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Abstract: Two-dimensional (2D) nanolayered and nanohybrid structures, which are composed of
different species of organic anions and multi-valence inorganic cations, are considered favorable in
the field of energy storage for use as supercapacitors. In this study, host—guest interactions were used
to build a series of these nanohybrids. The host was the layered double hydroxides of vanadium-—
cobalt (V/Co) nanolayers with different molar ratios. Cyanate was used as a guest to designa V/Co
supercapacitor with a 2D-nanolayered structure. In addition, oxalate was used as a new additive
to improve the performance of the V/Co supercapacitor. X-ray diffraction, infrared spectroscopy,
thermal analyses, and scanning electron microscopy confirmed the formation of the nanolayered
structures of cyanate-V/Co. In the case of the oxalate-V/Co nanostructures, a new phase of cobalt
oxalate was produced and combined with the nanolayered structure to build a 3D porous structure.
A three-assembly electrode system was used to study the electrochemical supercapacitive behavior of
the cyanate-V/Co and oxalate-V/Co nanolayered structures. The results indicated that the OXVC-20
electrode possessed the highest specific capacitance as compared to that of the OXVC-16 and CNOVC
electrodes. An excellent stability performance of up to 91% after various charge-discharge cycles
was detected for the optimum case. Because of the positive effect of oxalate on the supercapacitance
performance of the V/Co supercapacitor, it is suggested as a new track for building active electrodes
for high-performance supercapacitor applications.
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1. Introduction

Layered double hydroxides (LDHs) have an inorganic structure and comprise a group
of nanolayered materials. They have attracted growing interest due to their potential appli-
cations in catalysis [1], separation [2], drug delivery [3], and energy storage [4]. Among
them, the use of LDHs as supercapacitor materials in the field of energy storage has been
a hotspot of research [5]. LDH materials consist of di- and trivalent metals combined
in hydroxide nanolayers, which are cationic in nature and thus capable of intercalation
anions [6]. It is well established that the properties of materials are strongly connected
to their shape, size, and elemental composition. Many researchers have reported that the
synthesis of LDHs with a large specific surface area, such as a three-dimensional (3-D)
layered structure, can be used to significantly improve the performance of materials [7,8].
Therefore, it has become the pursuit of materials scientists. Depending on the structure
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of the LDH, supercapacitor materials with high performance, obtained through the build-
ing of 3D-nanolayered structures, have been increasingly reported in the literature. The
hydrothermal and co-precipitation methods [9,10], in addition to template and microwave-
assisted techniques [11,12], have used a metal ion solution and an alkaline precipitant as
raw materials for the design of high-performance supercapacitor materials. Among the
different transition metals, nickel and cobalt have attracted attention for the design of
3D-nanolayered materials for supercapacitor applications because of their high stability,
elevated specific capacitance, and high electrical conductivity. For instance, 3D flower-like
nanostructured NiCo LDHs with a supercapacitance performance of 1187 Fg~!at 1 A
g~ ! were prepared by Zhou et al. [13]. Jing and coworkers described the synthesis of
a Ni-Co LDH by using a one-step alternative voltage electrochemical technique for the
supercapacitor electrode material. These Ni-Co LDH nanoflakes had an interlayer spacing
of 0.767 nm and attained a maximum specific capacitance of 1372 Fg~!at 1 A g~! [14].
Hou et al. fabricated a self-assembled urchin-like Ni-Co LDH structure for producing
supercapacitor electrode materials with a specific capacitance of 808.4 C g~ at 1 A g~ ! [15].
Similarly, Jiang et al. used ZIF-67 as a sacrificial template for synthesizing Ni-Co LDH
nano-cages to produce a supercapacitor with the electrochemical performance of 1203 F
g lat1A g ![16]. Although the produced supercapacitors achieved high performance,
their preparation methods are still complex and need to be improved. This means that the
preparation techniques of 3D NiCo-LDH supercapacitor materials need to be developed to
become simpler and produce superior properties.

Supercapacitor electrodes based on LDH materials have been studied in detail. How-
ever, studies on vanadium-based LDH electrodes are scarce. Tyagi et al. used carbon cloth
as a support for the prepared NiV-LDHs to produce a high-performance supercapacitor
with a specific capacity of 1226 C g~ ! [17]. Therefore, vanadium plays an important role
in improving the performance of supercapacitors because of its unique properties, such
as multiple oxidation states and high energy density [18]. In this way, lithium/sodium
ion and zinc ion batteries were developed using vanadium-based electrodes [19-22]. The
energy density of supercapacitors was improved, and the conductivity of the electrodes
was increased by introducing vanadium to the active materials of the supercapacitor
electrodes [23].

By preparing novel ultrathin NiV-LDHs, Zhou and his colleagues [24] produced
electrodes with high specific capacitance. However, these electrodes showed poor stability.
The researchers improved cycling stability by converting NiV-LDHs to NiV-S LDHs through
an ion exchange reaction (OH replaced by S). Gongalves et al. [25] studied NiV-LDHs using
hybrid supercapacitors.

Recently, many researchers [26,27] have focused on V-LDHs that contain more than
two metals for producing high-supercapacitor electrode materials. Wu et al. [27] prepared
nanosheet arrays of the V-doped NiCo-LDH displaying the highest performance with
a specific capacitance of 2960 F g~! at a current density of 1 A g~!. In 2021, Lee et al.
attempted to prepare a cobalt-vanadium LDH for a high-energy-density hybrid superca-
pacitor. However, their XRD results showed different phases of cobalt hydroxides failing in
the preparation of a cobalt-vanadium LDH [28]. In addition to dual transition metal cations,
the incorporation of anions and other useful additives to transition metal hydroxides can
also enhance the efficiency of the supercapacitors [29-37].

In this study, we synthesized the 2D-nanolayered structure of cyanate-V/Co LDH
through the thermal decomposition of urea. Cyanate anions were used as pillars among
the nanolayers. Then, a 2D-nanolayer-structure V/Co was developed through the growth
of a new phase of cobalt oxalate to produce a 3D nanostructure using oxalate anions
instead of cyanate anions. By studying the electrochemical supercapacitive behaviors
of the different nanostructures of cyanate-V/Co and oxalate-V/Co, this work provides
a new method for synthesizing 3D-structured LDH materials with high supercapacitor
performance and excellent stability and further indicates that the growth of the oxalate
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phase on 2D nanostructures to synthesize 3D porous structures based on LDHs is feasible
and promising.

2. Results and Discussion
2.1. Chemical and Elemental Analysis

The chemical analysis of CNOVC LDH indicated that the percentages of carbon,
hydrogen, and nitrogen were 2.4, 2, and 1.5, respectively. These results suggest that CNOVC
LDH contains cyanate in addition to traces of carbonate anions as guests. Elemental
chemical analysis results (as determined by Inductively Coupled Plasma (ICP)) for CNOVC
LDH showed that the V/Co mole ratio was 1/4, agreeing with the mole ratio existing in
the starting solution.

2.2. X-ray Diffraction

Figure 1a indicates the X-ray diffraction pattern of the product CNOVC after a reaction
time of 6 h. It reveals only two clear peaks at 20 = 11.28° and 23.18°, agreeing with the
interlayered spacing (dggs and dggg) of 0.788 nm and 389 nm, respectively. By comparing
these peaks with the structure of natural hydrotalcite and the main peaks of the conven-
tional layered double hydroxides, it can be seen that these peaks indicate the growth of the
nanolayered structure of CNOVC [38,39].
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Figure 1. X-ray diffraction of CNOVC after different reaction times: (a) 6 h and (b) 15 h.

This indication was confirmed by increasing the reaction time to 15 h because Figure 1b
shows clear reflections of hkl planes (003), (006), and (009). X-ray diffraction of CNOVC
showed a strong and sharp peak at 0.788 nm. The comparison between the reflections of the
main planes (003), (006), and (009) showed that dgg3 (0.788 nm) ~ 2 X dgps (0.389 nm) ~ 3 x
dooo (0.26 nm). This means that the CNOVC layers were highly packed in an ordered form
along axis c. The lattice parameter “c” was estimated as 3 x dgoz = 2.364 nm. Compared
with the lattice parameters that were published for synthetic and natural hydrotalcites and
the well-known LDH materials in the carbonate form (JCPDS file No. 37-629) and (JCPDS
file No. 48-1022), this value shifted from ¢ = 2.2575 nm to 2.364 nm [40]. This shift may
be caused by the inclusion of cyanate anions between the CNOVC layers. Also, Figure 1b
shows the reflections of the non-base planes (012), (015), and (018) at 0.25 nm, 0.22 nm,
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and 0.20 nm, respectively. The growth of the non-base and the base planes of CNOVC
indicate the positive effect of raising the reaction time to produce the V/Co LDH crystals
and confirm a complete formation of the layered structure of V/Co LDH.

In order to study the effect of intercalation of oxalate anions on the LDH structure, the
vanadium precursor was changed from vanadyl dichloride to vanadyl oxalate. Figure 2a
shows the X-ray diffraction pattern of the product OXVC-20 after a reaction time of 6 h.
The characteristic peaks of a layered structure disappeared, and weak peaks were observed
at 20 = 18.58°, 22.56°, 24.41°, and 29.81°. This means that the nanolayered structure became
disordered and a new phase started to grow. After increasing the reaction time to 15 h,
a series of weak peaks started to grow, as shown in Figure 2b. At the reaction time of
20 h, weak peaks were observed at 20 = 18.58°, 22.56°, 24.41°, 29.81°, 33.76°, and 41.67°,
agreeing with spacing of 0.477 nm, 0.393 nm, 0.364 nm, 0.299 nm, 0.265 nm, and 0.216 nm.
All these obtained diffraction lines could be identified as cobalt oxalate hydrate crystals
through matching and fitting with the standard entire diffraction pattern (JCPDS No. 01-
296). The layered structure of V/Co LDH was not clear after the inclusion of oxalate anions
among the nanolayers, meaning that the inclusion of oxalate anions caused distortion in
the arrangement of the nanolayers. The bulk molecule of oxalate has four oxygen atoms
with high electronegativity. Therefore, the strong repulsion forces among the oxalate anions
inside the nanolayers pushed the nanolayers, causing them to deviate from their ordered
arrangement and leading to an amorphous structure. This means that OXVC-20 consisted
of two structures: a disordered structure of V/Co LDH supported with Co-oxalate particles.
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Figure 2. X-ray diffraction of OXVC-20 after various reaction times: (a) 6 h, (b) 15 h, (c) 20 h, (d)
OXVC-16 after 20 h, and (e) OXVC-16 after calcination at 500 °C.

After decreasing the content of oxalate with lower concentrations of vanadium, the
XRD pattern of OXVC-16 exhibited lower crystallinity, as shown in Figure 2d. Compared
with the layered structure of CNOVC, the layered structure was not clear after the inclusion
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of oxalate anions because of the formation of a disordered structure of V/Co LDH. This
means that the intercalation of the oxalate molecules inside the nanolayers led to distortion
in the layered structure because of the strong repulsion forces among the oxalate anions
inside the layered structures.

After calcination of OXVC-16 at 500 °C, new peaks were observed at 26 = 18.7°, 31.06°,
35.11°, 36.61°, and 44.46°, agreeing with spacing of 0.47 nm, 0.287 nm, 0.255 nm, 0.245
nm, and 0.203 nm, as shown in Figure 2e. All these peaks could be identified as cobalt
oxides Co304 through matching with the standard entire diffraction pattern (JCPDS No.
80-1544) [41]. There was a slight shift from the standard diagram of cobalt oxides because
of the inclusion of vanadium inside the crystals of Co3O4. No peaks were detected for
vanadium, indicating that the vanadium was homogenously dispersed inside the structure
of C0304.

2.3. Fourier Transform Infrared Spectroscopy

The symmetry and nature of the interlayered anions and the functional groups of the
prepared materials were recognized by the FI-IR spectra, as seen in Figure 3 and 4. For
the CNOVC sample, FI-IR spectra were similar to those generally reported for LDH [42].
Figure 3a shows the spectrum of CNOVC after a reaction time of 6 h. The clear band at
2219 cm™ confirms the presence of cyanate anions through the vibrational mode of CNO.
In addition, the band observed at 636 cm™ could be due to the v, form of cyanate anions.
The hydroxyl groups were discovered by noticing that the stretching mode of the O-H
bonds around 2852 cm™! and 2923 cm™! agreed with the bands of the interlayered water
that hydrogen-bonded to the interlayered anions [43]. The presence of water molecules
was confirmed through the observation of peaks around 1637 cm™ because of the bending
mode of water molecules.
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Figure 3. Infrared spectra of CNOVC after different reaction times: (a) 6 h and (b) 15 h (the red
arrows point out different peaks for hydroxyl groups).
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The confinement of NCO ions among the nanolayers and beside OH groups showed
an important phenomenon agreeing with the results of Xu et al. [44]. The high electron
density of NCO causes a strong effect on the vibration of OH groups, and this effect led
to the splitting of the hydroxyl bands into two bands around 3500 cm~!, as shown in
Figure 3a: one for the OH groups beside the NCO groups at 3451 cm~! and the other for
the unaffected OH groups showing an absorption band at 3563 cm ™!, as reported for the
usual hydroxyl groups. This splitting of the bands of the hydroxyl groups is due to the
effect of the cyanide group lowering the electron density of O-H bonds. The results of
Xu et al. [44] showed the same phenomenon for the effect of nitrate ions on the bands of
LDH. This phenomenon was confirmed and is clearly observed in Figure 3b. When the
reaction time was increased to 15 h, the FT-IR spectrum showed that the band of cyanate
became sharper and stronger at 2219 cm ™!, and carbonate anions appeared as secondary
interlayered anions at 1386 cm ™!, as shown in Figure 3b. The presence of high cyanate
anion content inside the interlayered space showed a strong effect on the vibration of the
hydroxyl group, indicating three bands for the hydroxyl groups at 3629 cm~!, 3546 cm ™!,
and 3467 cm 1.

Figure 4 shows the FT-IR spectrum of the OXVC-20 sample after changing the inter-
layered anions. The spectrum was very similar to that generally reported for the LDH
structure [42]. When compared with CNOVC, both spectra were similar except for the
disappearance of the band for cyanate and the appearance of new bands for the oxalate
anions. This means that OXVC-20 has an LDH structure. Figure 4 presents a series of
bands at 1637 cm™1, 1359 cm™1, 1315 em™1, 821 ecm™!, and 777 cm™1. It can be seen that
these bands are due to oxalate anions by comparing them with the standard pattern of
oxalate. Also, the presence of oxalate in the interlayered spacing was confirmed by the
appearance of hydrogen bond bands at 2925 cm ! and 2854 cm !, as well as the splitting
of the hydroxyl band to one band at 3369 cm~! and a shoulder at 3567 cm~!. This means
that the presence of oxalate anions inside the interlayered spacing created hydrogen bonds
and caused the lowering of O-H bond electron density.
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Figure 4. Infrared spectrum of OXVC-20.

2.4. Thermal Analyses

The thermal behavior of the prepared nanolayered materials was studied through
measuring thermal gravimetric analysis (TGA), differential thermal analysis (DTA), and
differential thermal gravimetric (DTG) analysis. TGA, DTA, and DTG analysis were carried
out in the presence of both nitrogen gas and air. For the CNOVC sample, which formed
after the reaction time of 6 h and was measured in the presence of nitrogen, curves of TGA,
DTG analysis, and DTA are shown in Figure 5a. In the TG curve, two stages of weight loss
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can be seen at 209 °C and 343 °C. The first stage represented a 14 wt.% loss of weight and
occurred through two steps of the evaporation process of the adsorbed and interlayered
water [45]. The removal of the interlayered anions (13 wt.%) happened in the second stage
at 343 °C. This stage was confirmed by observing two endothermic peaks in the DTA curve.
These peaks occurred at 261 °C and 290 °C, representing the thermal decomposition of
the interlayered anions. In addition, these peaks agreed with the two peaks which were
observed in the DTG analysis curve at 257 °C and 286 °C. These results suggest that there
are two anions in the structure of CNOVC.
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Figure 5. Thermal analyses of CNOVC after a reaction time of 6 h (a) in nitrogen gas and (b) in air.

Figure 5b presents the TGA, DTG analysis, and DTA curves of CNOVC measured in
the presence of laboratory air. The DTA curve revealed exothermic peaks at 231 °C and
286 °C. These peaks confirmed the oxidation reactions of cobalt and vanadium in addition
to the reactions of cyanate anions with oxygen in the air. For the DTG analysis and TGA
curves, similar results for that of nitrogen gas were observed, as shown in Figure 5b. It can
be concluded that the structure of CNOVC consists of two anions and intercalated water.

Figure 6a shows the thermal characteristics of the same CNOVC sample after a reaction
time of 15 h in the presence of nitrogen gas. In the TGA curve, the loss of surface and
interlayered water, cyanate, and carbonate anions can be seen through four steps [46,47].
The evaporation of 11% water occurred at 184 °C. For the interlayered anions, 8% cyanate
was lost at 265 °C and 6% carbonate was lost at 349 °C. The data from the DTG analysis
curve confirm the losses of cyanate and carbonate anions because of the two peaks at 248
°C and 288 °C. This agrees with the results of both TGA and DTG analysis. DTA showed
two endothermic peaks at 250 °C and 290 °C.
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Figure 6. Thermal analyses of CNOVC after a reaction time of 15 h (a) in nitrogen and (b) in air.
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Figure 6b shows the clear effect of oxygen on the different components of the structure
of CNOVC in the case of measuring the thermal processes of the CNOVC sample in the
presence of air. Five weight losses can be observed with different slopes in the TGA curve.
Figure 6b reveals five stages representing five processes: evaporation of both surface and
interlayered water, oxidation of cyanate and carbonate anions, and the dehydroxylation
process. The oxidation of both cyanate and carbonate anions was confirmed in the DTG
analysis curve through the two peaks at 227 °C and 258 °C. In addition, the heat released
through the exothermic peaks in the DTA curve at 229 °C and 269 °C confirmed the
oxidation reactions.

For OXVC-20, Figure 7 shows the thermal analyses of the sample after reaction times
of 6 h and 15 h. The TGA curves indicate that OXVC-20 has two kinds of water and two
kinds of oxalate anions, which agrees with the FT-IR data because of the appearance of four
weight losses. Surface water comprised 4 wt.% and was lost at 133141 °C. Subsequently,
11 wt.% of the interlayered water was removed at 190-195 °C. Finally, 18-20 wt.% of the
oxalate anions were lost at 439—447 °C through two steps because there are two kinds of
oxalate anions, which agrees with the XRD results. DTG analysis and DTA confirmed the
TG results through the appearance of two peaks at 167-170 °C and 388-390 °C.

4%, 141°C 0 4%, 133°C 0
11%, 190°C = 11%, 195°C ®
17%, 343°C TG g TG 2
2 20%, 338°C =
31%, 439°C 5 )
170°C 390°C g 167°C 29%, 447°C g
A DTG
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v 50 50
[s] Q
a5 ]
18]
4 ° 4
Y 5 . ora | ¥
o
g ;
- 1 = 1
0 400 800 O 400 800
Temperature, °C Temperature, "C
(a) (b)

Figure 7. Thermal analyses of OXVC-20 in the presence of nitrogen: (a) 6 h and (b) 15 h.

2.5. Scanning Electron Microscopy

The imaging technique of scanning electron microscopy (SEM) includes a platinum
coating system for the measured samples to increase the resolution of the images. Therefore,
thin films of platinum were used to coat the powder samples. Figure 8 shows SEM images
of CNOVC. They show that CNOVC has plate-like morphology, agreeing with the literature
on LDHs [48-50]. Hexagonal plates were observed for the CNOVC sample, as seen in
Figure 8b.

Figure 9 shows SEM images of OXVC-20. They indicate a disordered arrangement
for the plates of OXVC-20. The growth of a new phase of cobalt oxalate, in addition to the
different orientations of the plates of OXVC-20, created a 3D porous structure, as shown in
Figure 9b.
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Figure 8. SEM images of CNOVC at different locations: (a) the first spot, (b) the second spot, (c) the
third spot, and (d) the fourth spot.

Figure 9. SEM images of OXVC-20 at different locations: (a) the first spot and (b) the second spot.

2.6. Electrochemical Studies

Three-electrode assembly cells were set up for measurement of the electrochemical
performance of the OXVC-20, OXVC-16, OXVC-500, and CNOVC LDH electrodes using
cyclic voltammetry and galvanostatic charge-discharge techniques inside the aqueous
electrolytes. The initial performance of the electrodes was measured in the potential range
of 0.0 V-0.5V at a scan rate of 5 mV /s, which displayed the redox behavior and further
confirmed the Faradic nature of the electrodes. The electrodes were fabricated using
experimental conditions such as different ratios of the oxidative and reductive properties.
The presence of the cobalt and its oxidative-reductive behavior under the alkaline medium
contributed towards the capacitive behavior of the OXVC and CNOVC electrodes. Among
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all the electrodes, the OXVC-20 electrode displayed the largest integrated capacitive area
inside the CV profile, which contributed to the high electrochemical performance. The
enhanced performance of the OXVC-20 electrode could be due to the presence of the
synergistic effect contributed by the cobalt and vanadium ions. Another reason could be
the different ratios of the dopant, which further modulated the morphology and size of
the LDH.

For a better understanding of the electrochemical performance and capacitive nature
of the OXVC-20, OXVC-16, OXVC-500, and CNOVC electrodes, the GCD profiles of the
electrodes were measured at fixed current and different current loads. The results are
presented in Figures 10-12. Figure 10 shows the comparative GCD curves of the OXVC-20,
OXVC-16, OXVC-500, and CNOVC electrodes displaying the rapid and fast response,
which further confirmed the Faradic behavior of the electrodes. The specific capacitance of
each electrode was calculated using the discharge time.
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Figure 10. Comparison of (a) CV, (b) CD, and (c) the calculated specific capacitance of all the
electrodes (OXVC-20, OXVC-16, OXVC-500, and CNOVC) at different current densities.

The OXVC-20 electrode delivered the highest specific capacitance values of 740.5, 585,
560, 550, 542.5, 525, and 300 F/g at current loads of 2, 3, 4, 5, 7, 10, and 12 A/g, respectively.
The OXVC-16 electrode delivered the highest specific capacitance values of 516.5, 433.5, 392,
372.5,343,352.5, and 201 F/g at current loads of 2, 3, 4, 5, 7, 10, and 12 A /g, respectively.
The OXVC-500 electrode delivered the highest specific capacitance values of 360, 367.5, 350,
331.25, 316.75, 205, and 120 F/g at current loads of 2, 3, 4, 5, 7, 10, and 12 A /g, respectively.
The CNOVC electrode delivered the highest specific capacitance values of 300, 287.25, 272,
262.5,241.5,210, and 132 F/g at current loads of 2, 3, 4, 5, 7, 10, and 12 A /g, respectively.
Based on these results, the OXVC-20 electrode exhibited the highest specific capacitance
and longest charge—discharge time owing to its LDH behavior, which provided better active
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sites to the electrode and promoted the diffusion of ions inside the structure during the
charge —discharge process.
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Figure 11. CV of the (a) OXVC-20, (b) OXVC-16, (c¢) OXVC-500, and (d) CNOVC electrodes at
different scan rates.
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The SEM images revealed distinct morphologies for CNOVC and OXVC-20. The plate-
like structure of CNOVC and the 3D porous structure of OXVC-20 significantly impact their
electrochemical performance. The 3D porous structure of OXVC-20 offers more efficient
pathways for ion transport, leading to higher capacitance compared to the more compact,
plate-like structure of CNOVC. The chemical composition, specifically the presence of two
phases of oxalate in OXVC-20, as shown in the XRD results, plays a crucial role because
the oxalate group (C204) 2 creates a framework structure that promotes the diffusion of
ions inside the structure during the charge-discharge process. In OXVC-20, the presence of
both V/Co-oxalate LDH and Co-oxalate particles enhances its electrochemical properties.
In addition, the method of synthesizing these materials, particularly the use of cyanate and
oxalate anions as pillars in the nanolayers, also affects their electrochemical characteristics.
The anions influence the spacing between layers, the overall stability of the structure, and
the ease of ion intercalation, all of which are critical for supercapacitor performance.

Apart from the electrochemical performance measured using CV, GCD, and the corre-
sponding specific capacitance values, the cyclic stability of the electrodes towards various
charge-discharge cycles plays an important role in the potential application of the fabricated
electrode materials. Figure 13 displays the cyclic stability test graph of the optimized OXVC-
20 LDH electrode recorded at a fixed current load of 5 A/g for various charge—discharge
cycles. Figure 13 shows that stability initially dropped during the charge-discharge process
owing to the saturation of the active site available at the surface of the electrodes. After that,
the OXVC-20 electrode displayed 91% capacitance retention after 2300 charge—discharge
cycles due to the LDH behavior and size of the electrode materials. The enhanced perfor-
mance of the prepared materials could be due to the following reasons. The coordination of
the metal with the oxygen atoms allowed the metal side to participate in the oxidation and
reduction process, whereas the oxygen/oxalate framework provided enough ion diffusion
during the charge—discharge process. In addition, the different morphologies played an im-
portant role in providing a high surface area and a large number of pores, which provided
enough time to complete the redox reaction for ion diffusion during the charge—discharge
process. Therefore, we can say that the low-cost, rational framework formed between metal
and oxygen and the high surface area of the LDH could be potential contributors to the
increased energy storage of the electrode materials.

1004000000 o

OCOOOEHO

A O O
e 2 2

Retention (%)

N
e

0 500 1000 1500 2000
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Figure 13. Percent retention performance of the OXVC-20 electrode (different color means new cycle).
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3. Materials and Methods

The V/Co LDH was prepared and intercalated by cyanate anions through the slow
decomposition of urea. An aqueous and homogeneous solution of both cobalt nitrate
and vanadyl dichloride (VOCl,) was mixed with a urea solution under vigorous stirring.
Through heating the mixture, the hybrid cyanate/V/Co LDH was precipitated and col-
lected after 6 h and 15 h. The percentage of vanadium was 20 mole%. The product was
washed and filtrated several times with distilled water. After drying at room temperature
under vacuum, it was labeled as CNOVC.

To build another hybrid structure of oxalate-V/Co, the previous process was repeated
using vanadyl oxalate as a precursor for vanadium. Two samples were prepared, with the
mole percentages of vanadium being 20% and 16%. The heating of the aqueous solution
was continued at 80 °C for 15 h. The samples were coded as OXVC-G, where G is the molar
percentage of vanadium.

The elemental analysis was measured using an ICPS-7000 (Shimadzu, Kyoto, Japan).
The chemical analysis for carbon, hydrogen, and nitrogen was conducted using the Perkin
Elmer CHNS/O 240011 Analyzer. Scanning electron microscopy (SEM) was used for the
imaging of products and identification of their morphology through JEOL: JSM-6330F
(15 kV/12 mA). X-ray diffraction (XRD) was used for determination of the crystalline
structures of the products using a Rigaku RINT 2200 with Cu K« (filtered) radiation (A
= 0.154 nm) at angles in the range of 1.8° to 50° at 40 kV and 20 mA. Using the KBr disc
method, FI-IR spectra were measured using a Horiba FT-720 to determine the functional
groups of the products. Thermal behavior was studied through three analyses (TG analysis,
DTG analysis, and DTA). The thermal behavior of the powdered samples was measured at
up to 800 °C using a Seiko SSC 5200 apparatus under a flow of nitrogen at a heating rate of
10 °C/min.

4. Conclusions

The present study had multiple targets. The first target focused on designing a 2D-
nanolayered structure of cyanate-V/Co LDH. In addition, a 2D-nanolayered structure of
V/Co was developed by the growth of a new phase of cobalt oxalate to produce a 3D
nanostructure using oxalate anions instead of cyanate anions. The main aim concentrated
on the behavior of the electrochemical supercapacitance of the different nanostructures
of cyanate-V/Co and oxalate-V/Co. The X-ray diffraction, infrared spectra, and thermal
analyses confirmed the formation of a 2D-nanolayered structure of cyanate-V/Co. Also,
scanning electron microscopy indicated the conversion of 2D nanolayers to a 3D nanos-
tructure. The prepared electrodes delivered excellent capacitance, in which the OXVC-20
electrode delivered a highest specific capacitance of 740.5, the OXVC-16 electrode deliv-
ered a highest specific capacitance of 516.5, and the CNOVC electrode delivered a highest
specific capacitance of 300 at fixed current load. Based on these results, the OXVC-20
LDH electrode exhibited the highest specific capacitance and longest charge—discharge
time owing to its LDH behavior, which provided better active sites to the electrode and
promoted the diffusion of ions inside the structure during the charge—discharge process.
In addition, the 3D porous structure of OXVC-20 offered more efficient pathways for ion
transport leading to higher specific capacitance. Finally, these positive results for the super-
capacitance performance of oxalate-V/Co LDH can provide a new additive for the building
of active electrodes for high-performance supercapacitor applications.
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