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ARTICLE INFO ABSTRACT

Keywords: Aqueous hybrid supercapacitors (AHSCs) have emerged as a promising choice for advanced energy storage
21‘1Crzo4 systems in the next generations. It is primarily due to their exceptional characteristics, such as superior power

];mjer-free density, non-flammability, and environmental compatibility. However, compared to non-aqueous super-
n-doping

capacitors, the small working potential windows and less cycle stability are their key challenges to solve. A facile
method was used to synthesize Zn-doped Cr203 supported on carbon cloth (CC) as a binder-free electrode for
AHSCs and denoted as ZnCro04@CC. According to the experimental findings, the ZnCry04@CC material pos-
sesses a rapid charge transfer. As a result, the ZnCr,04@CC electrode showed a remarkable charge storage
performance with dominant charge storage by capacitive type (68.4 % at 10 mVs™!). Further, the ZnCr,04@CC
electrode exhibits a maximum capacitance of 374 Fg~! at 1 Ag™! and outperforms its counterparts (194 Fg~! for
Cr,03 and 60.78 Fg’1 for ZnO). After 10,000 cycles, the ZnCr,04@CC electrode still shows 98.1 % of its initial
capacitance, demonstrating its potential for practical applications. The AHSC device also constructed using
ZnCry04@CC as a cathode and activated carbon (AC) as an anode with 1 M KOH as an electrolyte
(ZnCr,04@CC//AC-AHSC). The AHSC device exhibits an excellent capacitance retention of 96.43 % after 10,000
cycles. Further, the AHSC shows a superb energy density of 26.2 Whkg™! at a power density of 800.6 Wk™1 g.
The current work describes a new strategy for the production of next-generation aqueous hybrid supercapacitors
with exceptional electrochemical performance.

Aqueous hybrid supercapacitor

storage systems are essential to work effectively as an alternative to
fossil fuels with carbon free and environmentally friendly [7-9]. Sig-

1. Introduction

The global energy use is rising rapidly due to the fast growth of
electronics and a growing population [ 1-3]. The existing possibilities for
generating energy from winds, solar, and various other renewable
sources such as nanogenerators are incorporating to meet the continu-
ously growing energy need [4-6]. In addition, most of these methods of
producing or transforming energy are inconsistent; hence, appropriate
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nificant investigations over the past few decades have been prompted by
this phenomenon, leading to the development of today’s electro-
chemical energy devices, including energy storage devices such as
lithium-ion batteries [10,11], and energy conversion devices such as
solar cells [12,13]. Due to the harmful nature and low power density of
lithium-ion batteries; new energy storage technologies have been
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emerged such as dual ion aqueous batteries [14-16]. At the same time
other energy storage technologies also under investigation based on the
multivalent ion storge such as aluminum [17], calcium [18] and zin-ion
batteries [19]. However, the rate performance and long-term cycling
stability of these devices are still unsatisfactory. Recently, super-
capacitors (SCs) have garnered significant attention as a promising en-
ergy storage technology owing to their notable characteristics, including
a high-power density, extended operational lifespan, and rapid charging
rate [20,21]. Aqueous hybrid supercapacitors (AHSCs) have attracted
considerable attention owing to their cost-effectiveness, exceptional
stability, and environmentally sustainable nature [22]. Nevertheless,
the challenge persists in developing electrode materials that are highly
efficient for SCs, particularly for AHSCs. Numerous materials have been
subject to investigation, revealing that a significant number of them
exhibit either a high energy density or a high-power density, but not
both simultaneously.

Transition metal oxides (TMOs) have been investigated as potential
electrode materials for energy storage applications [23]. Among the
various TMOs, Cry03 is an attractive choice due to its notable theoretical
capacitance and stability. CraO3 exhibits a variable oxidation state and
possesses several desirable properties, including cost-effectiveness,
favorable chemical stability, high thermal stability, excellent cyclabil-
ity, and widespread accessibility. Consequently, it emerges as a prom-
ising candidate for SCs [24-27]. For instance, Shafi et al. [28]
synthesized the ultrafine Cry03 particles and studied the structural and
electrochemical properties. Specifically, they demonstrated a specific
capacitance of 340 Fg~! at 0.5 Ag™?, with 85 % of their initial capaci-
tance retained after 3000 cycles. Xu et al. [29]. reported that NiCroO4
nanoparticles are an electrode material for SCs. The specific capacitance
of NiCry04 in three-electrode systems is 422 F/g at a current density of
0.6 A/g. However, the specific capacitance is low to meet the needs of
the actual applications. Recently, Zhang et al. [30]. reported that the
NiCrO3@CC electrode possessed a high capacitance of 2862 F/gat1 A/g
with an excellent cycling stability of 98.3 % after 10,000 cycles at 10
A/g. The synergistic effect of nickel and chromium ions promotes the
rapid progression of redox reactions, providing high specific capacitance
and high cycling stability. Nevertheless, due to its inadequate conduc-
tivity, CroO3 does not exhibit favorable characteristics as a potential
electrode material in SCs. To address the limitation, the introduction of
metal ions as dopants has been suggested to improve the electrochemical
features of CryOs-based electrodes. Furthermore, the process of doping
results in a substantial increase in carrier concentration through the
generation of free-charge carriers [31]. Recent research has demon-
strated that doping with extrinsic impurities like Cu, Mn, Zn, and B
improves materials’ electrical, magnetic, and electrochemical properties
[32]. The incorporation of Zn as a dopant can be an effective method for
enhancing the electrochemical characteristics of diverse materials
employed in energy storage systems. Its ability and low cast to improve
surface area and stability render it a promising strategy for advancing
more efficient and practical energy storage technologies.

Moreover, CroO3 exhibits exceptional stability when subjected to
different working conditions. Due to its intrinsic chemical and thermal
stability, it exhibits a high level of resistance to deterioration, even in
severe conditions. This consistency is especially beneficial in situations
where long-term performance and durability are crucial [33]. Cr203 has
several noteworthy advantages, other from its capacity and stability. For
example, it demonstrates excellent conductivity, which is essential in
applications that need efficient charge transfer or electron transport
[34]. This feature facilitates improved performance and overall effi-
ciency of the energy storage system. Furthermore, Cry03 is abundant on
earth, economically viable, and ecologically sustainable, rendering it a
compelling substitute for other elements that may be rare or environ-
mentally harmful.

Herein, a facile hydrothermal method was employed to synthesize
binder-free Zn-doped Cry03 supported on carbon cloth. According to the
experimental results, the ZnCro04@CC electrode showed a remarkable
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charge storage performance with dominant charge storage by capacitive
type (68.4 % at 10 mVs_l). Further, the ZnCr,04@CC electrode exhibits
a maximum capacitance of 374 Fg~! at 1 Ag™! and outperforms its
counterparts (Crp03 and ZnO). After 10,000 cycles, the ZnCr,04@CC
electrode still shows 98.1 % of its capacitance, demonstrating its po-
tential for use in the developing field of renewable energy. The AHSC
device was also constructed using ZnCr,04@CC as a positive electrode
and activated carbon as a negative electrode with 1 M KOH (denoted as
ZnCr,04@CC //AC-AHSC). The AHSC device exhibits excellent capaci-
tance retention of 96.43 % after 10,000 cycles with high energy and
power densities.

2. Experimental method
2.1. Synthesis of ZnCrq04,@CC

ZnCry04@CC was successfully synthesized using a simple and effi-
cient hydrothermal technique. Typically, 1.5 g of Zn(NO3),, 2.5 g of Cr
(NO3), 0.5 g of NH4F, and 2.5 g of CH4N5O were dissolved in 50 mL of
deionized (DI) water by stirring the solution for 30 min. The solution
was then placed in an autoclave and heated at 150 °C for 24 h. After
cooling, the ZnCry04 precursor at CC was washed three times with
deionized water and once with ethanol and dried at 60 °C for 12 h [35].
To convert the precursor into crystalline ZnCr,04@CC, the sample was
annealed in an air environment at 600 °C for 2 h. Subsequently, the
ZnCry04@CC was employed for subsequent analytical examination and
evaluation of its electrochemical properties. The synthesis of Cr,O3 and
ZnO, the same procedure was employed using the relevant raw
materials.

2.2. Physical characterization

The material’s morphology was studied using a field emission
scanning electron microscope (FESEM, HITACHI SU8220), a trans-
mission electron microscope (TEM, FEI Themis Z), and an energy-
dispersive X-ray spectrometer. The sample’s elemental composition
was studied using X-ray photoelectron spectroscopy (XPS).

2.3. Electrochemical characterization

The as-synthesized ZnCry0O4 was used to prepare the working elec-
trode. The slurry was prepared by homogeneously mixing the 80 %
active materials, 10 % carbon black, and 10 % PVDF binder. The as-
prepared slurry was cast on the carbon cloth on the area of 1 x 1 cm?,
and the mass loading densities was in the range of 1-1.5 mg cm 2. In the
three-electrode configuration, a platinum wire was employed as a
counter electrode, and an Ag/AgCl was used as a reference electrode in
1 M KOH aqueous electrolyte. The galvanostatic charge-discharge
(GCD), cyclic voltammogram (CV), and electrochemical impedance
spectroscopy (EIS) were measured using an electrochemical workstation
(CHI 660E, China). The CV tests were conducted in a voltage window of
—0.5t0 0.1 V; GCD tests were carried out in the range of 1-20 Ag~!, and
EIS was tested in the frequency range of 0.001 to 100 kHz. For AHSC
device, the positive electrode (cathode) was the same as above for the
three-electrode configuration, and the negative electrode (anode) was
based on the AC supported on CC and 1 M KOH aqueous electrolyte in a
coin cell system. The coin cells were designed in the presence of a
separator, Whatman filter paper.

2.4. Calculations

The single electrode’s capacitance (Csp (Fg_l) and AHSC device’s
capacitance Cq (Fg™1), power density (P) (Wkg™1), and energy density
(E) (thg’l) are all computed as follows:
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Where, At(s) denotes the discharge time, I(A) represents the current, m
(g) reveals the mass of active material for three-electrode configuration,
M(g) shows the mass of both cathode and anode in the AHSCs, and V(V)
denotes the voltage window.

3. Results and discussion

Fig. 1 shows a schematic representation of the synthesis process
ZnCry04 through a hydrothermal technique and a post-heat treatment in
an air atmosphere. The precursor The next step was to produce a me-
chanically robust and crystalline material by annealing ZnCr,04@CC for
2 h at 600 °C in an air environment. This strategy involves the prepa-
ration of ZnCry04 powder and then coating on the CC via the slurry
casting method.

The morphology of the prepared samples was examined using FESEM
and TEM. The FESEM image of ZnO revealed a nanosheet-like
morphology composed of sharp needles with cross-linking, as shown
in Fig. 2a. Similarly, Fig. 2b displays the sponge-like morphology of
Cry03. In addition, Fig. 2c displayed the FESEM image of ZnCr;O4,
which depicted the final morphology of nanosheets. The nanosheets
have the potential to contribute to a higher surface area, increased
electrochemical activity, and the development of extra charge storage
sites with pseudocapacitive characteristics. The TEM further investi-
gated the distribution of Zn inside the CroO3 matrices. A low-resolution
TEM image (Fig. 2d) shows the homogeneous dispersion of Zn in Cry0s3,
like the aforementioned FESEM results. Further, the intermediate reso-
lution TEM image shows the sponge-like morphology of ZnCr,04@CC
(Fig. 2e). It facilitates the fast transfer of charge across interfaces and
increases electrolyte ion accessibility to active sites. Additionally,
ZnCr,04 has a surface with large pores, which allows quick ion mobility
and can enhance the electrochemical performance of the electrode.
Further, a clearly lattice fringe can be seen in the high-resolution TEM
image with an interplanar spacing of 0.243 nm, which corresponds to
the (400) plane of ZnCry0O4 (Fig. 2f). The selected area electron
diffraction (SAED) confirms the interplane spacing of 0.243 nm corre-
sponding to the (400) index of ZnCry04 crystal structure (inset of the
Fig. 2f) Furthermore, Fig. 2g displays the energy dispersive X-ray spec-
troscopy (EDS) of ZnCry04, providing evidence of the homogeneous
distribution of all the elements. The elemental maps of Zn, Cr, and O
confirmed the presence of Zn, Cr, and O elements, thereby indicating the
successful formation of ZnCr04.

The successful preparation of ZnO, CryO3 and Zn-doped sample
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Cry03 samples was verified by room-temperature powder X-ray
diffraction (XRD) as shown in Fig. 3a. All diffraction peaks are indexed
according to the standard JCPDF numbers (ZnCry04:73-1962, ZnO:
89-0510 and Cr03: 84-0315). The sharp and intense peaks confirm the
well crystalline nature of all samples without any impurity peaks.

Fig. 3b displays the high-resolution XPS spectrum for the Zn-2p
orbital of the ZnO and ZnCryO4 samples. The two distinct peaks
observed at binding energies of 1020.1 and 1043.2 eV correspond to
2p1,2 and 2ps/, respectively. The binding energy shows a little shift
following ZnCry04 formation, from 1020.1 to 1019.5 eV for Zn-2p3/»
and from 1043.2 to 1042.6 eV for Zn2p; /, lines, respectively, showing
that the environment of Zn?* at the surface is altered. Further, Fig. 3¢
displays the high-resolution XPS spectra of Cr-2p of the CryOs and
ZnCry04 samples. For the sample of Cry03, the two states of Cr-2ps,» and
2p;,2 were reported to have binding energies of 576.5 and 585.9 eV,
respectively. After Zn doping, the states of Cr 2p3,2 and 2p; /2 exhibit a
little shift for the ZnCrp,O4 sample, shifting from 576.5 to 575.6 and
585.9 to 585.3 eV, respectively and correlate to Zn?* ions [36]. O-1s
broad and symmetric high-resolution XPS spectrum reveals the exis-
tence of different oxygen species, as illustrated in Fig. 3d. One is posi-
tioned at 529.5 eV, while the other is located at 531.6 eV. The former is
composed of intrinsic O atoms bonded to metals (like Zn and Cr),
whereas the latter is connected to O—H. Fig. 3e displays the
high-resolution C-1 s XPS spectrum. The three distinct peaks detected at
binding energies of 284.5, 286.3, and 288.4 eV are attributed to the
chemical bonds C=C, C-C, and C=O0, respectively [37].

The as-synthesized ZnO, Cry03, and ZnCry04 samples were employed
as electroactive materials to study their electrochemical performances in
a three-electrode setup. CV and GCD tests were performed on the pris-
tine CC to investigate the effect of the substrate on the electrochemical
properties. The CV (Fig. S1a) and GCD (Fig. S1b) curves of the pristine
CC electrode were performed to find the potential contribution from the
CC substrate. It is worth mentioning that the pristine CC electrode has
very little discharge time at different current densities from 1 to 20 A/g.
The specific capacitance of the pristine CC electrode calculated by the
discharge time is also small compared with the ZnCr;04, ZnO, and Cr;03
electrodes (Fig. S1c). Therefore, we excluded the capacitance values of
the pristine CC electrodes from the ZnCr;04, ZnO, and Cry03 electrodes.
The CV measurements were performed on the ZnO, Cry03, and ZnCroO4
samples at 10 mVs ™! in a potential window of —0.5 to 0.1 V. It is evident
that all these curves demonstrate a nearly rectangular form governed by
the electrochemical double layer type charge storage that occur in the
aqueous KOH electrolyte (Fig. 4a). The ZnCry04 electrode exhibited an
increased integrated area when compared to the ZnO and CryO3 elec-
trodes, indicating its superior electrochemical performance.

Furthermore, Fig. 4b, ¢, and d present the characteristic CV curves of
ZnO, Cry03, and ZnCry04 electrodes, respectively, obtained at varying
scan rates ranging from 1 to 15 mVs~! in same potential windows. The
observed patterns across various scanning rates consistently exhibit a
nearly-rectangular shape in all CV curves, suggesting that the charge is
stored using an ideal supercapacitive mechanism. The CVs maintain a
nearly-rectangular shape even as the scan rate increases, suggesting that
the ZnO, Crp03, and ZnCry04 electrodes exhibit exceptional high ion

600°C-2h

ZnCr,0, @CC

Fig. 1. Schematic depiction of the synthesis process of ZnCr,04@CC electrode material.



T. Fei et al.

Electrochimica Acta 476 (2024) 143673

Fig. 2. FESEM images of (a) ZnO; (b) Cry03; (c) ZnCry04; (d) Low-resolution TEM images of ZnCr,04, (e, f) High-resolution TEM images (inset shows the SAED

pattern), (g) EDS elemental mapping images for Zn, Cr and O.

transport response. When comparing the ZnO and Cro0j3 electrodes, it is
observed that the leveled current separation of ZnCr204 is significantly
greater. This indicates that the ZnCry04 electrode exhibits superior
electrochemical performance. Based on a comprehensive analysis, it is
evident that the introduction of Zn-doping has resulted in a pronounced
synergistic impact to enhance the performance of ZnCry04 electrode.
Additionally, an investigation was conducted to examine the charge
storage mechanism in all three electrodes according to following equa-
tions [38];

i(V) = ar’ @)
log (i) = blog (v) + log (a) ®

Where, i is used to represent the peak current density, while v is used to
denote the scan rate. Additionally, the symbols “a” and “b” are used as
arbitrary constants. It is commonly accepted that the diffusion-
controlled storage is predominant when the value of b is close to 0.5.
On the contrary, the capacitive-controlled storage is predominant when
the value of b is close to 1. According to the relation of log i versus log
(v), ZnO’s anodic and cathodic b-values are 0.74 and 0.66, Cry03’s are
0.91 and 0.88, and ZnCry04’s are 0.74 and 0.66, respectively (Fig. 4e).
The following equation was used to calculate quantitative diffusion- and
capacitive -controlled contributions of ZnCrp04, Cry03, and ZnO elec-
trode [39];

i(V) = kv + kyv'/? 9

where, i stands for total current, k; and k; are arbitrary constants, and

kv and k;v'/2 charge storage via capacitive and diffusion, respectively.

The slope and y-intercept of the plots were used to calculate the k; and k2
for ZnCry04 (Fig. S2a), Cro03 (Fig. S2b), and ZnO (Fig. S2c¢). Fig. 4f il-
lustrates the charge storage mechanism of the ZnCro04 electrode, indi-
cating that 31.6 % of the charge storage occurs through a capacitive-
controlled process at 10 mVs™!. Similarly, the capacitive and diffusion
contribution of store charge are 27.6 % for Cr03 (Fig. S3a) and 11.3 %
for ZnO at 10 mVs™! (Fig. S3b). Furthermore, Fig. 4g-i depicts the
capacitive and diffusion-controlled mechanisms exhibited by the three
electrodes across different scan rates ranging from 1 to 75 mVs ™1, The
observed trend of increasing capacitive-controlled behavior with higher
scan rates suggests that the dominant factor influencing capacitance is
the capacitive process, particularly at elevated scan rates for the
ZnCry04 electrode.

Fig. 5a depicts the comparative GCD curves obtained for ZnO, Cry0s3,
and ZnCr,04 electrodes at 10 Ag’l. The discharging time of the ZnCry04
electrode is comparatively longer when compared to the Cry03 and ZnO
electrodes. Moreover, the observed IR drop for ZnCry04 electrode (0.02
V) was found to be even smaller than that of the Cr,O3 (0.07 V) and ZnO
(0.2 V) electrodes, consistent with CV measurements. The remarkably
low IR drop and longer discharge time of the ZnCryO4 electrode can be
ascribed to the extraordinarily high ion conductivity exhibited by the
electrode after Zn-doping and electrolyte. Further, the GCD curves of
ZnCry04 (Fig. 5b), Cry03 (Fig. 5¢), and ZnO (Fig. 5d) were measured at
varied current densities ranging from 1 to 20 Ag™! are presented. The
high reversibility and outstanding capacitive property of the ZnCro04
electrode is demonstrated by the GCDs, which are more linear and
symmetrical for the ZnCry0O4 electrode when compared to CryO3 and
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Fig. 3. (a) XRD patterns and high-resolution XPS spectrums of (b) Zn-2p; (c) Cr-2p; (d) O-1 s; (e) C-1 s.
ZnO. The specific capacitance of all three electrodes was determined at generation supercapacitors. All three electrode’s EIS measurements
various current densities ranging from 1 to 20 Ag~!, and the corre- were taken at open circuit potential to understand the charge storage
sponding results can be observed in Fig. 5e. The ZnCry04 electrode was kinetics. Three Nyquist plots for three electrodes are shown in Fig. 5f.
found to have a maximum specific capacitance of 374 Fg~' at 1 Ag ™. The EIS spectra are composed of a semicircle in the high-frequency re-
However, the highest specific capacitance at 1 Ag~! was calculated to be gion and a linear component in the low-frequency region. In the high-
194 Fg~! for the Cr,0;3 electrode and 60.78 Fg~! for the ZnO electrode. frequency region, the x-intercept gives the equivalent series resistance
Moreover, the ZnCry04 electrode exhibits a remarkable rate capability (Rs) value, which includes the intrinsic resistance of the electrode ma-
of 52.2 % at 20 Ag™!, exceeding both the Cr,03 electrode (33.3 % at 20 terial and solution resistance. The semicircle diameter gives the value of
Ag™1) and the ZnO electrode (15 % at 20 Ag™). This characteristic charge transfer resistance (R¢t). The slope in the low-frequency region is
makes it a viable choice for integration into the advancement of next- larger, indicating the small diffusion resistance, enhancing the
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intercalation effect and improving the power density. The ZnCryO4
electrode has the lowest values of Ry = 0.91Q and R, = 0.40Q,
compared with Cr03 (Rs= 1.03Q and Rt =0.71Q) and ZnO (Rs = 1.12Q
and R = 0.45Q). Reduced resistance contributes to improved electro-
chemical performance.

Since the cyclic stability of AHSCs is also of the highest significance
for commercial applications, thus, extended cycles are carried out for
ZnCry04, Cry03, and ZnO electrodes at 10 Ag’l. Fig. 5g illustrates the
results, indicating that the ZnCryO4 electrode exhibits a capacitance
retention of 98.6 % after undergoing 10,000 GCD cycles. The Cry03 and
ZnO electrodes retain 97.1 % and 96 % of their initial capacitance,
respectively. The repeated GCD cycles demonstrate the remarkable
energy-storage capacity of the ZnCry04 electrode.

Ex-situ XPS and XRD techniques were employed to conduct a deep
study of the charge storage process of ZnCry04 in an aqueous electrolyte.
In the pristine state C-1 s spectra, three peaks, which correspond to C=C,
C-C, and C=0, are seen at 284.5, 286.3, and 290.2 eV, respectively
(Fig. 6a). Throughout the charging and discharging operation, there was
no change in the major peak of C-1 s. Fig. 6b shows that the spectrum of
pristine O-1 s has a peak at 530.6 eV that corresponds to O—H. During
the charging and discharging, there was no discernible movement in the
primary peak of O-1 s. Further, based on the high-resolution spectra of
Zn-2p (Fig. 6¢) and Cr-2p (Fig. 6d), it can be observed that the primary

peaks of Zn-2p3, at 1020.2 eV, Cr-2ps,» at 576.6 eV, and Cr-2p;/» at
586.3 eV experience a slight shift towards lower binding energy during
the discharging process. However, these peaks return to their original
positions after the charging process, indicating the electrode material’s
high stability without any major phase change in the structure.

XRD analysis was conducted to elucidate the structural changes in
the ZnCry04 electrode, as depicted in Fig. 7. The associated specific
characteristic peaks exhibit minimal changes throughout the charge and
discharge cycles, suggesting a high degree of reversibility in the K*
intercalation/deintercalation process. Following the initial process of
charging and discharging in an aqueous electrolyte, it has been observed
that the material’s crystallinity is effectively maintained. No observable
displacement of the XRD peaks was detected during the charge and
discharge procedure. This observation implies no noticeable structural
change in the composition or lattice parameters. Hence, the XRD
investigation reveals that the storage of charge is attributed to capacitive
processes, supporting the findings of the XPS analysis. Due to the
reversible nature of the K intercalation/deintercalation process, the
ZnCry04 electrode exhibits good cyclability.

Furthermore, Table 1 summarizes the electrochemical performance
of ZnCr204 compared to the electrochemical performance of other
transition metal oxide-based electrodes for SCs. According to the com-
parison findings, the electrochemical performance of the ZnCr204
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Fig. 5. (a) GCD curves of ZnO, Cr,03, and ZnCr,04 electrodes at 10 Ag’l; GCD curves at various current densities for (b) ZnCr,04; (c) Cry03; (d) ZnO; (e) Specific
capacitance as function of current density for ZnO, Cr,03, and ZnCr,0,4 electrodes; (f) Nyquist plots (inset shows the enlarged view at high-frequency region); (g)

Cycling stability test for three electrodes.

electrode is better than that of other comparable materials that have
been examined in the past.

To investigate the feasibility of ZnCr,O4 as a positive electrode
(cathode), an AHSC device (ZnCry04@CC//AC-AHSC) was developed
using activated carbon (AC) as a negative electrode (anode) and 1 M
KOH as an aqueous electrolyte. Fig. 8a provides an illustration of both
the assembly and the working principle of the AHSC. The results of a CV
measurement were conducted at 10 mVs~! on ZnCry04 and AC elec-
trodes within their designated potential ranges (Fig. 8b). The CV curves
provide evidence of the properties exhibited by a pseudocapacitor in the
ZnCry04 electrode. In contrast, the AC electrode displayed the features
of an electrical double layer. Based on the charge balance equation, the
masses of the anode and cathode were adjusted for the fabrication of the
AHSC [49].
mt  (C™ x AV7)

m- (C~ x AVY) 10

Where, C™ and C~ stand for the specific capacitance of the cathode and

anode, respectively; m"™ and m™ stand for the masses of the cathode and
anode; and V" and V~ stand for the potential difference between the
cathode and anode. Fig. 8c displays the CV curves of ZnCr,04@CC//AC-
AHSC at different scan rates, ranging from 1 to 75 mVs~!, within a
potential range of O to 1.6 V. Even when the scan rates were increased,
the CV curves maintained their shapes with minimal alterations, and the
area under the CVs exhibited a gradual increase with scan rates. The
results suggest that ZnCr,04@CC//AC-AHSC exhibits a notable hybrid-
pseudocapacitive response and satisfactory charge/discharge capacity,
demonstrating outstanding electrochemical performance [50]. As
shown in Fig. 8d, the GCD curves were carried out in a potential window
of 0 to 1.6 V at current densities ranging from 1 to 20 Ag~!. The GCD
curves seen in ZnCr,04@CC//AC-AHSC are indicative of the pseudo-
capacitive charge storage. Eq. (2) is used to determine the maximum
specific capacitance (Cq) for the ZnCr,04@CC//AC-AHSC device based
on the total mass of active material on both the cathode and anode and
the discharging time. According to Fig. 8e, the maximum specific
capacitance value achieved 73.75 Fg ! at 1 Ag~!. To get insight into the
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practical performance of the ZnCr,04@CC//AC-AHSC device, E and P
were computed using Eqgs. (3) and (4), respectively. Fig. 8f displays the
Ragone plot, which illustrates the E versus P characteristics of the
ZnCry04@CC//AC-AHSC device. The ZnCr,04@CC//AC-AHSC device

exhibits the highest energy density of 26.2 Whkg ™! at a power density of
800.6 Wkg_l. Furthermore, the current ZnCr,04@CC//AC-AHSC device
is superior to several other previously explored asymmetric SC devices,
including ZnCo,0,@MnCo04//AC (19.5 Whkg ! at 750 Wkg 1) [51],
C0304//AC (22.49 Whkg™! at 800 Wkg™!) [52], CoSe,@CNT/C-
C//AC@CC (18.9 Whkg™! at 387 Wkg™!) [53], ZnCoy04—CNT//AC
(24.5 thg’1 at 750 Wkg’l) [54] and Co304 nanoparticles//rGO
(13.51 Whkg ™! at 844 Wkg™!) [55].

Additionally, Fig. 8g displays the cycling stability of the
ZnCr,04@CC//AC-AHSC device, which demonstrates a retention rate of
96.43 % after 10,000 GCD cycles, indicating an exceptional cycling
performance. According to the findings of the three- and two-electrode
systems, the ZnCryO4 electrode has an outstanding electrochemical
performance. This exceptional performance can be seen in specific
capacitance, cyclic stability, and energy/power densities. It is concluded
that the synergic effects of composition between Zn and CryO3 in the
ZnCry04 electrode play an important role in these amazing
characteristics.

4. Conclusion

A facile hydrothermal method was used to fabricate the Zn-doped
Cry03 supported on the CC electrode for AHSCs. According to the
experimental results, the ZnCr,04 electrode demonstrates a fast charge
transfer. As a consequence, the ZnCry04 electrode delivered a remark-
able charge storage performance with dominant charge storage by
capacitive-type (68.4 % at 10 mVs 1) and shows a maximum capaci-
tance of 374 Fg~! at 1 Ag~! and outperforms its counterparts (194 Fg~!
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Table 1
A comparison of the current study with previously reported transition metal oxide-based electrodes.
Sr. No. Electrodes Electrolyte Specific Capacitance (Fg ') Current Density (Ag™") No. of Cycles Capacitance retention (%) Ref.
1 ZnCry04 KOH 374 1 10,000 98.6 This work
2 rGO/Zn0O KOH 312 1 1000 95 [40]
3 MnO,/MnCo,04 KOH 497 0.5 5000 60 [41]
4 Cr,03/Ni foam KOH 130 1 3000 89.8 [42]
5 Cr03/C KOH 291 0.25 3000 95.5 [43]
6 Cr,03—NiO KOH 333.4 1 2000 87.7 [44]
7 Al doped NiFe;04 NaySO4 250.9 0.5 1000 96 [45]
8 Cry03 NaySO4 340 0.5 3000 85 [46]
9 ZnO/rGO/ZnO NaySO4 275 0.5 1000 98 [47]
10 CoFe;04/rGO KOH 194 1 2500 71.9 [48]
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Fig. 8. Electrochemical characterization of ZnCr,04@CC//AC-AHSC device in two-electrode configuration: (a) Schematic illustration for the fabrication and
working principle of AHSC device; (b) CV curves of cathode and anode at 10 mVs~%; (¢) CV curves of AHSC device at different scan rates; (d) GCDs at different current
densities; (e) Specific capacitance versus current density; (f) Ragone plot compared with previous literature; (g) Cyclic stability test upto 10,000 cycles.

for Cro,03 and 60.78 Fg’1 for ZnO). The ZnCr,04 electrode also exhibits
98.1 % of its initial capacitance after 10,000 cycles, demonstrating its
potential for application in the emerging domain of sustainable energy
storage devices. In addition, the ZnCroO4@CC//AC-AHSC device is
constructed using ZnCryO4 as a cathode and AC as an anode. The

ZnCry04@CC//AC-AHSC device demonstrates an excellent capacitance
retention of 96.43 % after 10,000 cycles. Furthermore, the
ZnCry04@CC//AC-AHSC delivers an excellent energy density of 26.2
Whkg ! at a power density of 800.6 Wk™1 g. Because of the synergistic
properties of Zn and Cry03, the ZnCry04 electrode provides exceptional
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good electrochemical performance. This study presents a novel
approach for fabricating advanced electrode materials for AHSCs,
exhibiting remarkable electrochemical characteristics.
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