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Research Article ABSTRACT

Zinc-ion hybrid supercapacitors (ZHSC) gain high traction due to the prosperous unification of batteries and
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supercapacitors. Especially with graphene discovery nano carbonaceous materials have been the most
investigated types in energy storage (ES) utilization including ZHSC. Among carbonaceous materials, graphitic
carbon nitride (g-CsNas) possessing polymeric layers, quasi graphene arouses extreme interest due to its low-

impact structure with economical yet chemical and mechanical stability inflicted by high nitrogen contents.
Herein, we aim to examine the g-CsNs doping effect on the electrochemical performance of hematite (a-Fe»0s)
for ZHSC application. The assembled ZHSC device managed to reach the potential window of 2.0 volts with an
efficient specific capacitance (Sc) of 280 F g at a current density of 1 A g*. Moreover, the highest energy and
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Introduction

Regarding the ongoing increase in energy
consumption, it is crucial to diversify energy resources
that are susceptible to depletion and to create efficient ES
systems for future utilization. Supercapacitors (SCs) are
among the most imminent electrochemical ES devices for
future energy systems due to their almost unlimited
lifespan,charge-discharge capability, and excellent power
density. However, the low energy density (ED) of SCs is the
main disadvantage limiting their utilization [1-14]. The
specific capacity can be boosted by battery-like redox
reactions, although, the aqueous electrolyte’s voltage
window is restricted by water decomposition. Therefore,
improving the voltage window of aqueous SCs is crucial to
obtaining high-performance SCs.

Recently, there has been a growing interest in metal
ion hybrid devices, such as those containing lithium (Li),
aluminium (Al), potassium (K), magnesium (Mg), and zinc
(Zn) metals [3, 15, 16]. These devices combine a battery-
like anode with a cathode that exhibits pseudocapacitive
properties, such as metal oxides, sulfides, or conductive
polymers. Zinc-ion hybrid batteries (ZIHB) and zinc-ion
hybrid supercapacitors (ZHSC) are prominent ion hybrid

power densities were 38.8 Wh kg™ and 20 kW kg™ respectively. With this remarkable efficiency, the a-Fe,0s/g-
C3N4 composite material can be considered a promising cathode material for ZHSC.
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systems that excel in terms of their high capacity (819
mAh g) and low redox potential (Zn/Zn?*) (0.78 V against
Standard Hydrogen Electrode, SHE). These characteristics
are crucial for improving the ED of ES devices. In addition,
Zn is a more affordable and abundant metal (about 300
times greater than Li) that is also more reliable for usage
in aqueous-based electrochemical systems compared to
Li, Na, and K[11, 17].

Up to date, various materials have been utilized as
cathode material for SCs and ZHSCs applications including
especially carbon-based materials. Among carbonaceous
materials, graphitic carbon nitride (g-C3N4) with polymeric
layers, also known as quasi graphene, has piqued the
interest of researchers due to its low-impact structure
with no cost effect, as well as the chemical and mechanical
durability conferred by high nitrogen content [18, 19].

For instance, Zhou et al. formed flower-shaped
PANI/g-CsN4 hybrid material given the maximal Sc of 584.3
F g1, and the Sc degradation was just ~ 8 % after 1000
cycles [20]. Ragupathi et al. analyzed MnS electrochemical
features with the g-CsN4 effect and reported the highest
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Sc of 463.32 F g'* at the scan rate of 10 mV s with 98.6 %
retention after 2000 cycles [21] .

Herein, we aim to utilize the synergic effect of a-Fe>03
and g-CsNa for high-performance ZHSC. In the first step,
the electrochemical features of a-Fe20s3 and g-CsN4 were
scrutinized in three electrode system. When the Sc of pure
a-Fe,0z at a current density of 1 A g was 184 F g%, hybrid
material achieved 438 F g capable of operating at high
rates even at 20 A g. Moreover, the hybrid material's
cyclic stability was also better than pristine a-Fez0s3, the
degradation was 25 % while the degradation of the Sc of
a-Fe203/g-CaNg was 15 % after 5000 continuous cycles.
Afterward, the best-yielded composite electrode was
formed as the cathode electrode for ZHSC. The maximal
Sc was 280 F g at the current density of 2.5 A g* when
the highest ED and PD were 38.8 Wh kg, and 20 kW kg%,
respectively. Considering these excellent findings, the
resulting hybrid material is a viable cathode material for
aqueous ZHSCs.

Materials and Methods

Materials

Iron (Ill) chloride (FeCls, 99.0 %), sodium sulfate
(Naz2S04, 2 99.0 %), urea (CO[NHz]2, 98.0 %),potassium
hydroxide (KOH, = 85.0 %) nitric acid (HNOs, 65.0%) were
purchased from Merck (GERMANY). Sigma-Aldrich (USA)
was the supplier company for polyvinylidene fluoride
(PVDF, 99.9 %) and n-methyl-2-pyrrolidone (NMP, 99.0 %).
All chemical reagents and solvents for synthesis and
analysis were utilized without further purification and the
used deionized water (DI) was 18.2 MQ cm resistivity.

Synthesis of a-Fe;03

In particular, 3 mmol FeClz was dissolved DI. After
adding 1.6 mmol of Na:SO, this mixture was ultrasonically
sonicated for 1.5 hours. The resulting dark brown solution
underwent a six-hour hydrothermal treatment at 120 °C.
To get pure a-Fe:0s, the particles were centrifuged,
washed with DI and ethanol, vacuum dried at 90°C for 15
hours, then calcined at 450°C for 2.5 hours at a rate of 1°C
mintin flowing air[22].

Synthesis of g-CsN4

In a typical method, bulk g-C3Ns powders were
obtained after calcining 10 g urea for 4 h at 550°C at 30°C
mint heating rate in air in an enclosed muffle furnace. The
obtained bulk g-CsNs particles were then mixed
magnetically in 50 mL of HNOs3 (pH-1) aqueous solution
and heated to 90 °C for 8 hours. The sample was cleaned
with DI and ethanol to eliminate contaminants and bring
the pH level to 7, then vacuum dried for 15 hours at 85°C.
The acquired yellowish product was stored in a desiccator
pending use[23] .

Structural Characterization

The crystallographic conformation of the materials
was investigated using a Bruker AXS D8 X-ray powder
diffractometer with a simple cubic lattice and CU K
radiation (A = 0.15 nm), with the scan range (26) varying

from 5° to 90°. Fourier Transform Infrared Spectroscopy
(FTIR, Spectrum Two, Perkin-Elmer, USA) was applied to
screen the chemical bonds of the molecules. The
materials' morphology was examined using a Field
Emission Scanning Electron Microscope (FE-SEM, Gemini
550) and a Scanning Transmission Electron Microscope
(STEM, Gemini 550). Brunauer-Emmett-Teller (BET), and
(Barrett-Joyner-Halenda) BJH methods (Micromeritics,
Gemini Vii) were performed to obtain the pore size
distribution, total pore volume (TPV), and the specific
surface area (SSA) of the materials.

Electrochemical Characterization

Electrode fabrication and Tests

The electroactive materials (a-Fe203, a-Fe203/g-CaNa:
85 wt %, acetylene black: 10 wt %, and PDVF:5 wt % were
ultrasonicated in few drops of NMP solvent. Nickel foam
(NF) (1cm x 1cm) was chosen as the current collector. The
electroactive materials' slurry was dropped onto the NF
and vacuum dried at 95 °C for 12 h.When the active
components were obtained, they weighed around 1.5 mg.

Gamry Referance, 3000 Electrochemical Workstation
was utilized to check the cyclic voltammetry (CV),
galvanostatic charge-discharge (GCD), and
electrochemical impedance spectroscopy (EIS)
measurements. All three electrode analyses were
managed in 2M KOH aqueous electrolytes by using the
obtained materials as working electrodes, when silver
/silver chloride (Ag/AgCl), and platinum (Pt) foil (1x1cm)
were the reference, counter electrodes, respectively.
The following equations were used to measure the Sc
values of the electrodes at different scan rates, and
current densities

_ fI(V) dv
T vxmxAV

Ix At

Sc =
¢ T mxAV (2)

Where Sc(Fg?), [ 1(V) dV,v(mV s™), m(g), AV (V), | (A),
At (s) indicate the specific capacitance, the area under the
CV curve, scan rate, mass of the active material, potential
window, discharge current and, the average discharge
time, respectively.

The energy density (E,Wh kg?), and the power density
(P, W kg' ) were measured according to the following
formulas:

B Ccell x AV 2
T 2x36

p _ 3600xE
="t (4)
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Fabrication of ZHSC device

ZHSC was formed by using a-Fe:Os@g-CsNs as
cathode, Zn foil as both the anode and current collector in
2M KOH + 0.05 M ZnSQ, electrolyte at a potential range of
1.0-2.0V. Equations (2), (3), and (4) were used to measure
the Sc (F g?), the Ed (E, Wh kg?), and the Pd (P, W kg?) of
the ZHSC device.

Results and Discussion

Structural and Morphological Studies

X-ray diffraction (XRD) analysis was performed to
check the formation and phase character of the patterns.
In  Figure 2a the peaks detected at 25.50°
(012),34.56°(104), 37.04°(110),41.61°(113), 49.91°(024),
55.24°(116),58.14°(018), 65.2°(214) and, 68.4°(300) are
the characteristic peaks of a-Fe20s (JPCDS card no. 33-
0664) [11, 15, 24]. In Figure 1a the peaks at 20 values of
13.24° and 27.71° are diacritical peaks of the (100) and
(002) planes of g-CsNsand observed all idiosyncratic peaks
of a-Fe20s indicate a-Fe203/g-C3Na composite was formed
successfully [20, 21].
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Figure 1. Structural characterization. (a) XRD patterns, and
(b) FTIR spectra of a-Fe203, a-Fe203/g-C3Na.

FTIR screening was carried out to investigate the
chemical production and chemical bonding of the
components. In Figure 1b (green line). the broad band at
3450 cm™ is considered to be the O-H stretching vibration.
The peaks depicted at 1640 cm™ and 1520 cm™® own

symmetric and asymmetric bending vibration of C=0. The
peak at 895 cm ! belongs to C-H stretching vibration, and
Fe-O stretching peaks were monitored at 480 and 562 cm’
1[25]. The presence of carbon peaks observed in the FTIR
analysis, despite the absence of carbon-containing
compounds in the structure, can be attributed to
impurities introduced during the measurement or the
carbon content present in the environment during the
calcining process. In Figure 1b (red line) vibrational peaks
of s-triazine units were observed at 821 cm™. The large
peaks in the area of 1250-1620 cm™ belong to C-N
stretching vibration of the heterocyclic ring. The peak at
1648 cm™is associated with the C=N stretching vibration
mode, whereas the wide peaks oriented at 2980 cm™ and
3467 cm™ might be related to the N-H and O-H vibrations
[23, 26-28]. The screened distinct peaks of a-Fe203
demonstrate that the a-Fe;03/g-CaNs combination
prosperously formed.

The pore chemistry of the patterns was determined by
N2 adsorption-desorption isotherms (Figure 2). The
specific surface areas (SSA) and total pore volume (TPV) of
a-Fe;0s3, a-Fe203/g-CsNa, are 5.66m? gt; 0.031 cm® g7,
11.92 m? g'%; 0.076 cm?3/g respectively. The SSA of a-Fe20s
was enhanced and nearly doubled, thanks to the high
porosity structure of g-CsNa, a-Fe20s/g-CsNa composite
has the highest pore volume (2~ wider than pristine a-
Fe203).
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Figure 2. (a) Nitrogen adsorption-desorption isotherms of

a-Fe203, a-Fe203/g-C3Nas, and (b) BJH size distribution
plots of the patterns.
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In Figure 3 the surface morphology of the samples
examined by FESEM and STEM are presented. In Figure 3
[20] FESEM and STEM images of nanowire a-Fe,0Os3 are
shown which are dismantled with the addition of g-C3sN4

as seen in Figure 4 (c- d). Agglomerated and interwoven
particles also confirm the successful combination of the
materials.
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Figure 3. FESEM and STEM images of the samples. [20] a-Fe203 and, (c-d) a-Fe203/g-CsNa. (e) Individual elemental
mapping images of Fe, O, C, N,and spectra of EDX, respectively.

Electrochemical Studies

Cyclic voltammetry studies

The electrochemical characterization findings are
displayed in Figure 4. Figure4 (a-b) displays the
individual CV curves for each material at various scan
rates (20-50-100 mV s’1).

The area under the CV curves expands with the
increase in scan rates yet all samples still exhibit
obvious redox peaks. The Sc of the electrodes with
discrete scan rates was reckoned according to the
equation (1). It can be syllogized that the oxidation
and reduction peaks of a-Fe203/g-CsNs are more
distinct and the area under the CV curve is wider
(Figure 4a) [29-31]. The obtained highest Sc of a-
Fe;03 and a-Fe;03/g-C3sNs are 177 g'and 326 Fglin 2
M KOH at a scan rate of 5 mV s!. The other Sc
variations with different scan rates are exhibited in
Figure 5a.

Chronopotentiometry

Charge-discharge performance and stability after
long cycles of the electrodes after extended cycles at

various current densities at different current densities
(1 Ag*-20 Ag?) were checked by implementing GCD
measurements.

The proper potential window for the electrodes
was -0.1 to 0.40 V (vs. Ag/AgCl) in 2M KOH aqueous
electrolyte. On one hand, at low current densities
more electroactive interference between the
electrode surface and OH! ions causes an increment
on specific capacitance. On the other hand, at high
current density low interaction causes a decrease on
the specific capacitances.

Individual GCD curves and Sc variation with
different current densities are shown in Figure 4(c-d),
and Figure 5(b). The highest Sc, calculated via
equation (2), for all electrodes are obtained at a
current density of 1 A g'l. We can declare that with the
addition of g-CsN4 charge-discharge time of a-Fe:0s
increased significantly. Therefore, the composite a-
Fe203/g-CsN4 has higher Sc at the same current
densities as shown in Figure (5b).
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Figure 4. Electrochemical measurement results of the a-Fe203, and a-Fe203/g-C3sNa. [20] CV curves, (c-d) GCD curves.

As shown in Figure 5(c) a long-term When the retention of a-Fe.03 were 75 % ,the retention
chronopotentiometry experiment at a current density of  of a-Fe203/g-CsNs were 85% in 2M KOH electrolyte
20 Ag* for up to 5000 cycles was undertaken to further indicating g-CsN4 addition improve the cyclic stability of a-
investigate the electrodes' long-term cyclic stability. Fe20s.
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Figure 5. (a) Sc variation with different scan rates, (b) GCD curves, (c) Long term cyclic stabilities after 5000 cycles.
Electrochemical impedance spectroscopy (EIS) frequencies ranging from 0.01 to 100 kHz. The low-

The electrochemical impedance spectroscopy (EIS) frequency area controls the barrier to ion diffusion while
was used to examine the kinetics of ion and charge the high-frequency region specifies the charge
transmission behavior of the electrodes at high and low transmission [32, 33].
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lon diffusion between the electro-active area of the
electrode and electrolyte intersection generates an extra
line entitled the Warburg line. In Figure 6 the Nyquist plots
of a-Fe20: and, a-Fe0s3/g-CsN4 are illustrated. It is
possible to deduce that a-Fe:0s has the lowest charge
transport resistance (Rct) and equivalent series resistance
(Rs), which rose with the addition of g-CsNs, showing that
N-inclusive functional groups aroused extra resists.

100
[ a-Fe,05
I o-Fe:0s [ g-C3N«
<)
T 504
N
0 T
0 50 100
z'(Q)
(a)
4
)
T2
N
& CPE
o T
R, W
0 r
0 2 4
2'(Q)
(b)

Figure 6. Nyquist plots at low (a) and high (b) frequency
(The inset shows the zoom-in of Nyquist plots and,
equivalent circuit model).

Electrochemical performances of the Zinc-ion hybrid
supercapacitor

The formation of a highly efficient ZHSC device was
achieved through the consolidation of a battery-type zinc
anode and an a-Fe203/g-C3N4 cathode in a 2M KOH + 0.05
M ZnSO, electrolyte within the potential range of 1.0-
2.0V. Figure 7 (a) shows the symbolic representation of
the ZHSC device. Figure 7 (b) displays the CV curves of the
device at various scan rates. The obvious redox peaks
confirm the device has a high pseudocapacitive nature.
The Scs of the device were measured by Equation (2).
When the recorded highest Sc was 280 F g'* at the current
density of 2.5 A g, the minimum Sc was 80 F g? at the
current density of 40 A g*. In Figure 7 (c) GCD curves with
various current densities are shown. After 10000
continuous cycles, the retention was 74%.
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Figure 7. Electrochemical performance of the ZHSC
device. (a) schematic representation of the ZHSC
device, (b) CV curves at various scan rates of the ZHSC
device, (c) GCD curves at various current densities of
the ZHSC, (d) Long term cyclic stability after 10000
cycles.
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The Nyquist plot in Figure 8 (a) notes that the device  or better than the previously documented outcomes for
owns a low Rs of 3.2 Q, and Rct of 3.8 Q. The Ragon plot  a-Fe203 symmetric and asymmetric supercapacitor (SSC,
indicates the ED and PD of the ZHSC are in the region of  ASC) devices. These results are summarized in Table 2,
the ionic supercapacitor, as seen in Figure 9 (b). In Table1  which includes information on the SC (device),
the ED (E, Wh kg?), and the PD (P, W kg?) of the ZHSC electrolyte, potential range (V), ED (Wh kg '), PD (W kg?
device is recorded. The obtained results are comparable ), and cyclic stability.
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Figure 8. (a) Nyquist plots at low frequency, (b) Ragone plot of the ZHSC
Table 1. Energy and power densities of the zinc ion hybrid supercapacitor at different current densities
Energy density/Power density (ED/PD) (Wh kg™/ W kg™)
Current density 2.5Ag? 5Ag? 10 Ag? 20 Ag? 40 Ag?
Energy density 38.8 27.7 194 16.6 11.1
Power density 1250 2500 5000 10.000 20.000

Table 2. Comparative Device Performance of Previously Reported a-Fe;0s3 Energy Storage Devices
SC Potential ED PD Stabilty (%)

# Device configuration (Device) Electrolyte range (V) (Whkg?) (Wkgl) /cycles Ref.
a-Fe;0;@CDs // 2 M KOH // . .

1 BIOCI (ASC) 251 FgtatlAg 2M KOH 0-1.8V 28 383 83/10.000 [15]
) ) 81.17/

2 MoOs-Fe;03//AC [2] 216.7Fglat1Ag? 3M KOH 0-1.2 43.3 600 5 000 [34]
RGO // (1-F8203@C802 1 1 87.5/

3 (ASC) 50 F glat 0.5Ag 2M Na,SO04 0-1.5 15.62 781 2,000 [35]

o-Fe;03/Mn0,/rGO//rGO i _1 PVA/KOH gel- 91/

4 (ASC) 97FglatlAg e 0-1.4 26.4 2099 5.000 [36]
. i i 92.4/

6 Fe,03@NilCol-S//AC (ASC) 123.1FglatlAg? 3 M KOH 0-1.6 43.8 810 10.000 [37]
. i i 94,52/

7  o-Fe;03/NiO/rGO // AC [2] 130Fglat1Ag? 6 M KOH 0-1.4 35.38 558 5,000 [38]

=2 -
8 Ny COPmFE e MAGH PAICLIES: 6 o 124 312 85/10.000 [39]
2 electrolyte
9 Fe,03-P//Mn0O, (ASC) - 1M Na,SO4 0-1.6 57.3 1404 980850 [40]
. 2M KOH + 74/ This
- y -1 -1 .
10  a-Fe;03/g-CsNs // Zn Foll 280Fglat2.5Ag 0.05 M ZnSO. 1.0-2.0 38.8 1250 10.000 work
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Conclusions

To summarize, the purpose of this research was to
investigate the electrochemical characteristics of g-CaNa
doped a-Fe20s for ZHSC applications. In the first step the
composite material analyzed was done in three-electrode
set up after the maximum conditions were optimized.
Thereafter, the best yielded a-Fe>03/g-CaNs material was
formed as cathode for ZHSC device when zinc foil was the
both anode, and current collector. The performed ZHSC
device ably reached the potential window of 2.0 volts with
a high Sc of 280 F g at a current density of 2.5 A g.
Additionally, the obtained maximum Ed and Pd were 38.8
Wh kg and 20 kW kg?, respectively. This enhanced cell
shows promise when compared to previous studies in the
literature, as it exhibits a better power density with a
wider working potential than asymmetric
supercapacitors. Moreover, owing to these remarkable
results, a-Fe203/g-CaNa might be considered an appealing
option for the cathode material in ZHSC.
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