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Fe>O3, which shows promise as an abundant and low-cost electrode material for supercapacitors has
attracted much attention due to its high theoretical specific capacity. In this report, homogeneous
Fe203 nanospheres/oxidized g-CsNa4 (Fe203/OCN) are synthesized by anchoring Fe,Os nanospheres on
the surface of oxidized g-CsNs for the first time via a facile hydrothermal method. More importantly,
these Fe2O3z nanospheres are well-dispersed on the oxidized g-CsNa4 layers, which can offer an
abundance of active sites and effectively prevent the aggregation of Fe-.Os nanospheres during
electrochemical reactions. Moreover, 10%0OCN/Fe,O3 exhibits excellent electrochemical performance
with an excellent specific capacitance of 243 F g at a current density of 1A g, which is better than
that of pure Fe,Oz nanospheres. Moreover, there is no obvious capacitance decrease after 1000 cycles.
Therefore, Fe203/OCN is demonstrated to be an excellent electrode material for supercapacitors.
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1. INTRODUCTION

With the excessive development and consumption of energy, exploring a clean, efficient and
eco-friendly energy source has becomes increasingly important. Supercapacitors, a high-performance
energy storage device, have attracted increasing attention because of their fast charge-discharge rates,
high energy and power density and long cycle life[1-3]. Based on the difference of energy storage
mechanism, supercapacitor can be divided into an electric double layer capacitor (EDLC) and a
pseudo-capacitance. The former stores energy through the adsorption and release of ions between the
electrolyte and electrode material, which are composed of C materials such as activated carbon[4],
carbon nanotubes[5] and grapheme [6]. Moreover, to increase the utilization efficiency, C materials
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have been made into various nanostructures such as nanorods and nanospheres. Pseudo-capacitance
stores energy through fast reversible faradaic reactions on the surface of electrode materials, which are
composed of conducting polymers and metal oxides such as RuO2[7] and MnO2[8]. By combining the
properties of low electrical conductivity and high theoretical specific capacitance from the mental
oxides and the high electrical conductivity and large surface area of the C materials, the construction of
metal oxides with C materials composites has become an effective method to increase the performance
of supercapacitors.

Among these mental oxides, Fe>Os is a potential electrode material for supercapacitors because
of its high theoretical specific, low toxicity, abundant resources and low cost[9]. To increase the
surface of electrode materials and shorten the transport path of ions and electrons, various Fe;O3
nanostructures have been successfully made by one-pot calcination, hydrothermal, microwave, and
reflux to achieve high performance supercapacitors[10-12]. For example, Zhang prepared three-
dimensional needle-like Fe,Os materials with a specific capacitance of 524.6F g at a current density
of 1A g[13]. Although great achievement has been made in supercapacitors, the performance of
Fe>Os is limited because of its poor electrical conductivity. Therefore, to improve the conductivity, one
effective method is to mix Fe;O3 with C materials.

Graphitic carbon nitride (g-C3N4), a two-dimensional (2D) graphite-like structure[14-16], has
attracted increasing attention because of its high nitrogen content, which can provide more active
reaction sites and additional electrons to enhance conductivity and improve wettability with the
electrolytes. In addition, mixing a metal oxide with g-CsN4 as an electrode material is an effective
method to improve capacitor performance[17-19]. Usually, there are two methods to address g-CsNa
for supercapacitors. First, ultrathin g-C3N4 nanosheets are synthesized using various methods such as a
liquid phase stripping method and a high temperature calcination method. More importantly, the metal
oxide is anchored on the surface of g-CsNs nanosheets. For example, Prabhakar Vattikuti et al.
prepared carbon/CuO nanospheres anchored on g-CsN4 nanosheets as a ternary electrode material for
supercapacitors with a specific capacitance of 247.2F g* at a current density of 1 A g*[20]. Second, g-
C3Ng4 is oxidized through a the treatment with concentrated acid, and oxidized g-C3N4 (OCN) possesses
abundant oxygen-containing functional groups, such as hydroxyl and carboxyl groups, which can
increase the electronic attraction between the Fe3* and oxygen-containing functional groups. However,
there are no reports about mixing OCN with metal oxides for supercapacitors.

In this work, Fe,Oz nanospheres are anchored on the surface of oxidized g-CsNs
nanocomposites through a facile hydrothermal method for supercapacitor application. Moreover, g-
CsNg4 is oxidized through a treatment of concentrated nitric acid. The oxidation treatment of g-CsNa
through concentrated nitric acid successfully cuts the large layered g-CsNa4 to smaller segments that
have a large surface area, which not only increases the edge nitrogen atoms of g-CsNa but also
introduces much oxygen functional groups that increased the electrostatic interaction between the Fe3*
and oxygen-containing groups in g-CsN4. The composite with 10% Fe.O3 nanospheres coupled with
the oxidized g-CsN4 exhibits an electrochemical performance with an excellent specific capacitance of
243 F g%, which is better than that of pure Fe,Os. Moreover, the 10% Fe,O3s/OCN exhibits excellent
cycling performance after 1000 cycles.
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2. EXPERIMENTAL

2.1 Chemicals and materials

All the tests used in the experiments were of analytical grade. Commercial melamine,
concentrated nitric acid, methanol and ethanol were purchased from Chengdu Kelong Chemical Co.,
Ltd. (Chengdu, China). Distilled water was used throughout the whole experiment.

2.2. Methods and preparation

2.2.1. Preparation of g-C3Na

g-C3Ns was synthesized by calcination of melamine in a muffle furnace, which was similar to

a reported paper[21]. Briefly speaking, a certain amount of melamine was put into a crucible with a
cover, and heated from room temperature to 550 °C with a ramping rate of 3 °C /min; it was held at
550 °C for 2 hours. The yellow product was ground to a powder with an agate mortar.

2.2.2. Preparation of oxidized g-C3Ns

OCN was synthesized by oxidizing g-C3N4 with concentrated nitric acid. g-CsNs4 (8 g)was
mixed with 500 ml concentrated nitric acid in a beaker. Then, the beaker was transferred to a 40 °C oll
bath and heated for 24 h. The oxidized g-CsN4 was obtained through centrifuge separation and washed
with deionized water.

2.2.3. Preparation of Fe203/OCN

A certain amount of OCN was dispersed in 40 ml of deionized water with ultra-sonication for
10 min .Then 2 g Fe(NO3)3-9H20 was added to the OCN solution under magnetic stirring for 30 min at
room temperature, and then, 3.5 ml of deionized water was added. Next, 4 g of sodium acetate was
added to the above solution for another 1 h stirring. Then, the above solution was transferred into a 50
ml Teflon-lined stainless-steel autoclave for a hydrothermal treatment at 180 °C for 24 h. After
naturally cooling to room temperature, the products were obtained through centrifugation and rinsed
with deionized water and ethanol several times. Finally, the obtained products were dried at 60 °C in
an oven for 24 h. The Fe2O3/OCN composites with different weight ratios of Fe.Ozto OCN (2%:1,
10%:1, 15%:1) were prepared by adjusting the content of Fe.O3z and the corresponding products were
named 2%0OCN/Fe203, 10%0CN/Fe203 and 15%0CN/Fe20s3. The obtained Fe2Oz nanospheres were
synthesized by the same step but without adding OCN.

2.3. Characterization

The crystal phase of the as-prepared samples was analyzed by X-ray diffraction (XRD,
DMAX1400, Rigaku Corporation, Japan) on an X’- Pert Pro in a 20 range of 20°-80°. The
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morphologies and microstructures of the sample were investigated by using field-emission scanning
electron microscopy (FE-SEM, Ultra 55, Carl Zeiss, Germany) and high-resolution transmission
electron microscopy (HR-TEM, Libra200, Carl Zeiss Irts, Germany) .The FTIR absorption spectra of
the as-prepared samples were measured by a Fourier transform infrared spectrometer (FT-IR5700). X-
ray photoemission spectroscopy (XPS) was measured with Axis Ultra DLD Kratos AXIS SUPRA
system.

2.4. Electrochemical measurement

The synthesized active materials were mixed with carbon black and polyvinylidene fluoride
(PVDF) with a mass ratio of 6:2:2 in N-methyl-2-pyrrolidinone. The mixture was then coated on a
clean nickel foam and dried in a heating oven at 60 °C for 12 h. The dried electrode was then pressed
using a hydraulic press at a pressure of 10 Mpa to serve as a working electrode.

Electrochemical ~measurements were measured by using an electrochemical
workstation(CHI660B,CHI  Shanghai). Cyclic voltammetry (CV), electrochemical impedance
spectroscopy (EIS) and constant galvanostatic charge-discharge were performed with a three-electrode
cell that consisted of a 2M KOH aqueous solution with a saturated calomel electrode(SCE) and a
platinum electrode as the reference electrode and counter electrode. The CV measurement was
conducted in a potential window of 0-0.5 V and the GCD measurement was conducted at a potential
window of 0-0.46 V. The CV scan rates ranged from 10mV s to 100mV s?. Electrochemical
impedance spectroscopy (EIS) measurements were performed in a frequency range of 100 kHz-0.01
kHz. The specific capacitance Cs (F g2), energy density (E), and power density (P) were calculated

from the discharge curves based on the following equations:
IAt

Cs = m Eq (Al)
=& Eq. (A.2)
P — 3600X E Eq (A3)

At
Where C is the specific capacitance calculated from the charge-discharge curves, | (A) is the

current density, m (g) is the mass of the electrode materials, At (S) is the discharge time, and Av (V) is
the applied potential window.

3. RESULTS AND DISCUSSION

3.1 Characterisation of Fe,O3/OCN

The as-prepared samples of the Fe,Oz/OCN composites were characterized by XRD to identity
their crystallographic architectures. As shown in Fig. 2a. On the one hand, all characteristic peaks of
the Fe2Os/OCN composites can be indexed to the Fe>Os phase with lattice constants a=b=5.0365 and
c=13.7489 (JCPDS no. 33-0664), and no other diffraction peaks appeared. On the other hand, the
diffraction peaks at 24.1°,33.2°,35.6°,40.9°,49.5°,54.1°,57.6°,62.4°,and 64.0°can be attributed to the
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(012) , (014), (110), (113), (024), (116), and (214) planes of Fe20s. The diffraction peak at 27.4° can
be attributed to the (100) plan of g-CsN4[22]. There are no other diffraction peaks, which indicate that
these samples have high crystallinity and no impurities.

The FTIR spectra of the FexOs/OCN composites are shown in Fig. 2b. The broad band at
approximately 3438 cm is attributed to the stretching vibration of hydroxyl groups in OCN. The
peaks at 465 cm™ and 605 cm™ can be attributed to the lattice absorption of Fe-O, indicating the strong
interaction of the Fe,Os NPs with the ester O. The sharp intense peak at approximately 808 cm? is
attributed to the breathing vibration of the triazine rings in OCN. In addition, the peaks in the range
between 1200- and 1650 cm™ (peaks at 1233, 1389 and 1625 cm™ for OCN), no obvious oxygen
functional group-related peaks in the OCN samples.
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Figure 2. XRD analysis (a), FT-IR (b)

As shown in Fig. 1, the oxidation treatment of g-CsNa through concentrated nitric acid
successfully cuts the larger layered g-CsN4 to smaller segments, which not only increases the edge
nitrogen atoms of g-CsNa4 but also introduces much oxygen functional groups such as hydroxyl (-OH)
and amino (-NH) groups. More importantly, these oxygen functional groups can effectively attach to
Fe®* because of the electrostatic interaction between the Fe* and oxygen functional groups after the
oxidation treatment of g-CsNa4. Then, Fe(NO)s-9H20 is added into the OCN solution by magnetic
stirring, followed by an addition of sodium acetate . The Fe(NO)3-9H-0 is in-situ hydrolyzed to
Fe(OH)s. After that, Fe2O3 nanospheres are attached to OCN layers (Fe2O3/OCN) through high-
temperature hydrothermal treatment. The reaction mechanism can be described by the following three
equations:

CH3COO+H20 — CH3COOH + OH"

Fe®* + 30H — Fe (OH)3

Fe (OH)3z — Fe203
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Figure 1. Flow chart showing the preparation process for producing homogeneous Fe2O3z nanospheres
coupled with oxidized g-C3Na.

The morphology and structure of the OCN and 10% Fe>Os/OCN nanocomposites were
measured by SEM analysis. As shown in Fig. 3a, concentrated nitric acid cuts the larger layered g-
C3aN4 to smaller segments. From Fig. 3b, Fig. 3c and Fig. 3d, it can be clearly observed that the
homogeneous Fe>O3 nanospheres are well distributed on the surface of OCN. From the HRTEM image
in Fig. 4a and Fig. 4b, the black area represents Fe»Osz nanospheres the well-distributed Fe,O3
nanospheres on the surface of OCN, which not only prevents the aggregation of the Fe2O3s nanospheres
but also increases the utilization coefficient of the Fe2O3 nanospheres.

lum

200nm 2001

Figure 3. FESEM images of the pure oxidized g-C3Na (a), and 10% Fe;O3/OCN (b-d).
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Figure 4. TEM images of 10% Fe>O3/OCN (a-b).
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Figure 5. XPS spectra survey (a), Fe 2p (b), N 1s (c), C1s (d)
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X-ray photoelectron spectroscopy (XPS) analyses were performed. As shown in the Fig. 5a, C,
O, N, and Fe elements are observed in the XPS survey spectra of the prepared samples, which
corresponds with the elemental mapping images. The characteristic peaks of C, N, O, and Fe centered
at approximately 300, 400, 510, and 710 eV. The high-resolution spectrum of the Fe 2p core level in
Fig. 5b shows that there are two characteristic peaks centered at 710.8 and 724.6 eV corresponding to
the typical values for the characteristic Fe 2p 3/2 and 2p 1/2 peaks[22]. Fig. 5¢c shows two



Int. J. Electrochem. Sci., Vol. 15, 2020 2140

characteristic peaks centered at 398.3, and 399.7 eV, which are attributed to pyridinic N and pyrrolic
N[23]. In the fig.5d, there are three characteristic peaks centered at 284.8, 286.6 and 288.3 eV [24].
The peaks at 284.8 a eV are assigned to the graphitic carbon. And the peak at 286.6 and 288.3 eV are
assigned to sp2 C atoms and sp3 C atoms.

3.2 Electrochemical performance of Fe2Os/OCN

To measure the performance of the Fe,O3/OCN composites as electrode materials in
supercapacitors, we performed an electrochemical test in a 2 M KOH electrolyte with a platinum foil
as the counter electrode and a saturated calomel as the reference electrode in a three-electrode
system[25]. As shown in Fig. 6a, the cyclic voltammetry tests of pure Fe O3, 2% Fe203/OCN, 10%
Fe,03/OCN, 15% Fe,03/OCN were performed at a sweep rate of 50 mVs™. In addition, a couple of
redox peaks that can be attributed to the reversible conversion between Fe3*/Fe?* can be found between
0 and 0.5 V. Moreover, compared with pure Fe>O3 and the other composite materials, 109%OCN/Fe203
have high capacitance at identical sweep rates due to its large surface area; this finding is attributed to
two reasons, on the one hand, Fe2O3 nanospheres possess a large surface area, and on the other hand,
the Fe2O3 nanospheres are uniformly distributed on the surface of the oxidized g-CzNa.
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Figure 6. CV curves of pure Fe>03, 2% Fe;O3/OCN, 10% Fe203/OCN, and 15% Fe,O3/OCN (a); CV
curves comparison of 10% Fe2O3/OCN at 50 mv s (b); GCD curves at 1A g* of pure Fe;0s,
2% Fe;03/0OCN, 10% Fe203/OCN, and 15%Fe>03/OCN (c); and GCD curves Comparison of
10% Fe,03/OCN at 1A g(d)
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In addition, different sweep rates between 10 mV s and 100 mV s of the 10% were applied
to 10% Fe>O3/OCN. It can be seen from Fig. 6b that as the sweep rate increases, the peak current
increases, but the shapes of these CV profiles do not alter. More importantly, as the sweep rate
increases, the anodic peaks shift to a high potential, while the cathodic peaks shift to a low potential
because of the faster charge and discharge rates at high scanning rates. The slight potential shift of the
oxidation and reduction peaks can be attributed to the internal charge transfer resistances[26].

The electrochemical performance of the samples was further evaluated by GCD measurements.
From the Fig. 6¢, the GCD curves are in good agreement with their CV curves. The potential windows
of charging and discharging were performed between 0 to 0.46 V and different current densities with 1
Agl2Agt, 3AgL4Ag? and5 A g?t. From the discharging curves, it can be seen that when the

current density is 1 A g?, the capacitance of Fe,Os, 2% Fe,03/OCN, 10% Fe,Os/OCN and 15%
Fe2Os/OCN is 46 F g1, 77 F g1,243 F g1,226 F g!, which demonstrates that 10% Fe2O3/OCN

exhibits much higher specific capacitance than pure Fe>Os, which can be attributed to the special
structure that Fe.O3z nanospheres are uniformly distributed on the surface of OCN. The reason why
15% Fe>0O3/OCN exhibits a low specific capacitance is the aggregation of Fe2O3 nanospheres on the
surface of OCN. To further investigate the electrochemical performance 10%Fe203/OCN, different
current densities from 1 A g* to 5 A g were applied. As shown in Fig. 6d, the discharge time
decreased with increasing current density, which is attributed to a sluggish reaction because of the fast
potential change at a high current density[27]. However, 10% Fe>O3/OCN exhibits high specific
capacitance at a current density of 1 A g%, which is attributed to the fact that ion diffusion can through
the high surface area of the composite.
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Figure 7. Nyquist plot of pure Fe;Os and 10% Fe;O3/OCN (a); and cycling performance of 10%
Fe203/OCN (b)

Electrochemical impedance spectroscopy measurements were carried out for the Fe»Os
nanospheres/OCN electrode. As shown in Fig. 7a, the intercept of the semicircle on the real axis
represents the equivalent series resistance (Rs), which is calculated to be 0.652Q and 0.851Qfor three
electrodes[28]. The electron transfer rate on the electrode surface can be accelerated by combining
OCN. As shown in Fig. 7b, the 10% Fe.O3/OCN shows excellent stability, retaining 81.3% of its
original specific capacitance after 1000 cycles. The results indicate that the 10% Fe>O3/OCN electrode
delivers high capacitance good stability for high-performance electrochemical pseudocapacitors. Form
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the equations, a maximum energy density of 25.7 7 Wh kg™ can be obtained at a power density of
833.8 W Kg™.

Table 1 describes the published paper about the electrochemical performance of the Fe,Os-
based electrode materials for the supercapacitor. Compared with previous published paper in Table 1,
Fe2O3 nanospheres anchored on oxidized g-C3N4 exhibit higher specific capacitor than a number of
Fe203 nanocomposites.

Table 1. Comparison of reported electrochemical performance of the Fe.Oz-based electrode materials

Electrode Electrolyte Specific capacitance Cycling Refs.
performance
Fe,Os thin films 1 M NaOH 178F gt (5 mV s) - [29]
0,
F-Fe203/AC 1 M LiFs 71Fgt (225 A g %0 A)C];)Jlgfooo [30]
0,
a-Fe,03 1M LIOH 256 F gt (1 mV s) 82 /:>:;(glre§ooo [31]
a-Fe203 Hollow 1 1 93.6% for 2000
Nanoshuttles 1 MKOH 249F g7 (05A0T) cycles [32]
Fe203 1 M KOH 540 Fgl(25A gl - [33]
0,
a-FeOOH/Fe:05 | 0.1 MNaSOs | 200 F g (5 mA g 99'901‘;;‘;; 500 [34]
0,
Fe;0s/g-CsNs | 2 M KOH 2u3Fgt(1AgYy | 813 ?yzclgslooo This work

4. CONCLUSION

In summary, a composite of homogeneous Fe>O3z nanospheres coupled with oxidized g-CsN4
has been synthesized for the first time by a facile hydrothermal method. More importantly, these Fe>O3
nanospheres are well-dispersed on the oxidized g-CsNs4 layers, which can offer abundant active sites
and effectively prevent the aggregation of Fe>O3 nanospheres during the electrochemical reactions.
When used as an electrode material, 10% Fe.O3/OCN exhibits excellent electrochemical performance
with a specific capacitance of 243 F g. Furthermore, 10% Fe,O3/OCN presented an excellent cycling
performance after 1000 cycles, which can be attributed to its special homogeneous Fe;Os nanospheres
attached to the surface of oxidized g-CsNa that introduced a number of oxygen functional groups, high
surface area and low electronic resistance. This study suggests that Fe.O3s/OCN composite can be used
as an electrode material for high-performance supercapacitors.
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