn-GO)

MXene/Zn-graphene Oxide hybrid hydrogels
(MX:Zn-GO) with a variation in MXene loadings
(ranging from 80 wt% to 60 wt%), individually syn-
thesized in an aqueous dispersion of MXene and GO
that were combined in appropriate ratios. Then,
nanometer-sized nano-zinc was incorporated into
the MXene/GO combination at a Zn-to-GO mass
ratio of 2:1. This mixture was manually agitated
for some durations, which converted the dispersion
into a cohesive, clay-like mass.

The paste of the mixture inside the cylindrical glass
mold was allowed to stand for 12 h for the formation
of a bulk cylindrical hydrogel. Now these hydrogels
with required geometrical structures were produced
by casting the paste into plastic molds. In order
to remove unused Zn particles and by-products ob-
tained by oxidation during gelation, the fabricated
MGH was placed in a 10% hydrochloric acid (HCl)

solution. This acid-treated hydrogel was dialyzed in
deionized water for long durations to remove excess
acid and Zn ions.

Various hybrid hydrogels with di�erent MXene-to-
GO weight ratios were synthesized by altering the
relative contents of MXene and GO, however, keep-
ing the overall concentration of the two components
at 10 mgmL−1. The samples of this material were
identi�ed as MGH4:1 (80 wt% MXene), MGH7:3
(70 wt%), and MGH3:2 (60 wt%) based on the ra-
tio of MXene used [19].

2.5 Fabrication of the working elec-
trode

The working electrode was fabricated by coating the
mixture of active material onto a previously cleaned
nickel foil substrate (1 × 1 cm2), Figure 1. For
this, the electrode ink was made by homogeneously
mixing 80 wt% active material, 10 wt% polyvinyli-
dene �uoride (PVDF) binder, and 10 wt% conduc-
tive carbon black in an agate mortar. The uniform
slurry was created by adding a controlled amount
of N-methyl-2-pyrrolidone (NMP) to the mixture
slowly. Then the whole mixture was ground for 15
minutes and sonicated to ensure complete disper-
sion.

Then, the obtained homogeneous slurry was care-
fully coated onto the nickel foam current collector
in a balanced manner for even distribution by us-
ing a micropipette. After this, the prepared elec-
trode was compressed at 10 MPa using a hydraulic
pressure and left to dry at 60◦C for 12 hours in a
vacuum oven so as to make it dry and remove ex-
cess solvent. The compression was done to enhance
electrode integrity and interfacial contact.

Before electrochemical testing of the fabricated
electrode, it was taken for active material mass
loading determination using a microbalance (reso-
lution: 0.01 mg). Then the electrode was immersed
in 6 M potassium hydroxide (KOH) solution so that
it became completely wet before being used as an
electrode in a three-electrode cell for electrochemi-
cal analysis.

2.6 Materials characterization

The prepared nanoparticles were subjected to mor-
phological and electrochemical characterizations us-
ing di�erent techniques. Nanoparticles were soni-
cated and spread over a copper grid coated with car-
bon tape. Then, the grid was kept in a desiccator,
and nitrogen gas was passed for 24 hours. It was
dried at room temperature (RT) and subjected to
morphological analysis using a �eld-emission scan-
ning electron microscope (FEI Quanta FEG 200F)
with a resolution of ∼ 1.2 nm and magni�cation up
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to 105. This system can be used for high-vacuum
(conductors), low-vacuum (insulators), and ESEM
(biospecimens) operations. The composition of ele-

ments present in the nanoparticles was determined
by using the integrated EDX and WDS detectors.

Figure 1: Schematic illustration of electrode preparation by the Drop Casting Method.

Electrochemical characterization of the material
was performed using a potentiostat/galvanostat
system (CH Instruments 660E). In a three-electrode
setup, the platinum wire served as the counter elec-
trode, the saturated calomel electrode (SCE) as the
reference electrode, and the nickel foam coated with
the sample as the working electrode. The open-
circuit potential (OCP) was measured for 10 min-
utes before each measurement. Cyclic voltammetry
(CV) was then performed in 6 M KOH to optimize
and assess the material's redox system within a 0 to
0.55 V potential window. Supercapacitor behavior
was also examined by CV. Galvanostatic charge-
discharge (GCD) was carried out to determine spe-
ci�c capacitance and energy density. Electrochem-
ical impedance spectroscopy (EIS) was performed
to study kinetics and charge transfer. Speci�c ca-
pacitance, energy density, and power density were
calculated using Equations (1)-(3), expressed below

SC =
I ×∆t

∆V ×m
(1)

E =
SC×∆V 2

8× 3.6
(2)

P =
3600× E

∆t
(3)

Whkg−1 is the unit of energy density (E), whereas
Wkg−1 is the unit of power density (P ). The ca-
pacitance retention was calculated using Equation
(4), given below

Capacitance retention (%) =
Final capacitance

Initial capacitance
×100%

(4)

3 Results and discussion

3.1 Scanning electron microscopy
(SEM) analysis and energy dis-
persive X-ray (EDX)

According to Scanning electron microscopy (SEM)
analysis, the synthesized Graphene oxide and MX-
ene showed varied morphologies as displayed in Fig-
ure 2(a), as the thin, crumpled, and wrinkled sheet-
like structures were determined, which is due to the
oxidation-induced lattice distortion and expanded
interlayer spacing [20]. This structure is a founda-
tion for inhibiting sheet restacking and increasing
accessible surface area, �nally promoting electrolyte
penetration and ion di�usion. Many reports have
mentioned the importance of these characteristics
as an aid to upgrade charge storage behavior in an
electrochemical energy storage system. Conversely,
the image of MXene as shown in Figure 2(b) ex-
hibited its unique layered and plate-like �akes along
with smooth basal planes, which were divided by
Ti3C2Tx structures.

The two-dimensional structure of synthesized MX-
ene is responsible for continuous electron trans-
port pathways and helps to promote ion interaction,
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which are the mandatory features for an electro-
chemical system [3]. Moreover, this stacked yet ac-
cessible layered structure aids in e�cient ion inter-
calation and deintercalation during electrochemical
cycling, which is the most important characteris-
tic for facilitating high-rate performance. Further-
more, in a hybrid electrode system, MXene sheets
having a wide range of interlayer spacing are found
to be e�ective conductive frameworks, enhancing
the electrochemical stability and capacitance reten-
tion [21].

The EDX spectra of graphene oxide (GO) and MX-
ene (MX) are shown in Figure 2, displaying dis-
tinctive variations in their morphology and elemen-
tal composition. According to the EDX spectrum
of GO, carbon (C) and oxygen (O) are the two
predominant elements with a signi�cant amount of
oxygen content, which is due to the presence of sev-
eral oxygen-containing functional groups that are
added for the oxidation of graphite. Small amounts
of sulfur (S) and nitrogen (N) present in its struc-
ture are due to residual reagents or surface function-

alization during chemical synthesis, which are the
common elements for the GO prepared chemically
in the lab. The oxygen-rich structure facilitates sur-
face polarity and electrolyte wettability, and ulti-
mately promotes ion transport in electrochemical
systems [15]. Conversely, the EDX analysis of MX-
ene showed a strong titanium (Ti) signal along with
carbon (C), indicating the synthesis of Ti3C2Tx-
type MXene. A small amount of aluminum (Al) and
chlorine (Cl) was detected, with their peaks reveal-
ing the partial elimination of the parent MAX phase
and residual etching by-products, which is a com-
mon detection in MXene synthesized using selec-
tive etching routes. According to the SEM image,
MXene showed a layered and stacked �ake-like mor-
phology along with two-dimensional carbide struc-
tures [6]. Overall, the variations in elemental com-
positions and layered structures of GO and MXene
as provided by SEM-EDX analysis revealed their
roles for aiding each other in hybrid electrode sys-
tems, for which GO facilitates surface functionality,
and MXene promotes high electrical conductivity
and structural stability [15,21].

(a)

(b)

Figure 2: EDX and SEM, which demonstrates the variations in elemental composition and structure
between (a) Graphene oxide (GO) (b) MXene (MX).

3.2 Electrochemical Characteriza-
tion

3.2.1 Cyclic Voltammetry (CV)

The cyclic voltammetry of graphene oxide (GO),
as shown in Figure 3(a), reveals low current den-
sity with less enclosed CV areas in di�erent scan
rates due to the fact of oxidation of graphene ox-
ide, which retains the peak, decreasing the conduc-

tivity, a�ecting charge transport kinetics. Figure
3(b) shows the CV of MXene (MX), which revealed
the high current density with enclosed surface cov-
erage in CV at di�erent scan rates with an intense
peak, which increased the conductivity with excel-
lent charge transport kinetics.

Electrochemical responses depended on the com-
position of MX:Zn-GO composite hydrogels as re-
vealed by the cyclic voltammetry (CV) curves. Fig-
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ure 3(c) shows the CV of the composites performed
at 10 mV scan rates. Out of all the di�erent com-
posites, the MX:Zn-GO (8:2) hydrogel (Figure 3(d))
displayed the highest current response and larger
area of enclosed CV, depicting the e�cient charge
storage as provided by the highly conductive MX-
ene sheets [15]. Similarly, the composite, MX:Zn-
GO (7:3), demonstrates de�nitive characteristics re-
lated to its redox behaviour along with its good
shape retention when the scan was kept higher;

however, its current response was not as supportive
as expected [22]. Conversely, the MX:Zn-GO (6:4)
composite shows lower current response in compari-
son with other composites, which is due to an incre-
ment in GO content, allowing for incomplete reduc-
tion in electrical conductivity. Overall, MXene-rich
hydrogels promote e�ective electrochemical kinet-
ics and rate capability; however, GO contributes
to structural stability and electrolyte wettability in
hybrid electrochemical system [20,23,24].

(a) (b)

(c) (d)

Figure 3: (a) CV of graphene oxide (GO), (b) CV of MXene (MX), (c) CV of MX:Zn�GO in di�erent
ratios at 10 mV, and (d) CV of MX:Zn�GO (8:2).

3.2.2 Galvanostatic charge-discharge
(GCD)

The galvanostatic charge-discharge (GCD) is shown
in Figure 4. It reveals the behavior of GO, MXene,
and MX:Zn-GO composites with di�erent compo-
sitions. Figure 4(a) shows a shorter discharge time
and a larger voltage drop due to the limited con-
ductivity and poor ion transport of graphene oxide.

Figure 4(b) shows a longer discharge time and good
metallic conductivity of MXene. However, at higher
current density, due to restacking of the layer, its
performance deteriorates with a decrease in perfor-
mance and ion accessibility between the MXene lay-
ers.

Among the various samples (Figure 4(c)) of com-
posites synthesized, the MX:Zn-GO (8:2) electrode
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shows the longest discharge time, demonstrating
the optimal synergistic function of conductive MX-
ene layers and ion-accessible GO sheets such that an
increase in GO content facilitates the higher inter-
nal resistance and decreased discharge durations as
a result of restacking and decreased electron trans-
port pathways [13]. Figure 4(d) shows the MX:Zn-
GO (8:2) electrode, with stable capacitive behavior
and combined EDLC and pseudocapacitive behav-

ior. The gradual decrease in discharge time at high
current density shows low ion di�usion, a smaller
IR drop shows lower internal resistance, and faster
ion transport kinetics. Overall, the GCD curves,
which directly depend upon the compositions of
the materials, mention the balanced ion di�usion,
charge transfer e�ciency, and structural integrity
in the MXene/Zn-GO hybrid electrochemical sys-
tem [15].

(a) (b)

(c) (d)

Figure 4: (a) GCD of graphene oxide (GO), (b) GCD of MXene (MX), (c) GCD of MX:Zn�GO in
di�erent ratios at 1 Acm−2, and (d) GCD of MX:Zn�GO (8:2).

3.2.3 Electrochemical Impedance Spec-
troscopy (EIS)

Figure 5 shows the Nyquist plots of the MXene/Zn-
GO hydrogels, which show a modest intercept in
the high-frequency area along with a line inclined
in the low-frequency area, depicting low equivalent
series resistance and dominating capacitive behav-
ior. Comparatively, the MX:Zn-GO (8:2) compos-

ite displays the real-axis intercept and the steepest
low-frequency slope, revealing quicker charge trans-
fer and better ion di�usion due to a well-connected
conductive network. Similarly, the increase of GO
content in the MX:Zn-GO (6:4) sample compos-
ite shows greater impedance due to a decrease
in electronic pathways and incomplete restacking,
which disturbs the charge transport. The near-
vertical Warburg region demonstrates productive



Maya Das et al./ BIBECHANA 23 (3) (2026) 106-115 113

electrolyte penetration and synergistic interplay of
MXene conductivity and GO surface functionality
[25].

Figure 5: EIS of MX:Zn�GO (8:2), MX:Zn�GO
(7:3), MX:Zn�GO (6:4).

Figure 6: Capacitance retention for 5000 cycles of
8MX:2GO.

Electrochemical analysis of the synthesized ma-
terials showed the synergistic bene�ts of the
MXene/Zn-GO hybrid system. The MX:Zn-
GO (8:2) electrode shows the highest speci�c
capacitance (360 F g−1) and speci�c capacity
(55.0 mAhg−1) inside a good retention potential
window of 0.55 V, which aids in enhancing en-
ergy and power densities [20] (Figure 6). Pre-
viously, two di�erent studies showed the capaci-
tance of 357 F g−1, where one of the studies used
the MXene/GO hybrid hydrogel and the other
used integrated MXene/rGO (reduced graphene ox-
ide) [6, 19]. The increase in capacitance value to
360 F g−1 is due to e�cient charge transport as pro-
vided by conductive MXene sheets combined with
ion-accessible functional groups of GO [26,27]. This
enhancement of the capacitance value can be viewed
as a progressive approach, as some reports suggest
a capacitance of 335 C g−1 where MXene/rGO was
used as a primary material [21]. In MX:Zn-GO
(7:3) and MX:Zn-GO (6:4), where GO content is in-
creased, capacitance is decreased, which is a result
of increased interfacial resistance, even though the
electrolyte wettability is improved [28�31]. Hence,
the superior structural integrity and electrochemi-
cal durability of optimized MX:Zn-GO (8:2) elec-
trode show ∼ 93% capacitance retention after 5000
cycles, con�rming excellent cyclic stability. At a
current density of 1 A cm−2, the optimized elec-
trode delivered a power density of 101 Wkg−1

(Equation 3).

Table 1: Electrochemical performance of electrodes

S.N. Electrode Sp. Cap. Pot. Win. Sp. Cap. E. Dens. P. Dens.
(F g−1) (V) (mAhg−1) (Whkg−1) (Wkg−1)

1 8MX:2GO 360 0.55 55.0 15.1 101
2 7MX:3GO 340 0.55 51.9 14.3 96
3 6MX:4GO 250 0.55 38.2 10.5 70
4 MXene 244 0.45 30.5 6.86 46
5 GO 200 0.42 23.3 4.9 33

4 Conclusion

This study presents a novel, scalable fabrication
route for high performance energy storage through
a synergistic MXene/Zn-graphene oxide (GO) hy-
brid hydrogel electrode. Among all the compos-
ites, the optimized MX:Zn-GO (8:2) composition
shows an e�cient and great electrochemical perfor-
mance that successfully helps in providing a high

speci�c capacitance of 360 F g−1, promoted energy
density of 15.1 Whkg−1, and brilliant cycling sta-
bility with over 93% capacitance retention after
5000 cycles. The synergistic functions of MXene
and GO improved the electrochemical behavior, for
which MXene demonstrated continuous conductive
networks and pseudocapacitive activity, and GO
reduced nanosheet restacking e�ectively and up-
graded electrolyte accessibility. Similarly, the SEM
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analysis displays a well-interconnected, porous, and
layered hydrogel structure that promotes e�cient
ion transport, along with the EDX, which shows
the homogeneous distribution of elements for the
successful incorporation of MXene and GO inside
this hybrid electrochemical system. Furthermore,
the electrochemical impedance analysis con�rms
the structural bene�ts by demonstrating a decrease
in charge-transfer resistance and upgraded ion dif-
fusion kinetics in the optimized electrode. The nov-
elty of this work lies in the room-temperature, Zinc-
assisted assembly of Ti3C2Tx MXene and Zinc-GO
into a three-dimensional hydrogel that simultane-
ously optimizes interlayer spacing, charge transfer
pathways, and electrolyte accessibility without high
temperature or binder. The optimized MX:Zn-GO
(8:2) hydrogel delivers competitive speci�c capaci-
tance, energy density, and cycling stability, estab-
lishing a practical and scalable electrode platform
for next-generation pseudocapacitors.
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