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Abstract: Zinc-ion supercapacitors (ZISCs) exhibit great
potential to store energy owing to the benefits of high
power density and environmentally friendly features.
However, solving the drawbacks of low specific energy
and poor cyclic performance at high current rates is neces-
sary. Thus, developing better cathode materials is a prac-
tical and efficient way to overcome these limitations. This
work presents an encouraging design of two-dimensional
(2D) graphite ultrathin nanosheets (GUNSs) as a cathode
material for ZISCs. The experimental results show that

the GUNSs-based cathode material exhibits a wide surface
area and rapid charge transformation features. The 2D
GUNS as a cathode was tested in three-electrode systems,
and it provided an exceptionally high capacitance of 641
F/g at 1 A/g in an aqueous ZnSO4 electrolyte, better than
GUNS-N2 (462 F/g at 1 A/g) and pristine graphite (225.8 F/g at
1 A/g). The 2D GUNS has a rate performance of 43.8% at a
current density of 20 A/g, better than GUNS-N2 (35.6%) and
pristine graphite (8.4%) at the same conditions. Furthermore,
a ZISC device was fabricated using GUNSs as cathode and Zn-
foil as anode with 1M ZnSO4 electrolyte (denoted as GUNSs//
Zn). The as-fabricated GUNSs//Zn device exhibits an excellent
capacitance of 182.5 F/g at 1 A/g with good capacitance reten-
tion of 97.2%, which is better than pristine graphite (94.6%),
and nitrogen-doped GUNS (GUNS-N2) cathode (95.7%). In addi-
tion, the GUNSs//Zn device demonstrated an ultrahigh cyclic
life of 10,000 cycles, and 96.76% of capacitancewasmaintained.
Furthermore, the GUNSs//Zn device delivers a specific energy
of 64.88Wh/kg at an ultrahigh specific power of 802.67W/kg
and can run a light-emitting diode for practical applications.

Keywords: graphite, 2D nanosheets, electrochemical exfo-
liation, zinc-ion supercapacitor

1 Introduction

To obtain benefits from renewable energy sources, high-
performance energy storage and conversion technologies
are required to save energy, such as supercapacitors, bat-
teries, and fuel cells [1–3]. However, the actual practical
use at the grid level of rechargeable lithium-ion batteries is
hampered by their low specific power and short lifespan
due to slow ion-transport kinetics via intercalation/deinter-
calation [4,5]. Despite the progress made in lithium-ion
batteries, other metal-ion batteries have also been researched
alongside, such as potassium and sodium ion batteries [6,7].
Even though lithium-ion batteries are widely used in electric
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cars and portable electronics, there is still a pressing need
for innovative battery systems that have the advantages of
high voltage, cost-effectiveness, safety, and environmental
friendliness, such as bivalent metal ion batteries such as
magnesium [8], calcium [9], and zinc ion batteries [10].
Recently, many researchers have focused on dual-ion bat-
teries, where the battery reaction involves both cations and
anions [11,12]. DIBs possess higher energy densities than
mono and divalent ion batteries; however, the power den-
sities of batteries are low. Metal-ion supercapacitors, like
lithium, sodium, and potassium ion supercapacitors, may
successfully compensate for the insufficient specific power
of rechargeable batteries. However, the extreme reactivity
of these metals (lithium, sodium, and potassium) produces
dendrite-at metal anodes, and the flammability of organic
electrolytes offers severe safety concerns [13,14]. Therefore,
aqueous energy storage technologies have gained a lot of
interest because of their strong ionic conductivity and excel-
lent safety benefits. Thus, it is extremely desirable to design
unique and advanced aqueous energy storage devices with
features like good safety, excellent specific power, and spe-
cific energy [15]. Lately, aqueous zinc-ion supercapacitors
(ZISCs) have been designed, owing primarily to their super-
iorities in terms of cost-effectiveness, high specific energy,
and extended lifespan [16,17].

ZISCs have been identified as the most appealing
energy storage candidates due to their ability to combine
the benefits of supercapacitors and batteries [18]. ZISCs
typically consist of an anode of battery type and a cathode
of capacitor type [19]. The metallic Zn-based negative elec-
trode (anode) exhibits an excellent theoretical capacity of
823 mA h/g as well as a low redox potential of −0.76 V,
making it a good energy storage material with a fairly large
voltage window [19]. The working principle of ZISCs
involves fast deposition/stripping of the Zn ion in the
anode, resulting in high specific energy, and fast adsorp-
tion/desorption of the Zn ion on the cathode, resulting in
high specific power [20].

Carbon-based materials have been the subject of much
investigation for supercapacitors [21]. Carbon-based mate-
rials, including graphite, are becoming a new class of elec-
trodes for supercapacitor systems due to their portability,
excellent flexibility, easy fabrication methods, and out-
standing electrical conductivity [22]. However, owing to
its limited surface area, graphite foil exhibits a low specific
capacitance. Its surface area might be enhanced via elec-
trochemical exfoliation [23]. In high voltage, ions interca-
late and transform into different gaseous species in the
graphite layers in an electrolyte. The electrochemical

exfoliation process expands the surface area. Although
electrochemically exfoliated graphite foil has been used
in several research reactors, the method is difficult and
challenging to implement on intact systems [24,25].

Herein, we present an encouraging cathode design of
two-dimensional (2D) graphite ultrathin nanosheets (GUNSs)
for ZISCs. The experimental results show that the GUNS-
based cathode material exhibits a wide surface area and
rapid charge transport. GUNS exhibits a high capacitance
of 641 F/g at 1 A/g, outperforming GUNS-N2 (462 F/g at 1 A/g)
and pristine graphite (225.8 F/g at 1 A/g). GUNS has a good
rate performance of 43.8% at 20 A/g, which is significantly
higher than GUNS-N2 (35.6%) and pristine graphite (8.4%) in
the same conditions. The resulting ZISC device (GUNSs//Zn)
demonstrates an excellent capacitance (182.5 F/g at 1 A/g).
Further, the GUNSs//Zn demonstrate an ultrahigh cyclic
life of 10,000 cycles, and 96.76% of capacitance was main-
tained. Furthermore, GUNSs//Zn reveals a specific energy of
64.88Wh/kg at an ultrahigh specific power of 802.67W/kg.

2 Materials and methods

2.1 Synthesis of 2D GUNSs

Carbon paper served as an electrode for the preparation of
2D GUNSs. A silver pad was used to attach the carbon to a
tungsten wire, and it was then added to the solution as
a negative electrode. The single carbon paper was sub-
merged in the solution. With a 5 cm distance between
them, a platinum plate was positioned side by side with
carbon paper. About 5 g of sulfuric acid (H2SO4, Sigma-
Aldrich; 98% concentration) was diluted in 100mL of
deionized water to obtain the ionic solution. The electro-
chemical exfoliation process was performed using an elec-
trode made of carbon paper and a DC bias voltage. A 5 V is
applied to the electrode and left undisturbed for 30 min to
obtain a mixed solution. Add 100mL of deionized water to
the solution and stir well. The exfoliated carbon was fil-
tered via a 100 nm membrane with deionized water to
generate a 2D GUNS solution. After that, 2D GUNS was
sonicated using a mild water bath for 5 min to disperse
them in a dimethyl formamide (DMF) solution. The suspen-
sion was centrifuged at 2,500 rpm to eliminate undesired
large particles created during the exfoliation. The centri-
fuged suspension can then be used for film production and
further characterization. These electrochemical exfolia-
tions were all carried out at ambient temperature.
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2.2 Physical characterization

The material’s morphology was studied using a field emission
scanning electron microscope (FESEM, HITACHI SU8220), a
transmission electron microscope (TEM, FEI Themis Z), and
an energy-dispersive X-ray spectrometer. To analyze crystal
structure, an X-ray diffractometer (XRD, X’Pert Pro Analytical)
by means of monochromatic radiations (Cu-Kα; = 0.15406 nm)
was used. The elemental composition of 2D GUNSwas studied
using X-ray photoelectron spectroscopy (XPS).

2.3 Electrochemical characterization

For the fabrication of the ZISC device, to design the positive
electrode (cathode), the active substance, conductive carbon
black, and polyvinylidene fluoride were combined in the
ratio of 80:10:10 (wt%). The pulp mixture was mixed with
N-methyl-2-pyrrolidone (NMP), pasted onto a carbon cloth
(CC) of 1 × 1 cm2 surface, and dried for 6 h. About 1.2 mg/cm2

of active material was bulk-loaded onto the CC. The negative
electrode (anode) was a Zn plate with 1M ZnSO4 aqueous
solution. The galvanostatic charge–discharge (GCD) and
cyclic voltammogram (CV) were measured using an elec-
trochemical workstation (CHI 660E, China). The CVs were
performed in a voltage window varied from 0 to 1.6 V,
while the GCD testing was performed at 1–10 A/g.

2.4 Calculations

According to the discharge time, calculate the specific capa-
citance of the single electrode device and apply equation (1):
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where +m , −m , +C , −C , and ∆ +V , ∆ −V are the masses, the
specific capacitances, and the potential windows of the
positive and negative electrodes, respectively.

The ZISC device’s capacitance Cd (F/g), specific power
(P) (W/kg), and specific energy (E) (W h/kg) are all com-
puted as follows:
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where Δt (s) denotes the discharge time, I (A) denotes the
current, M (g) shows the mass of both the anode and the
cathode, and V (V) represents the voltage window.

3 Results and discussion

The sample was synthesized using an electrochemical exfo-
liation technique, making use of carbon paper (working
electrode), platinum foil (counter electrode), and Ag/AgCl
(reference electrode) in H2SO4. Figure 1 shows a schematic
illustration of the technique for fabricating the 2D GUNS.

Figure 2a–c illustrates the low- and high-resolution
FESEM images of 2D GUNS. All images exhibit crumpled
and ultrathin nanosheets overlapped and randomly arranged
and supported by the high-resolution FESEM image
(Figure 2c). The morphology of the prepared sample is
quite similar to that of already reported materials [26].
The geometrical characteristics of the 2D GUNSs and the
extent of exfoliation can be seen by TEM images. Figure
2d–f displays TEM images of as-prepared 2D GUNSs. Low-
resolution TEM image shows ultrathin sheet-like mor-
phology of 2D GUNSs (Figure 2d), and tiny pores can be
observed (marked with circles). Furthermore, the high-
resolution TEM images (Figure 2e and f) exhibit that the
porous graphite nanosheets consisted of four to six films
and show a 0.3397 nm spacing, which is compatible with
the (002) plane of graphite. Obviously, the elevated reac-
tivity will provide the GUNSs with increased Zn ion storage.
Additionally, the shorter ion transport route of porous
GUNSs will help to enhance rate performance.

The XRD image of 2D GUNS is depicted in Figure 3a.
Two characteristics of carbon diffraction reflexes were dis-
covered, including (002) and (101). The presence of a dis-
tinct diffraction peak (002) at 26.6° in 2D GUNSs provides
evidence that this material is a kind of graphite [27]. The
peak location of 2D GUNSs is identical to that of natural
graphite, as described in the literature. Since carbon is the
fundamental ingredient, the crystal layer of carbon is unaf-
fected by the electrochemical exfoliation process [28]. In
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addition, the XRD of carbon paper and GUNS were further
analyzed. As shown in Figure S1, we found that the position
corresponding to the peak of the characteristic peak (002) of
carbon before and after the exfoliation process does not
shift, but the width of the peak increases. This is due to
the formation of bulky 2D ultra-thin graphene nanosheets
after exfoliation by electrochemical means, which form

many voids during the nanosheet stacking process, thus
increasing the spacing of the graphene nanosheets, resulting
in a decrease in the crystallinity of the sample. In addition,
the peak corresponding to the (101) crystal plane is shifted to
the left, which proves the increase in crystal plane spacing.

Figure 3b displays a C-1s XPS spectrum of the 2D GUNSs
obtained using XPS to study the existence of oxide defects.

Figure 2: (a–c) Low- and high-resolution SEM images of 2D GUNSs, (d and e) low- and high-resolution TEM images of 2D GUNSs, and (f) HR-TEM image
of 2D GUNSs.

Figure 1: Schematic depiction of fabrication procedure of 2D GUNSs.
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A dominating peak at 284.7 eV can be associated with (C–C)
graphitic carbon. The deconvolution of the spectra showed
the presence of many minor peaks with higher binding
energies along with the C–C peak. Such characteristic
peaks belong to oxides (284.6 eV belongs to C]C and
288.6 eV belongs to C]O) covalently bound extending to
graphite in the case of an oxidized graphite. It is also pos-
sible that these peaks are due to solvent molecules that are
still present inside the 2D GUNSs. Further, Figure 3c exhi-
bits the O-1s XPS spectrum, which reveals two major peaks
at 529.4 eV, ascribed to lattice oxygen, and 531.1 eV, ascribed
to chemisorbed oxygen, respectively [29]. Therefore, the
exceptional characteristics of the 2D GUNSs generated by
high shear exfoliation were supported by XPS results,
which are advantageous to enhancing the pseudocapaci-
tive performance.

As shown in Figure 3d, we tested the Raman spectra of
raw graphite and GUNS. It was observed that the G-band of
the two samples remained unchanged. Compared to the
original graphite, the peaks in the D-band of the GUNS
were significantly reduced after electrochemical dissec-
tion, and the ID/IG value decreased from 0.61 to 0.22. This
is attributed to electrochemical peeling, leading to many
chemical bond breaks [30].

Specific surface area, porosity, and average pore dia-
meter significantly affect the properties of ZHSC’s electrode

material. As shown in Figure 3e, N2 adsorption–desorption
measurements were investigated for the textural proper-
ties of GUNS. Rapid uptake at high relative pressure was
identified as the isotherm type IV with an H3 hysteresis
loop, which is relevant to mesoporous-like materials [31].
Distinctive hysteresis loop from 0.0 to 1.0 P/P0 belongs to
the typical Langmuir IV isotherms. The results show that
GUNS has the largest BET-specific surface area of up to 59.8
m2/g, which is particularly suitable for energy storage
applications due to GUNS-N2 and pristine graphite samples.
Due to the large specific surface area, it can promote elec-
trolyte ion diffusion, enhance charge transport, and pro-
vide more electroactive sites for fast energy storage. The
corresponding pore size distribution (Figure 3f) calculated
by the Barrett–Joyner–Halenda method from the deso-
rption branch further confirms the characteristics of the
mesoporous structure. The pore size of the GUNS rises
sharply at 107.6 nm, which marks a layered mesoporous
feature. This porosity is mainly due to multiple inclined
intermediate pores, which enhance the mass transport of
GUNS and improve the utilization of the active surface area
of the electrode.

In a three-electrode system, the electrochemical per-
formance of pristine graphite, GUNS, and GUNS-N2 was
studied under a voltage window of −0.2 to 0.8 V using 1 M
ZnSO4 aqueous solution as the electrolyte. Figure 4a shows

Figure 3: (a) XRD patterns of 2D GUNSs, (b) C-1s XPS spectrum of 2D GUNSs, (c) O-1s XPS spectrum of 2D GUNSs, (d) the Raman spectra of the pristine
graphite and 2D GUNSs, and (e and f) N2 adsorption/desorption isotherms and pore-size distribution curve.
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Figure 4: (a) Comparative CV curves of pristine graphite, GUNS, and GUNS-N2 in potentials window of –0.2 to 0.8 V at 10 mV/s; CV curves at various
scan rates for (b) pristine graphite, (c) GUNS, and (d) GUNS-N2. (e) Comparative GCD curves of pristine graphite, GUNS, and GUNS-N2 electrodes. (f–h)
GCD curves at various current densities range for pristine graphite, GUNS, and GUNS-N2 electrodes. (i) Specific capacitance as a function of current
density. (j) Rate capability and Coulombic efficiency versus the number of cycles up to 450 cycles of GUNS electrode. (k) Capacitance retention
concerning cycles up to 5,000 cycles for pristine graphite, GUNS, and GUNS-N2 electrodes (insets are first and last five cycles in 1 M ZnSO4 electrolyte).
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the CV curves of pristine graphite, GUNS, and GUNS-N2 at a
scan rate of 10 mV/s with a pair of redox peaks of GUNS and
GUNS-N2. The GUNS obtained by electrochemical exfolia-
tion has a large specific surface area, providing more
active sites for zinc ions and promoting redox reaction.
After N2 treatment, the abundant oxygen-containing func-
tional groups on the surface disappeared, decreasing the
number of surface-active sites. As a result, the electroche-
mical performance is reduced. For further investigation,
the CV curves are recorded at different scan rates (1–75mV/s),
as shown in Figure 4b–d. The shape of the CV curves of the
electrodes remained stable as the scanning rates increased,
indicating rapid mass transfer at the electrode/electrolyte
interface. At different scan rates, GUNS electrodes have a
larger area under the CV curve and greater charge storage
capacity. In Figure 4e, the GCD curves of the pristine gra-
phite, GUNS, and GUNS-N2 electrodes were compared at a
current density of 10 A/g (potential window of −0.2 to 0.8 V).
The GCDS electrode was observed to have a longer discharge
time than the Ti3C2Tx electrode, indicating higher charge
storage capacity, which is consistent with the CV curves.
Furthermore, GCD curves were recorded at different cur-
rent densities from 1 to 20 A/g for pristine graphite, GUNS,
and GUNS-N2 electrodes (Figure 4f–h). The quasi-triangular
GCD curve of the pristine graphite, GUNS, and GUNS-N2

electrodes with high symmetry indicate high coulombic effi-
ciency and excellent redox reaction reversibility. As shown
in Figure 4i, the specific capacitance of the GCD curves for
the three electrodes was also calculated. At a current density
of 1 A/g, the GUNS electrode produces an ultra-high capaci-
tance of 641 F/g, significantly larger than the GUNS-N2 (462
F/g at 1 A/g), and pristine graphite (225.8 F/g at 1 A/g) electrode.
After the current density is increased to 20 A/g, the specific
capacitance generated by the GUNS electrode decreases to
280.8 F/g, and the initial capacitance retention rate is about
43.8%, which is much larger than that of GUNS-N2 (35.6%) and
pristine graphite (8.4%) electrodes, indicating that the GUNS
electrode has good rate performance. This is attributed to
increased specific surface area after exfoliation and the pro-
duction of abundant oxygen-containing functional groups.
After nitrogen treatment, the electrochemical performance
decreases due to decreased surface oxygen-containing func-
tional group content. Compared to GUNS, the specific capa-
citance and capacitance retention ratio of GUNS-N2 are
reduced. Figure 4j shows the rate performance of the
GUNS, with the specific capacitance values of 641, 517,
431, 370, 330, 304, 294, and 280 F/g at 1, 2, 3, 5, 6, 8, 10,
and 20 A/g, respectively. When the current density is
reduced to 1 A/g, a high discharge capacitance of 609.5
F/g can be recovered with a coulomb efficiency of up to
96.75%, demonstrating good electrochemical reversibility

and fast reaction kinetics. As shown in Figure 4k, the
GUNS electrode exhibited exceptional cycle stability after
5,000 GCD cycles, with a capacitance retention rate of
97.2%, compared to the pristine graphite electrode (94.6%)
and GUNS-N2 electrode (95.7%). The coulombic efficiency of
GUNS is as high as 98.2%, which is better than GUNS-N2

(97.1%) and pristine graphene (94.3%). The illustration in
Figure 4k shows a comparison of the first and the last 6
GCD curves.

Furthermore, we performed XRD and SEM tests on
samples before and after the electrochemical reaction.
The test results show that the peak of XRD shifts to the
left after the electrochemical reaction due to the insertion
of Zn-ions. The strength of the peak is significantly wea-
kened, which is attributed to the electrochemical reaction
reducing the material’s crystallinity. In addition, according
to the comparison of SEM images before and after the
reaction, the sample’s morphology remained stable, proving
that it had superior electrochemical stability. However,
some crystals appeared on the sample’s surface after the
reaction, which was attributed to the precipitation of the
electrolyte and recrystallization on the electrode surface
(Figure S3).

We analyzed the XPS of different samples, and the C-1s
spectrum showed a decrease in C]O, proving that the
content of oxygen-containing functional groups was reduced
(Figure S2). The SEM mapping of GUNS and GUNS-N2 was
performed to demonstrate nitrogen functionalization, which
reduces oxygen-containing functional groups, and these find-
ings are consistent with XPS analysis (Figure S4(a) and (b)).

To further analyze the storage mechanism of Zn-ions,
we performed ex situ XRD and TEM tests. As shown in
Figure 5a, the peaks of the (002) crystal plane and (101)
crystal plane of GUNS are shifted to the left after charging,
proving that the crystal plane spacing has become larger,
which is attributed to the insertion of Zn ions resulting in a
wider lattice structure. In addition, the ex situ TEM test was
also performed, and the crystal plane spacing was expanded
to 0.362 nm after the end of charging (002), which proved the
successful insertion of Zn ions. After the discharge, the
crystal plane spacing became 0.346 nm, proving that the
Zn ions were successfully inserted.

To examine the feasibility of the 2D GUNSs electrode
for real-world practical applications, an aqueous GUNSs//
Zn device was designed. Figure 6a depicts the CVs of
GUNSs//Zn devices at different scan rates (4–75 mV/s). The
approximately rectangular CV profiles supported the elec-
trochemical double-layer approach. Even at high scan
rates, the nearly rectangular-shaped CV profiles reveal
the GUNSs//Zn device’s fast kinetics, extremely reversible
characteristics, and excellent rate performance [24]. Across
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Figure 6: Electrochemical characterization of GUNSs//Zn device: (a) CVs, (b) GCDs, and (c) capacitance vs current density. (d) Rate capability and
Coulombic efficiency versus the number of cycles up to 350 cycles of GUNSs//Zn device. (e) Cycling stability (insets are first and last five cycles in 1 M
ZnSO4 electrolyte).

Figure 5: (a) Ex situ XRD of charge and discharge with GUNS. (b and c) HR-TEM images at discharge and charge.
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the porous surface, the electrolyte ions go through rever-
sible absorption and desorption processes. Further, the
GCD profiles of the GUNSs//Zn device at various current
densities (1–10 A/g) are displayed in Figure 6b. The linear
curve and symmetry revealed that the GUNSs//Zn device
exhibited almost ideal behavior. With the decreasing cur-
rent density, charge/discharge time increased. There is a
little drop in potential, which is attributable to micropores
that allow for fast electron and ion exchanges [32]. The
specific capacitance (Cd) of the GUNSs//Zn device has been
computed using equation (1) and is shown in Figure 6c. The
Cd values of GUNSs//Zn device values are 182.5, 168.75, 161.25,
150, 140, and 131.25 F/g at 1, 2, 3, 5, 7, and 10 A/g, respectively.
GUNSs//Zn device maintained 71.9% of its capacitance even
at 10 A/g. GUNSs//Zn device has excellent stability, with cou-
lomb efficiency remaining at 99.2% after 350 cycles at dif-
ferent current densities (Figure 6d). In addition, the cycling
stability of the GUNSs//Zn devices over 10,000 cycles of GCD
was studied, and the results showed that 96.76% capacitance
and 99.14% coulombic efficiency were maintained, showing
superior performance (Figure 6e). The inset of Figure 6e
compares the first and last six cycles of GCD curves of
GUNS//Zn. For practical applications, one GUNS//Zn device
can light one light-emitting diode (LED); a digital photograph
of lighting the LED is shown in the inset of Figure 6e.

Electrochemically active surface areas of the catalysts
were calculated based on the double-layer capacitance
(Cdl), which was obtained from cyclic voltammetry (CV)
[33]. As shown in Figure S5, the Cdl value of GUNS//Zn is
determined to be 132 F/g.

Moreover, the charge storage method of GUNSs//Zn
was investigated by analyzing the electrochemical kinetics
using power law [34]

( ) = ⋅i V a v ,

b (6)

( ) ( ) ( )= +i b v alog log log . (7)

In the above equations, v indicates scan rate, i indi-
cates peak current density, and a indicates arbitrary con-
stants. The most significant component is the b-value,
which describes the charge storage behavior (if the b-value
is equal to 0.5, the charge storage mechanism is diffusion-
controlled; if the b-value is equal to 1, the charge storage
mechanism is capacitive). The b-values were calculated
using the slope of equation (5) [log(v) vs log(i)], and equal
to 0.81 and 0.85, respectively (Figure 7a), that is approaching
1, showing the hybrid nature of charge storage, such as
capacitive- and diffusion-controlled leads to high electroche-
mical performance [35]. The typical capacitive- and diffu-
sion-controlled contributions were determined as follows:

Figure 7: (a) Calculation of b-values; (b and c) capacitive/diffusion methods at different scan rates (4–75 mV/s) of GUNS and GUNS-N2; (d) calculation
of k1 and k2 values; (e and f) capacitive/diffusion methods at 10 mV/s of GUNS and GUNS-N2.
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( ) ( ) ( )= +i V k v k v .
1 2

1/2 (8)

In the above equation, i indicates total current, k1(v)
and k2(v)1/2 are capacitive and diffusion-controlled based
parameters of charge storage, respectively. k1 and k1 indi-
cate arbitrary constants. Figure 7b and c depicts trends in
capacitive behavior observed at different scan rates for
GUNS and GUNS-N2. The slope and y-intercept of the plots
can be used to calculate the values of k1 and k2 (Figure 7d).
In addition, at 10 mV/s, the GUNS stores 56.5% of the total
charge by the capacitance method and 43.5% by the diffu-
sion control mechanism (Figure 7e). The capacitor of GUNS-
N2 stores 49.6% of the charge, and the diffusion control
mechanism stores 50.4% (Figure 7f).

To examine the practical strength of the GUNSs//Zn
device, the E and P of the device were computed. Figure 8
exhibits the Ragone plot. The GUNSs//Zn demonstrate spe-
cific energies of 64.88, 60, 57.33, 53.33, 49.77, and 46.66W h/kg
at 802.67, 1526.32, 2349.59, 4084.71, 5666.62, and 8270.12W/kg.
Furthermore, the current device outperforms several other
previously explored SC and ZISC devices such as ZnCo2O4//
AC (31.1W h/kg, 759.9W/kg) [36], Co@Co2O4//AC (38Wh/kg,
850W/kg) [37], Zn–Ni–Al–Co//AC (36.5W h/kg, 710W/kg) [38],
Zn foil//PDC (36.4W h/kg, 376.6W/kg) [39], MDC//Zn foam
(36.4W h/kg, 487.5W/kg) [40], Zn//MXene-rGO (35.1W h/kg,
278.8 kW/kg) [41], MXene/rGO//Zn (34.9Wh/kg at 279.9W/kg)
[42], and WC-6ZnN-12U//Zn@CC (27.7Wh/kg at 35.7W/kg) [43].
These findings demonstrate the better performance of the
GUNSs//Zn, including great cycle stability and excep-
tional specific energy. The main factor for the 2D GUNS
material’s outstanding characteristics is its beneficial 2D
GUNS characteristics. As a result, 2D GUNSs have a rea-
sonably large surface area and an unusually high electro-
chemical activity.

4 Conclusions

In conclusion, we have demonstrated a promising 2D GUNS
cathode design for ZISCs. According to the experimental
findings, the cathode material based on GUNSs exhibits a
wide surface area and rapid charge transport. 2D GUNSs
provide exceptional capacitance and specific energy during
charging/discharging processes. The 2D GUNSs as a cathode
was tested in three-electrode systems, and it provided an
exceptionally high capacitance of 641 F/g at 1 A/g in an aqu-
eous ZnSO4 electrolyte, which is better than the GUNS-N2

(462 F/g at 1 A/g) and pristine graphite (225.8 F/g at 1 A/g).
When current density increases by a factor of 20 (20 A/g),
the GUNS electrode still has an initial capacitance retention
rate of 43.8%, which is much larger than that of the GUNS-N2

(35.6%) and pristine graphite (8.4%) electrodes. Furthermore,
a ZISC device was fabricated using GUNSs as cathode and
Zn-foil as anode with 1 M ZnSO4 electrolyte (denoted as
GUNSs//Zn). In addition, extensive charge/discharge tests
showed outstanding electrochemical stabilities; thus, the
GUNSs//Zn device demonstrated an ultrahigh cyclic life
of 10,000 cycles, and 96.76% of capacitance was main-
tained. Furthermore, GUNSs//Zn reveals a specific energy of
64.88Wh/kg at an ultrahigh specific power of 802.67W/kg.
This study paves the way for more investigation into 2D
graphite materials for high-performance ZISCs.
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