Chapter 5

Confined growth of NiCo02S4 on 2D/2D porous
carbon self-repairing g-CsN4/rGO heterostructure
for enhanced performance of asymmetric

supercapacitors

Contents
5.1 Introduction
52 Synthesis and optimization of N, S doped Reduced

Graphene Oxide-NiCo02S4 hybrid active material for
all-solid-state asymmetric supercapacitor

5.3 Confined growth of NiCo2S4 on 2D/2D porous carbon
self-repairing  g-C3N4/rGO  heterostructure for
enhanced performance of asymmetric

supercapacitors
54 Conclusion

Bibliography




94



5.1. Introduction

In recent decades, growing environmental pollution and global warming have led to the usage
of renewable energy sources, with many researchers focusing on the associated energy storage
and conversion systems [1-3]. Electrochemical capacitors or supercapacitors have gained great
attention among energy storage technologies owing to their superior specific capacitance, high
power density, energy density, cycling stability, etc. [4]. Supercapacitors (SCs) are primarily
categorised as electrical double layer capacitors (EDLC) and pseudocapacitors subject to their
energy storage method [5]. In EDLCs, charge storage is caused by the reversible adsorption or
desorption of electrolyte ions at the electrode surface, whereas in pseudocapacitors, energy
storage is caused by the rapid and reversible Faradaic redox processes [6]. Carbon and carbon
derived materials shows EDLC behaviour while transition metal oxides (TMOs) and
conducting polymers (CPs) shows pseudocapacitive properties. Comparatively,
pseudocapacitive materials have higher charge storage properties. However, direct application
of pseudocapacitive materials are limited due to its lower electrochemical stability and power
density, as diffusion of electrolyte ions controls the Faradaic charge transfer reactions in a
significant manner [7].

This chapter discusses the synthesis of a novel carbon self-repairing g-CsNa/reduced graphene
oxide heterostructure and its hybridisation with NiCo.Sa. This chapter consists of two sections.

In the initial part, a novel hierarchical porous N, S doped reduced graphene oxide- NiC02S4
hybrid nanocomposite was developed. The materials are optimized by determining the proper
ratio of metal ions to graphene in order to obtain optimal supercapacitive performance. In the
second part, synthesis method for the confined growth of NiCo02Ss on 2D/2D porous carbon
self-repairing g-C3N4/rGO heterostructure as hybrid material for supercapacitor electrodes is
discussed. The electrochemical activity is enhanced by the synergistic action of rGO with a
large surface area and extended highly reactive region and defects in pCCN which facilitated

the nucleation and confined growth of NiCo02Ss4 in the framework.
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5.2. Synthesis and optimization of N, S doped Reduced Graphene Oxide-NiCo02S4 hybrid

active material for all-solid-state asymmetric supercapacitor

Graphene, a 2D carbon allotrope, and its derivatives, graphene oxide (GO) and reduced
graphene oxide (rGO), are the most desirable EDLC materials for energy storage applications
because of their enormous surface area, large specific capacitance, high mechanical strength,
and strong cycle stability, etc. [8]. The introduction of rGO will provide an abundance of active
locations for metal ions development owing to its higher specific surface area. Moreover, the
in-situ growth of NiC02S4 over the rGO structure will prevent the structural collapse because
of the volume fluctuation throughout the charging/discharging operation [9]. The higher
conductivity of rGO when composited with intrinsically lower conducting NiCo2Ss will
improve the electrochemical performance and at high current densities it alleviates the sluggish
pace of redox reaction [10]. Nevertheless, an excessive quantity of graphene will create its own
agglomeration, which will severely reduce graphene's utilisation efficiency and inhibit the
formation of metal ions on its surface. In addition, the capacitance contribution is minimal in
the working voltage range of NiCo2S4 electrodes (0 to 0.6 V) [11, 12], implying additional
mass of graphene would obviously decrease the device’s overall specific capacitance [13].
Also, non-homogeneous NiCo,Ss particle dispersion on graphene surface, absence of pores
necessary for fast ionic transfers, self-aggregation along with restacking of graphene, etc. are
also some other issues associated with NiCo.S4 -graphene composites. So, it is crucial to
optimise the material by determining the proper ratio of metal ions to graphene in order to
attain the best supercapacitive performance.

Here, utilising a simple hydrothermal technique, a new hierarchical porous N, S doped reduced
graphene oxide—NiCo02Ss was synthesized by in situ growth of NiCo2S4 into a porous rGO
structure. Ni?* and Co?* (metal ions) development over rGO promotes active sites for enhanced
electrochemical activity, and the rGO framework concurrently improves ion transportation and
electron conduction. The optimal utilisation of materials resulted in enhanced nucleation and
confined growth of NiCo.S4 over rGO by taking benefit of rGO’s larger surface area and
porosity. The optimal proportion of materials were identified by synthesising samples at
different ratios and evaluating its electrochemical performances. The prepared GNCS3
electrode displayed exceptional specific capacitance of 1640 F/g (1A/g). The overall
electrochemical analysis suggests that GNCS3 is an ideal material for supercapacitor

applications.
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Experimental section

Materials required

Graphite flakes, Nitric Acid (70%), Sulfuric acid (98%), Potassium Permanganate,
Hydrochloric acid (30%), Hydrogen Peroxide (30%), Nickel nitrate hexahydrate, Cobalt nitrate
hexahydrate, Na.S, Urea, were procured from Merck and Sigma-Aldrich. All chemicals were
of analytical grade and there was no purification or processing of any of the chemicals before

usage

Material Characterization

Fourier Transform Infrared spectroscopy (FTIR) was performed in Nicolet Impact 410 FTIR
spectrophotometer. Powder X-ray diffraction (XRD) were conducted using Bruker AXS
D8FOCUS (Cu-Ka radiation, k = 1.540598 A, 30 kV, 15 mA, scan rate of 1°/min). Raman
spectra were obtained using Renishaw basis series with 514 lasers. Thermo Scientific UV-10
Spectrometer was utilized for performing UV-Vis spectroscopy at room temperature.
Transmission Electron Microscopic (TEM) analysis was carried out in TECNAI G2 20 S-
TWIN (200 kV) to investigate the morphology.

Electrochemical measurement

The NiC02S4/rGO and NiCo2Ss nanostructures’ electrochemical characteristics were
investigated on a three-electrode setup using Autolab PGSTAT128 Potentiostat/Galvanostat
Electrochemical workstation. The experiments were conducted at room temperature using
Platinum electrode (counter electrode), Ag/AgCl (reference electrode) and 3M KOH
electrolyte solution. The working electrodes were developed by mixing 90 wt% active
materials, 10 wt% acetylene black and Nafion binder in N-methyl-2-pyrrolidone solvent,
stirred for around 2h to create a slurry. The stainless steel substrate (surface area 1 cm?) was
subsequently coated with the slurry, which was then dried overnight (80 °C) in a vacuum oven.
CV, GCD and EIS were used to analyse the as-prepared materials’ electrochemical

characteristics.

Fabrication of asymmetric supercapacitor
The 2-electrode device was fabricated with GNCS3 as anode, AC as cathode material along
with PVA/KOH gel electrolyte. The mass ratio of anode to cathode was calculated to be 1:3

according to the eq.:
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where, m,and m_ denote masses, C;, and C,_ are the specific capacitances, AV, and AV_ are

the potential windows of the anode and cathode respectively.

Preparation of NiC02S4/rGO nanocomposite

WIWRL

180°C, 8h

Sonication

Fig.5.1. Schematic diagram for the synthesis of N,S doped rGO/NiC02S4

GO was synthesised by oxidizing graphite flakes employing a modified version of the
Hummers process [14]. In a typical procedure, 20 mg of GO powder was sonicated for one
hour in 40mL of DI water to obtain a homogeneous solution of GO (Fig.5.1). A specified
quantity of Ni(NOz)2-6H20, Co(NOz)2-6H20 and urea (molar ratio of 1:2:10) were put into the
GO solution during sonication. The solution was then kept in an autoclave and heated for 10 h
at 120 °C. The rGO/NiCo-carbonate hydroxide (labelled as GNC) precursor formed was
filtered and washed numerous times. The precursor was dispersed in 40 ml DI water with 600
mg of NaxS and autoclaved at 180°C (8h). The finished black product so obtained was filtered,
rinsed to pH neutrality, dried (70 °C) and was ready for use. The samples synthesised using
2mM, 4mM, 6mM, and 8mM of Ni(NOz)2.6H-O were designated as GNCS1, GNCS2, GNCS3,
and GNCS4, respectively. For comparative purpose, bare NiCo2S4 was also synthesised using

the same procedure without the addition of GO and was named as NCS.

Fig.5.2. Schematic diagram of N, S doped rGO/NiC02S4
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Results and discussions

Material synthesis

Hydrothermal synthesis route was to prepare a novel hierarchical porous NiCo02S4/rGO
nanocomposite material (Fig.5.2). Initially a homogenous solution of GO was prepared by
ultrasonication. GO sheets were strongly negatively charged when dispersed in water owing to
the ionisation of hydroxyl, carboxylic and phenolic groups on edges and surfaces [15]. The
addition of Ni(NO3). and Co(NOgz). into the GO solution caused electrostatic interaction
between positively charged ions (metal ions) and the negatively charged ions (oxygen-
containing groups) leading to the adhering of Ni?* and Co?" ions onto the GO nanosheet’s
surface [16]. The hydrolysis of Ni** and Co?* ions resulted in formation of nickel cobalt
hydroxide as an intermediate product. As a sulfur source, Sodium Sulfide was added and the
resultant solution was autoclaved at 180 °C for 8h to transform the intermediate into NiCo02Sa.
Finally, N, S dual doped NiC02S4/rGO hybrid with NiC02S4 nanoneedles evenly attached on

rGO sheets was achieved.

Structural and morphological characterisation of NiC02S4/rGO

The FTIR spectrum of GO and NiC0.S4/rGO nanocomposites is shown in Fig.5.3a. The
hydroxyl group (-OH) and residual water molecules’ stretching vibrations are responsible for
the broad peak at 3410 cm™ in the FTIR spectra of GO [14]. The absorption peaks at 1720
cm® (C=0 stretching), 1620 cm™ (C=C; skeletal vibration from sp2 carbon rings) and 1150
cm™ (C-O—-C groups) further confirms the existence of oxygen functionalities in the sample
[17]. However, the oxygen functionalities found in GO were significantly reduced in the

spectrum of NiC02S4/rGO confirming the successful reduction of GO [18].

XRD analysis was done to characterise the phase difference in samples (Fig.5.3b). The GO’s
spectra show a diffraction peak at 26=9.92°, attributing to the reflection of (002) plane of GO
[19]. It can be seen that the XRD spectra of NiC02S4/rGO and NiCo02Ss are identical. The peaks
at 20 values of 16.2°, 26.6°, 31.4°, 38.1°, 50.32° and 55.16° corresponds to the (111), (220),
(311), (400), (511) and (440) reflections of cubic phase NiCo.Ss (JCPDS 20-0782)
respectively. Also, (001) peak of GO at 20=9.92° disappeared indicating the complete
exfoliation/reduction of GO into rGO. Additional peaks were found at 29.76° and 52.42° for
NCS sample which corresponds to the (311) and (440) lattice planes of face centred cubic
Co9Sg (JCPDS 65-6801) [10]. The formation of these two phases were not anticipated. The
peaks attributed to CogSg are significantly diminished after nanocompositing with rGO,
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Fig.5.3 (a) FTIR spectra of GO and GNCS3 (b) XRD spectra of GO, NCS and GNCS3
(c) Raman spectra of GO and GNCS3

indicating the effectiveness of graphene in reducing multiphase crystallisation during crystal
formation in the material. Since no other diffraction peaks were found, it can be concluded that
pure phase NiC02Ss was synthesized and that the GO’s presence had no impact on the

material’s crystalline structure.

Raman spectroscopic analysis was carried out to characterize disorder and defects in the
graphitic structure. Fig.5.3c shows the Raman spectra of GO and GNCS3 nanocomposites. The
D and G bands are distinctly seen in the Raman spectra of both samples. The G band, centred
at 1596 cmt, is a consequence of stretching vibrations in the basal plane of graphene and is
commonly caused by E2g phonon of C sp2 atoms. The structural deformities and disorders are
reflected in the frequency range of the D band (1355 cm™) and is generated by a breathing k-
point phonon with Alg symmetry [20]. The intensity ratio D to G band (Ip/lg) implies the
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Fig.5.4 (a) EDS spectra of NiCo20H. (b) EDS spectra of NiCo2Sa4. (c) EDS spectra of

rGO/NiCo0,Ss.
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Elemental composition of Elemental composition of Elemental composition of

NiCo.OH NiC02S4 rGO/NiC02S4

Element Weight% Atomic% Element Weight% Atomic% Element Weight% Atomic%
CK 25.92 40.03 CK 24.86 39.12 CK 17.69 30.12

N K 2.76 3.65 N K 1.28 1.72 N K 3.77 5.50

OK 39.93  46.31 OK 36.30  |42.87 OK 3476  44.42
SK 0.43 0.25 SK 15.75 9.29 SK 16.38 10.45
CoK |21.80 6.86 CoK 1472 472 CoK |18.59 6.45
NiK 9.16 2.90 NiK 7.09 2.28 NiK 8.80 3.06
Totals |100.00 Totals 100.00 Totals |100.00

Table.5.1 Elemental composition of NiCo20H, NiC02S4and rGO/NiCo02S4

structural defects and disorders in the graphitic structures [21]. The Ip/lg value increased from
0.84 for GO to 0.94 for GNCS3, indicating disorder induced by the heteroatom doping in the
graphene structure and the existence of more tiny, isolated sp2 graphene domains in GNCS3
[14, 22, 23].

EDS spectrum of NC, NCS and GNCS3 is shown in Fig.5.4. The initial Ni to Co molar ratio
used in the synthesis of GNCS3 is in agreement with the observed atomic ratio of Ni to Co,
which is around 1:2. For NCS, the amount of Co is slightly higher than the expected ratio of
1:2 (Ni:Co) owing to the formation of CosSg crystals which is compatible with the XRD results.
Compared to NCS, GNCS3 has a greater S and N content as a result of co-doping of S and N
into the rGO lattice. The chemical doping of N and S atoms alters the uniformity and introduces
numerous defects in the crystal structure by replacing the lattice C atoms thereby rendering the

graphene structure more disordered [24, 25].

The surface area and pore size distribution of GNCS3 sample were studied employing the
Brunauer - Emmett - Teller (BET) analysis. The N2 adsorption—desorption isotherm (Fig.5.5)
exhibits type IV isotherm characteristics with an H3 hysteresis loop, suggesting the presence
of mesoporous structure [26]. The surface area of the GNCS3 sample was calculated to be
254.18 m?/g. The high surface area of the material is due to the optimum use of materials which
inhibited the agglomeration of ingredients. In addition, the wedging in of NiCo2S4 hanoneedles
in between the graphene layers further aided in the formation of few layers graphene with high
surface area. The pore size distribution of 2.94-25.01nm confirms the mesoporous structure of
the sample in addition to some macropores. The GNCS3 sample showed high pore volume of
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Volume adsorbed (cm*/g)

0.63cc/g. The porous structure and high pore volume of GNCS3 sample offers more active
sites for electrochemical reactions, hence enhancing the material's supercapacitor performance
[27, 28].
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Fig.5.5 (a) N2 adsoprtion-desorption isotherm of GNCS3. (b) Pore size distribution of
GNCS3

TEM imaging was used to characterise the morphology of the as-synthesized GNCS3 samples
(Fig.5.6(a-c)). The sheet like morphology of highly transparent, atomic thin rGO nanosheets
was evident in the TEM images [14]. The rGO sheets are transparent, with plainly visible
wrinkles and curled edges implied that the achieved rGO primarily comprised of single or few
graphene layers [29]. The imaging results further reveals that the GNCS3 sample consist of
NiCo02S4 nanoneedles grown over rGO structure. The nanoneedles are evenly covered by rGO
providing high specific surface area to the sample. The SAED pattern of GNCS3 confirms the
polycrystallinity of the sample and the diffraction rings can be indexed to (111), (311), (511)
and (440) planes of cubic phase NiCo2S4which supports the XRD results [30].

Electrochemical analysis of NiC02S4 and rGO/NiCo02S4 at different molarities
The cyclic-voltammogram (CV) of all samples at 20mV/s of scan rate is depicted in Fig.5.7a.
The shapes of CV plots show the pseudocapacitive behaviour of the materials and also the
shape doesn’t changes even after the addition of rGO which implies the nanocompositing of
rGO doesn’t affect the energy storage mechanism of the metal sulphide material. The active
material-electrolyte ions interaction results in two evident redox peaks as [10]:
NiC02Ss + 20H" <«—> NiSxOH + C02S42xOH +2¢™............... (1)
C0254.2xOH + 20H" «—» 2C0S2x0 +2H,0+3e ...oieiinnnen, (2)
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Fig.5.6. (a-c) TEM images of GNCS3 (d) SAED pattern

The magnitude of area enclosed in the CV curve is GNCS3>NCS>GNCS2>GNCS4>GNCSL1.
The CV curve of GNCS3 (Fig.5.7a) exhibited the highest current density compared to other
samples, showing a substantially enhanced electrochemical capacitance because of the optimal
ratio of rGO to NiCo02Ss. The optimal concentration of NiCo02Ss utilised prevented the
aggregation of graphene layers during the restacking process, which contributed to the
enhancement of electrochemical performance. The NiCo02Ss nanoneedles were wedged-in
between the graphene layers while the nucleation of NiC0,S4 in the solution to form graphene
with very few layers while restacking. Electrochemical performance is improved as a result of
the creation of few-layer graphene due to its increased conductivity and surface area [31]. As

104



with GNCS4, excessive use of NiCo2S4 leads to agglomeration, which may raise electrode
resistance and decrease reaction Kinetics, resulting in decreased capacitance. In addition, the
over utilization of rGO may result in the same issue as in GNCS1 due to the aggregation of
graphene layers. Fig.5.7b depicts the CV plots of GNCS3 at various scanning rates. The area
of CV curve increased with increasing scan rates as expected.
The following equation describes how quantitative analysis is used to analyse the charge
storage kinetics of GNCS3 in further detail [32]:

i=ad? ..l 3)

log(i)=log(a)+b log(v9) ......... 4)
where, i=peak current (A), ¥9=scan rate (mV/s) and b=constant. From eq.(4), b is the slope of

the linear equation. The energy storage mechanism is surface controlled (capacitive process)
for b=1 and is diffusion controlled (pseudocapacitive process) for b:% . When % < b < 1,the

process is cumulative impact of capacitive and pseudocapacitive process. Fig.5.7¢ shows the
linear relationship of log(peak current) and log(scan rate). After linear fitting, the plot’s slope
is b=0.788, implying that the Kkinetics of charge storage is the cumulative effect of surface
controlled as well as diffusion controlled process. Trasatti method was employed to identify
the capacitance contribution due to Electron Double Layer (EDL) Capacitance and
Pseudocapacitive effect. The gravimetric capacitance was analysed for various scan rates using
the eq [33, 34]:

where, Cy= gravimetric capacitance(F/g), A=area under the CV curve, 9=scan rate(V/s) and

V=potential window(V). Assuming semi-infinite diffusion of ions (i.e., ions unrestrictedly

1
diffuse to electrode/electrolyte interface from bulk electrolyte), the relationship in C* vs 92

plot will be linear and the fitted line’s intercept will give the reciprocal of total capacitance

(Co).
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Fig.5.7. (a) CV curves of NCS, GNCS1, GNCS2, GNCS3 and GNCS4 at 20mV/s. (b) CV
curves of GNCS3 at different scan rates. (c) Relationship between log(peak current) and
log(scan rate). (d) Relationship between Specific capacitance and (scan rate)™. (e) Relationship
between (Specific capacitance)™ and scan rate. (f) CV of GNCS3 at 20mV/s (g) GCD curves
of GNCS3 at different current densities. (h) EIS curves of NCS, GNCS1, GNCS2, GNCS3 and
GNCS4.

The electrode's inherent resistance and deviation from semi-infinite ion diffusion resulted in
variation from the linear relationship of the data points collected at greater scan rates. During
linear fitting, these erroneous data points were suppressed. The relationship can be described

asin eq. [34]:

1

Cs~' = constant * 92 + C,71.... (6)
Whel'e, Ct = Cpseudo + CEDL"""' (7)

Under the same assumption of semi-infinite diffusion of ions, the plot between gravimetric

1
capacitance and 9 2 will also give a linear relationship and the y-intercept of the fitted line will
give EDL capacitance (Cgp;). So, from eq. (7),

Cpseudo = Ct - CEDL ............... (8)

The capacitance contribution can be found out by following eq:

Cepr% = 2L 4100% ............ 9)
t
Cpseudo% = "2 4 100%........(10)

From fig.5.7d, Crp,=955F/g is the contribution of EDL capacitance and from fig.5.7e, the
inverse of y-intercept gives the total capacitance, Ci=1622F/g. From eq. (8), Cpsenao =667F/g.
From eq. (9) and (10), Cgp, % = 58.88% and Cpseya0 % = 41.12% [Fig.5.71].

Fig.5.7g displays the GCD curve of GNCS3 at varied current densities. The below mentioned

equation was used for computation of specific capacitances from GCD curves:

Specific Capacitance, C; = ;'—AAtV Flg

where, [ = charge/discharge current (A), At = discharge time (S), m = mass of the active material
of the electrode (g), and V = potential window (V). The capacitance value of GNCS3 at current
densities 1A/g, 3A/g, 5A/g, 10A/g and 20A/g are 1640F/g, 1523F/g, 1475F/g, 1400F/g and

1305F/g respectively. As seen, at increasing current densities the specific capacitance drops
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progressively, which may be attributed to the iR drop and the inability of ions to permeate the
electrode surface for redox reactions at higher current densities [35].

The reaction kinetics of the electrodes were evaluated using Electrochemical Impedance
Spectroscopy (EIS). All EIS curves [Fig.5.7h] had a similar semi-circular shape and sloped line
shape. In the low frequency range, the slope of the line reflects the Warburg resistance caused
by ion diffusion from the electrolyte to the surface of the electrode. The most vertical line of
GNCS3 compared to other samples implies that GNCS3 showed a much faster ion transport
with lowest diffusion resistance, which are ideal behaviour for supercapacitors. This may be
owing to the sample's rGO layers' porous nature and large surface area, which facilitate the
easier penetration of ions into its surface. Additionally, the low bulk resistance and fast
response kinetics of GNCS3 are further suggested by the smaller diameter of the semicircle
and the lowest x-intercept at the beginning of the semicircle [36]. This is because of the highly
conductive nature of very few layer graphene nanosheets which acts as a conducting framework
for the fast transport of electrons [37]. These results suggest that GNCS3 has high charge-
transfer capacity, rapid redox reactions as well a better structural strength. The overall
electrochemical analysis implies that GNCS3 is an ideal material for supercapacitor

applications.

An asymmetric supercapacitor (ASC) was fabricated and its electrochemical performance was
evaluated for assessing the practical applications. The CV curves of GNCS3//AC ASC
(Fig.5.8a) are scanned from 1 to 100mV/s. The deviation of the CV curve from a rectangular
form and the existence of redox peaks indicates the pseudocapacitive nature of the device. Also,
the similar shape of the curve at varying scan rates implies the excellent fast-charge/discharge
behavior of the device. Fig.5.8b shows the GCD curve of GNCS3//AC ASC at various current
densities from 1A/g to 20A/g and showed best calculated specific capacitance of 135F/g at
1A/g. Similarly, specific capacitance of 120F/g, 116F/g, 108F/g and 100F/g was calculated for
current densities 3A/g, 5A/g, 10A/g and 20A/g respectively. The intrinsic resistance of the
electrode and incomplete faradaic redox reactions at greater current densities cause decrease in
specific capacitance with increasing current density [38]. The cycling stability of GNCS3//AC
ASC was studied by performing GCD at 10A/g for 5000 cycles. The device showed a
capacitance retention of 92.5% after 5000 cycles as illustrated in fig.5.8c. Also, the inset shows
first and last 10 GCD cycles and also first and 5000" GCD wave of stability test.
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The better cycling stability is due to the presence of few layer graphene and strong anchoring
of NiCo,S4 nanoneedles to rGO nanolayers which prevents the volume change of NiC02S4
during charge/discharge process [36, 39]. Even then, the decline in capacitance can be due to
the following reasons [37]: 1) The Ni-Co-S electrode may degrade into hydroxides or oxides
after many reactions with the alkaline electrolyte. 2) The delamination of the electrode material
from the substrate after continuous charge/discharge process. 3) The degradation in the
morphology of rGO/NiCo2Ss structure after rigorous cycling tests. To examine the charge
storage kinetics, EIS was conducted before and after stability test as shown in Fig.5.8d. The Rs
value before and after stability test were found after fitting to be 1.60€2 and 3.63€2 respectively.
Similarly, Rct before and after stability test was 2.60€2 and 5.17Q respectively. The significant
change after stability test in Rs and Rct values is due to the degradation caused after prolonged
use due to the above mentioned reasons. In addition, the increasing Rct value and slope
deviation in the low frequency area show that the device's conductivity and ionic diffusion
capabilities have decreased since the stability test [40]. The specific capacitance Vs. current
density plot (Fig.5.8e) demonstrates that the device exhibits excellent stability with 70.4%
specific capacitance even at 30A/g.

The energy density and power density are calculated using the egs:

Energy density, E; = %V)Z * i Whlkg

Power density, P, = i—; * 3600 W/Kkg

where, Cs is the specific capacitance and V is the potential window. Fig.5.8f shows the power
density Vs. Energy density plot of GNCS3//AC at different current densities. A maximum
energy density of 27Wh/kg at power density of 600W/kg was obtained at a current density of
1A/g.
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5.3. Confined growth of NiCo02S4 on 2D/2D porous carbon self-repairing g-CsN4/rGO

heterostructure for enhanced performance of asymmetric supercapacitors

Due to increase in population, dependency on fossil fuel has increased unprecedently that
eventually has led to huge negative impact on the environment. Need of the hour is to look for
alternate renewable sources of energy to meet the perpetual demands of human race [3, 41, 42].
In present scenario, the importance of green energy such as wind, solar, tidal energies along
with the devices to store such energies has tremendously escalated. Electrochemical capacitors
(Supercapacitors) can play a huge role in this context due to higher cycling life and power
density than batteries and fast charge/discharge rate [43]. However, the major hurdles in the
development of supercapacitor are low energy density, narrow potential window and low
conductivity of electrode materials [44]. And hence, creating new electrode materials with
enhanced electrochemical properties is crucial for supercapacitors.

In the past years, graphitic Carbon Nitride (g-CsN4) has garnered much focus of researchers
owing to their moderate bandgap, better chemical stability, interesting optical characteristics,
etc. for photo-catalytic applications [45]. However, there aren't many studies that evaluate g-
C3N4 (GCN) for use in energy storage applications. GCN has a structure resembling graphite
with stacked 2D layers consisting of sp2 hybridized C and N atoms forming n-conjugated
electronic structures [46]. Despite its high N content with C:N ratio of 3:4, the use of GCN in
supercapacitors is restricted owing to their small surface area and poor conductivity [47].
Nanocompositing with graphene is found to be successful in improving the conductivity and
electrochemical properties of GCN [48]. The abundant highly reactive region and defects in
GCN serves as a framework for crystal nucleation and growth [49]. Chen and colleagues
demonstrated that 3D-GCN functionalized graphene displayed a capacitance of 264F/g at
0.4A/g and excellent cycling stability [50]. Ding and co-workers reported a carbon self-
repairing g-CsN4 (CCN) via homogeneous substitution of C instead of N or by creation of new
interstitial C-N bonds. The CCN with extended n-conjugated layers formed porous framework
through cross-linking interactions with rGO layers. As a result, CCN@rGO electrode presented
a specific capacitance of 380F/g at 0.25A/g [48]. Later, Lin and co-workers report that the
peroxidation of GCN in HNOs trims down the larger planes into smaller segments thereby
increasing the edge nitrogen and oxygen functionalities. The GOOCN24 electrode material
thus developed exhibited 266F/g and 244F/g at acid and alkali electrolytes respectively at 1A/g
[51]. However, the energy density of GCN, graphene or their nanocomposites are low due to

the predominant EDLC charge storage mechanism of the materials.
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Recently, bimetallic sulfides receive much attention due to higher electrochemical activity than
that of their oxides [52]. Among them, NiCo02S4 has reported to be a material of exceptional
pseudocapacitive properties and high conductivity. Moreover, it has low bandgap and exhibit
fast Faradaic redox reactions due to multiple valance transitions [53]. In this direction NiC02S4
honeycomb/NiCo.S4 core-shell structure are found to have excellent areal capacitance of
17.56F/cm? at 5mA/cm? exhibiting 3 times greater areal capacitance than that without core-
shell structure [54]. Ouyang and co-workers synthesised a porous NiCo02S4 nanosheets which
showed a specific capacity of 1354C/g at 1A/g and excellent cycling stability of 82.5% at 10000
cycles [55]. The NiCo2S4nanowires grown on carbon cloth with excellent areal capacitance of
1567mA/cm? at ImA/cm? [56]. Mesoporous NiCo,Ss was reported by Zhu and co-workers
which showed an remarkably high specific capacitance of 1440F/g at 3A/g with exceptional
cycling stability [30]. However, direct application of NiCo2Ss are limited due to its lower
electrochemical stability and power density [57]. To enhance the energy storage performances,
hybrid electrode materials are developed by collaborating EDLC and pseudocapacitive
materials to potentially explore the synergy between the components, which can deliver higher
energy and power output with better stability [58]. Therefore, based on the foregoing, it is
envisaged that the hybridization of NiCo02Ss with graphene and g-C3N4 will yield active
nanomaterials having superior electrochemical characteristics for supercapacitors.

Here, we report a novel design and synthesis for confined growth of NiCo2S4 on porous carbon
self-repairing g-C3Na/rGO heterostructure via a simple hydrothermal technique. The
introduction of few layers graphene in the heterostructure increases the conductivity and
surface area. The improved electronic conductivity and activity of carbon self-repairing g-C3Na
(CCN) than g-C3Ns is because of the creation of an extended delocalized n-electron by the
substitutional or interstitial C atoms in the structure. Additionally, as a result of acid treatment,
the larger planes of CCN are broken down into smaller segments, resulting in an increase in
the edge nitrogen and oxygen functional groups. The incorporation of porous CCN resulted in
a powerful electrostatic interaction with both GO and CCN, which assisted in the prevention
of the aggregation of graphene sheets. The formation of porous carbon self-repairing g-
C3Na4/rGO heterostructure acted as a framework and backbone for the electron conduction and
confined growth of NiCo2S4 within the framework. The hybrid material that was so synthesised
showed good electrochemical characteristics in alkaline electrolytes, demonstrating that it is
an attractive electrode material for supercapacitor applications.
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Experimental section

Materials required

Graphite flakes, Sulfuric acid (98%), Nitric Acid (70%), Potassium Permanganate, Hydrogen
Peroxide (30%), Hydrochloric acid (30%), Nickel nitrate hexahydrate, Cobalt nitrate
hexahydrate, Urea, Na>S, Melamine, Ethanol were bought from Merck and Sigma-Aldrich. All

chemicals were of analytical grade and were utilised as delivered.

Synthesis of porous carbon self-repairing g-CsNa

1.5g of Melamine was mixed with 40ml of ethanol and kept in an autoclave at 180°C for 24h.
The resultant mixture was filtered and dried. The dried sample was kept in a muffle furnace at
540°C for 4h with a heating rate of 5°C/min to get carbon self-repairing g-CsN4 (CCN). 100mg
of CCN was mixed with 2ml of HCI (37%) and stirred for 3h. It was then filtered and washed
until neutral pH. The filtrate was dispersed in 50ml of 2-Proponol: DI water (1:1) and kept
under ultrasonication for 2h. The solution was centrifuged to remove larger particles and dried
in an oven at 60°C overnight to get porous carbon self-repairing g-CsN4 (pCCN). The bulk g-
C3N4 (GCN) was produced by thermal treatment of Melamine in a muffle furnace at 540°C for

4h with a heating rate of 5°C/min.

Synthesis of porous carbon self-repairing g-CsN4/rGO@NiC02S4

GO was synthesized by a procedure earlier reported by us [8]. In the synthesis process, 15mg
of GO was mixed with 40ml DI water through sonication. 5mg of pCCN was introduced into
the solution and sonicated further for 30min. Further, 6mM Ni(NO3z)2:6H20, 12mM
Co(NO3)2:6H20 and 60mM urea was then added while sonication. Then the solution was
shifted to a Teflon lined autoclave and placed at 120°C for 10h. The resultant mixture was
filtered and washed several times and redispersed into 40ml DI water under sonication. After
the addition of 650mg NaS, the solution was further sonicated. Then the solution was shifted
into a Teflon lined autoclave at 180°C for 8h. The solution was then filtered and washed until
neutral pH and dried in an oven at 60°C overnight to get porous carbon self-repairing g-
C3Na/rGO@NiCo2S4 (pCRNCS). Carbon self-repairing g-CsNa/rGO@NiCo02S4 (CRNCS) was
synthesized by the same procedure except for the addition of CCN instead of pCCN,
rGO@NIiCo0,S4 (RNCS) by excluding pCCN and NiCo2Ss (NCS) by excluding both GO and
pCCN.
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Material Characterization

Powder X-ray diffraction (XRD) were conducted employing Bruker AXS D8FOCUS (Cu-Ka
radiation, k = 1.540598 A, 30 kV, 15 mA, scan rate of 1°/min). Raman spectra were obtained
using Renishaw basis series with 514 lasers. Scanning Electron Microscopy (SEM) imaging
was performed in JEOL JSM 6390LV. Transmission Electron Microscopic (TEM) analysis
was performed in TECNAI G2 20 S-TWIN (200 kV) to investigate the morphology.

Results and discussions
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Fig.5.9. Schematic diagram for the synthesis of porous carbon self-repairing
g-CaN4/rGO@NiCo2S4 nanocomposite

A novel porous carbon self-repairing g-CsN4/rGO@NiCo0.S4 nanocomposite was synthesised
by a simple two step hydrothermal procedure (Fig.5.9). Ultrasonication method was initially
used to form a homogeneous GO solution. The ionisation of carboxylic, phenolic, and hydroxyl
groups on edges and surfaces of GO resulted in the GO sheets being strongly negatively
charged when dispersed in water [59]. The initial solvothermal process aided in the
introduction of substitutional C atoms in the structure that improved the electronic conductivity
of the material due to the extended delocalised m-electrons [48]. As a result of the acid
treatment, the larger planes of CCN are broken down into smaller segments, increasing the
edge nitrogen and oxygen functional groups [60, 61]. The protonation of CCN lowered the
electron cloud density between the interlayer of C and N atoms, which resulted in a decrease
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in the interlayer's Van der Waals force, to form few layer CCN [60]. As a result, the ultrasonic
exfoliation of the bulk CCN to a few-layer porous CCN was simple. The introduction of porous
CCN led to the strong electrostatic interaction with GO and CCN which aided in the
suppression of agglomeration of graphene sheets [62]. Further the high nitrogen content and
increased active sites in CCN further helped in the nucleation and growth of metal ions [47].
During the addition of Ni?* and Co?" ions, the positively charged metal ions are equally
attracted by the GO sheets and porous CCN sheets which effectively reduces the self-
agglomeration of NiCo2S4 and also aids in the self-assembly of all components in the
heterostructure [63, 64].

Fig.5.10a shows the FTIR spectrum of the synthesised hanocomposites. The characteristic peak
at around 3400 cm is attributed to the N-H and -OH groups in the samples. In the FTIR spectra
of GCN, CCN and pCCN, the absorption peaks locate at 1242, 1319, 1408, 1568 and 1639 cm"
Lare attributed to the typical stretching modes of aromatic C—N heterocycles (trigonal(N—(C)3)
(full condensation) and bridging C—NH—C units (partial condensation)) [62]. From the FTIR
spectra of RNCS and pCRNCS the peaks position at 564, 628 (symmetrical stretch) and 1092
cm (asymmetrical stretch) could be attributed to the Ni—S or Co-S vibrations of NiC02S4[45].
For the pCRNCS sample, all the characteristic peaks of NiC02S4 and carbon self-repairing g-
C3Ns indicating the successful formation of porous carbon self-repairing g-
C3N4/rGO@NiCo2S4 nanocomposite.

XRD analysis was done to examine the crystalline phase structure of the synthesised samples.
From fig.5.10b, the XRD pattern of g-CsN4 (GCN) presented a predominant peak at 27.05°
corresponding to (002) stacking of the conjugated aromatic system and a weak peak at 13°
indexed to (100) attributes to the in-plane structural packing motif of the tri-s-triazine units
[65] (JCPDS Card No. 87-1526). After C-repair, the peak at 13° of bulk g-CsN4 widened for
CCN due to the interstitial-C atoms bonding with two edge N atoms in the in-plane hollow
space [48, 66]. Further, the (002) diffraction peak of carbon self-repairing g-CsN4 moved
slightly to a greater 260 value of 27.45°. This should be the result of the crystal lattice distortion
following the incorporation of interstitial/substitutional carbon atoms into the g-C3Njs structure
as demonstrated by earlier investigations [45, 48, 65], confirming the successful creation of
carbon self-repairing g-CsN4. In addition, this shows a slightly smaller interlayer spacing,
which is caused by the 2D g-C3N4 sheets being forcedly n-stacked as a result of the extended
and complete n-electron system [45]. After the protonation and exfoliation of bulk carbon self-
repairing g-CsNa the intensity of (002) peak of pCCN was decreased significantly confirming
the formation of few layer CCN [67]. From fig.5.10c, peaks at 26 values of 16.2°, 26.6°, 31.4°,
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Fig.5.10 (a) FTIR spectra of of GCN, CCN, pCCN, RNCS and pCRNCS (b) XRD spectra
of GCN, CCN and pCCN. (c) XRD spectra of GO, NCS, RNCS and pCRNCS. (d) Raman
spectra of GO, RNCS, pCRNCS

38.1°, 50.32° and 55.16° corresponds to the (111), (220), (311), (400), (511) and (440)
reflections of cubic phase NiC02Ss (JCPDS 20-0782) respectively. For pPCRNCS sample, all
the peaks corresponding to NiCo2Ss was present and the absence of peak at 9.9° confirms the
complete reduction of GO. The broadening of peak corresponding to (002) plane is because of
the existence of both pCCN and rGO nanosheets which confirms that the basic structure of
both the 2D materials remained unchanged even after the hybridisation process. The additional
peaks found at 29.7° of NCS sample is due to the formation of CeSg which was not expected
(JCPDS 65-6801). The absence of any additional impurity peaks in pCRNCS sample
demonstrates that pure NiCo02Ss phase was produced. In addition, the weak and broad
diffraction peaks of the nanocomposites indicate that low crystallinity was achieved, that is

advantageous for the enhancement of electrochemical properties of materials.
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Raman spectroscopy was carried out to analyze the disorder and defects in the graphitic
structure of the samples. Fig.5.10d displays the Raman spectra of GO, RNCS and pCRNCS
samples. The Raman spectra of all the samples shows two characteristics peaks which
corresponds to the well-defined D and G bands. The G band, centred at 1590cm™ of pCRNCS
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Fig.5.11 (a) I-V plots of GCN, CCN. pCCN (b) N2 adsorption-desorption isotherm of
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sample, typically results from the E2g phonon of C sp2 atoms, which corresponds to stretching
vibrations in the basal plane of graphene. The D band, at approximately 1365cm™, derives from
a breathing k-point phonon with Alg symmetry corresponding to the structural deformity and
disorders [19, 68]. The broadened D band is the result of overlapping peaks of C-N vibration
at 1285 cm™ [69], the mode of C=N at 1400 cm™, and the D mode of graphene [70]. Similarly,
broadening of G band is the result of overlap between the G bands of g-CsN4 and graphene.
The shifting closer of D and G bands are attributed to the n-m conjugation of graphene and
pCCN layers during restacking process and also the blue shift in G band suggests the formation
of few layer heterostructures [71]. The characteristic peak at 680cm™ is associated with the
vibration of s-triazine rings (C3N3) within the g-C3Na4 phase [72]. The intensity ratio D to G
band (Io/lg) implies the structural defects and disorders in the graphitic structures [21]. The
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In/le value increased from 0.84 for GO to 0.94 for RNCS and further elevated to 1.04 for
pPCRNCS sample, indicating enhanced disorder following the reduction procedure and the
existence of more tiny, isolated sp2 graphene domains and g-C3N4 domains in pPCRNCS sample
[22].

As expected, the 1-V graphs (Fig.5.11a) confirmed that the slope of pCCN and CCN was
greater than that of GCN, indicating that pPCCN and CCN has a higher conductivity than GCN
according to Ohm's law [48]. This confirms the creation of extended delocalized n-electron by
the substitutional or interstitial C atoms in the structure which contributed to the enhanced

electrical conductivity of CCN and pCCN samples.

The BET analysis was performed to study the surface area and pore size distribution for GCN,
CCN, pCCN and pCRNCS samples. The N2 adsorption-desorption isotherm (Fig.5.11b) of all
the samples shows a typical type IV isotherm characteristic with H3 hysteresis loop, indicating
the existence of mesoporous structure [73]. Using the Brunauer—Emmett—Teller (BET)
method, the specific surface area (SSA) of GCN, CCN, pCCN and pCRNCS are found to be
23.4, 64.08, 132.19 and 268.08 m?/g respectively. The high SSA of pCCN confirms the
formation of few layers CCN after the acid treatment which is in agreement with the XRD
results. The high surface area of pPCRNCS is due to the successful formation of pCCN/rGO
heterostructure in which porous pCCN is stacked alternatively in between graphene
nanosheets. The formation of heterostructure reduces the agglomeration of individual
constituents thereby giving high surface area. From the pore size distribution graph (Fig.5.12),
the mesoporous nature of the samples is confirmed with the presence of mesopores at around
3.41-29.25 nm for all samples. Few macropores can also be observed. The pCCN sample
showed high pore volume of 0.45 cc/g in comparison with CCN (0.21 cc/g) and GCN (0.12
cc/g) which shows the porous nature of pPCCN. The pCRNCS sample showed high pore volume
of 0.76 cc/g. The porous structure with high pore volume of pPCRNCS provide more active sites
for electrochemical reactions and boosts the supercapacitor performance of the material [74].

The TEM images were acquired to analyse the morphology of pPCRNCS sample in Fig.5.13.
The morphology reveals atomic thin rGO nanosheets with good transparency and clear
wrinkles and folds. The transparent rGO sheets obtained suggests that rGO formed are mostly
of single or few layers of graphene. The porous CCN nanosheets and rGO layers are also
observed with clear lattice fringes with an interplanar distance of 0.33nm and 0.36nm

respectively (Fig.5.13c), which is consistent with previously reported literatures [21, 61]. The
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Fig.5.13 (a-b) TEM and (c) HRTEM images of pPCRNCS sample (d) SAED pattern of
PCRNCS sample (e) EDS mapping of pPCRNCS sample

multiple overlapped layers of pCCN and rGO suggests that porous CCN nanosheets are well
embedded into the rGO layers. Pure CCN after acid pre-treatment, produced exfoliated pCCN
exhibiting thin layer structure and no discernible CCN bulk domains. The well dispersed pCCN
in water further incorporated the 2D structures of pCCN with GO forming a more compact
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2D/2D sheet-on-sheet structure. The NiC02S4 grown over 2D/2D pCCN/rGO heterostructure
are also seen (Fig.5.13b). Furthermore, the TEM images clearly show the tight contact and
interface between NiCo0.S4, rGO, and g-CsN4 forming a coherent and distinguished
heterojunction nanostructure [75]. The broad contact interface and high electron mobility of
rGO make possible a strong charge flow and a rapid charge transfer. The SAED pattern
(Fig.5.13d) confirms the polycrystalline nature of the sample, and the diffraction rings can be
indexed to (220), (311), (400), (511) and (440) planes of cubic phase NiCo02Ss which is in
agreement with XRD results. The weak and diffuse ring corresponds to (002) plane of pCCN
and rGO seen in the SAED pattern is consistent with several investigations [61, 76-78]. The
EDS mapping shown in Fig.5.13e indicates a uniform distribution of Ni, Co, S, N and C,
confirming the successful formation of carbon self-repairing g-CsNa/rGO@NIiC02S4

nanocomposite.

Spectrum 1

Element \Weight% Atomic%
CK 14.31 24.08

N K 6.43 9.27
OK 38.26  48.33
SK 14.74 9.29
CoK 1730 5.93
NiK 896 3.09
Totals |100.00

Full Scale 848 cts Cursor: 0.000 kel

Fig. 5.14. EDS spectrum and elemental composition of pPCRNCS sample

EDS spectrum and elemental composition of pPCRNCS sample is shown in Fig.5.14. The EDS
spectrum of pCRNCS shows almost double the nitrogen content than that of RNCS (Fig.5.4).
Also, it showed the highest oxygen content in comparison to other samples. This is attributed
to the high nitrogen and oxygen content due to the introduction of pCCN into the

nanocomposite.

Electrochemical performance analysis

The electrochemical performance analysis of all the samples in alkaline electrolyte media.
Fig.5.15a describes the cyclic-voltammogram of all samples at a scan rate of 20mV/s. The
shape of CV of all samples remained the same even after the addition of rGO and pCCN. The
rGO aided in the improvement of electrochemical surface area and pCCN enhanced the active
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Fig.5.15 (a) CV curves of NCS, RNCS, CRNCS and pCRNCS at 20mV/s. (b) CV curves of
PCRNCS at different scan rates. (c) Relationship between log(peak current) and log(scan rate).
(d) Relationship between Specific capacitance and (scan rate)™. (e) Relationship between
(Specific capacitance)?® and scan rate. (f) CV of pCRNCS at 50mV/s (g) GCD curves of
PCRNCS at different current densities. (h) EIS curves of NCS, RNCS, CRNCS and pCRNCS.

edge nitrogen and oxygen functional groups. The charge storage mechanism of rGO and pCCN
are predominantly EDLC and hence the shape of CV of the samples remains the same even
after the addition of rGO and pCCN. The redox peaks are clearly visible in the CV of all
samples due to the Faradaic redox activity effectively occurred in the electrode by Ni?*/Ni**,
Co?*/Co%*, and Co**/Co™ ionic conversion processes.

The corresponding redox processes are represented as [79]:

NiC02Ss + 20H + H,O <—> NiSOH + CoSOH + 2¢ ......... 1)
NiSOH + OH" «—> NISO+HoO + € eiuiniinininennieinnninnnn 2
CoSOH + OH «—>» COoSO+H20+ € .ivieiieiinrennecnecncnnnns (3)

The magnitude of area bounded by the CV curve is in the order NCS<RNCS<CRNCS
<pCRNCS. The pCRNCS electrode showed highest CV area and current density in comparison
with other samples. This is due to the improved electrochemical performance by the combined
effect of high surface area rGO and extended highly reactive region and defects in pCCN which
facilitated the nucleation and confined growth of NiCo02S4 in the framework. Also, the improved
electronic conductivity and activity of CCN than GCN due to the formation of extended
delocalized m-electron by the substitutional or interstitial C atoms in the structure enhanced the
specific capacitance [48]. On the other hand, surface charge modification of CCN by acid
treatment helped in the formation of a well-defined rGO/pCCN heterostructure by n-n
interaction with large surface area and porosity [61]. Further, the optimum use of both EDLC
and pseudocapacitive materials prevented the agglomeration of particles as pCCN layers
embedded well in between graphene nanosheets and the confined growth of NiC02S4 in
between layers to form very few layered nanocomposite while restacking process [21].

Fig.5.15b shows the CV of pCRNCS at various scan rates from 1mV/s to 100mV/s. All the CV
curve retained their shapes while the position of redox peaks shift slightly as the scan rate is
increased. This suggests the enlarged electrode polarisation and fast reaction kinetics of the
electrode material [80, 81]. Concentration polarisation, charge transfer polarisation, and other

polarisation effects predominate at faster scan rates, increasing the overpotential and
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preventing the faradaic processes from occurring, resulting in an increase in peak separation.
For further analysis, the scan rate and current density of the material was plotted, as in
Fig.5.15c. In general, the peak current (ip) in CV curves follows a power-law as the scan rate
changes, as given by the equation:

log(ip)=log(a)+b log(¥) ......... (5)

where, the co-efficients ‘a’ and ‘b’ are constants, ip=peak current (A) and 9=scan rate (mV/s).
From eq.(5), ‘b’ is slope of log(ip) vs. log(9) plot. The energy storage mechanism is surface
controlled (EDLC process) when b=1, diffusion controlled (pseudocapacitive process) when
b=0.5 and combined effect of EDLC and pseudocapacitive when 0.5<b<1. Thus, for a
supercapacitor the ideal value of b should be ~1 and for battery material b should be ~0.5. So,
the electrode material can be distinguished using the charge storage mechanism. Fig.5.15¢
shows the linear plot of log(ip) vs. log(9) with a slope, b=0.768 which implies that the energy
storage process in pPCRNCS is determined by the combined effect of both EDLC and
pseudocapacitive processes. The drop in b value between pCRNCS and RNCS (Fig.5.7c¢) is
attributable to the higher pseudocapacitive contribution by the participation of edge nitrogen
atoms of pCCN nanosheets which proves the successful integration of pCCN into the
heterostructure.

Trasatti method was employed to further differentiate the capacitance contribution by charge
storage mechanism in the material. The specific capacitance was computed using the eq [33,
34]:

The Clvs 19% plot will reveal a linear connection with the assumption of semi-infinite diffusion
of ions (i.e., freely diffuse to the electrode/electrolyte interface from bulk electrolyte), and the
intercept of the fitted line will reveal the reciprocal of total capacitance (C;). Due to the
electrode's inherent resistance and departure from semi-infinite ion diffusion (Fig.5.15e), the
data points acquired at larger scan rates departed from the linear relationship and the
corresponding data points were ignored during the linear fitting process. The relationship can
be described as in eq [34]:

1
C,~! = constant x 92+ C, ... (7)

Whel’e, Ct = Cpseudo + CEDL(S)
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1
The plot between gravimetric capacitance (C,) and 9 2 will also show a linear connection with
the same assumption of semi-infinite ion diffusion, and the y-intercept of the fitted line will

show EDL capacitance (Cgp.). So, from eq.(8),

Cpseudo = Ct - CEDL ............... (9)
The capacitance contribution can be found out by following eq:
CepL% = "5 100% ........... (10)
t

Coseudo% = L2292 £ 100%.........(11)

t

From fig.5.15d, Cgp;,=1188F/qg is the contribution of EDL capacitance and from fig.5.15e, the
inverse of y-intercept gives the total capacitance, Ci=2366 F/g. From eq.(9), Cpseudo =
1178F/g. From eq.(10) and (11), Cgp;,% = 50.21% and Cpseyq0 % = 49.79% [Fig.5.15f]. This
suggests that the energy storage process in pPCRNCS sample is caused by the combined effect
of both surface controlled and diffusion controlled processes. After Trasatti analysis, the higher
pseudocapacitive contribution in pCRNCS sample than that in the case of RNCS is in
agreement with the power plot analysis. The reason could be the higher Nitrogen content in the
pCCN that takes part in the electrochemical reactions. The hierarchical porous rGO/pCCN
heterostructure with uniformly grown redox NiCo,S4 gives rise to improved specific capacity
and exceptional rate performances by increasing the electrochemical active sites available for
the adsorption of electrolyte ions and quick Faradaic pseudocapacitance processes [82].
Fig.5.15¢ displays the GCD curve of pCRNCS at various current densities. The fact that all of
the GCD plots are non-linear and that the associated voltage plateaus are almost identical to
those on the CV curve, which is evidence of the pseudocapacitive nature of the nanocomposite.
To compute the specific capacitances using GCD curves, the following equation was used:
Specific Capacitance, C; = Y:L'_—AAtV Flg....... (11)

where, | = discharge current (A), At = discharge time (s), m = mass of the electroactive material
(9), and V = potential window (V). According to the GCD curve, pPCRNCS sample presented
an outstanding specific capacitance of 1938F/g at a current density of 2A/g, that is remarkably
high in comparison to electrodes based on metal oxides or metal sulphides which have been
reported earlier [Table.5.2]. The specific capacitances calculated are 1850F/g, 1742F/g,
1655F/g and 1548F/g at current densities 3A/g, 5A/g, 10A/g and 20A/g. Even though specific
capacitance reduces with increase in current density, the material displayed a specific

capacitance of 1548F/g at 20A/g indicating exceptional rate capability.
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The reaction kinetics of the electrodes were studied by performing Electrochemical Impedance
Spectroscopy (EIS). The Nyquist plot [Fig.5.15h] of all the samples have the same shape,
which is a semicircle with a sloped line. The x-intercept in the beginning of the semicircle
defines the Equivalent series resistance (Rs) of the nanocomposite and the diameter of semi-
circle shows the charge transfer resistance (Rct). The ESR comprises the contact resistance at
the boundary of electrolyte and electrode, the intrinsic resistances of the electrode active
material, and the bulk resistance of the electrolyte [83]. The slope in the low frequency zone
of the plot defines Warburg resistance that occurs as a result of the diffusion of ions from
electrolyte into the electrode. When compared to other materials, the pCRNCS material
displayed the steepest slope, which indicates that ions move through it more quickly with less
diffusion resistance. Similarly, Rs and Rt of pPCRNCS material was much smaller than other
materials suggesting lower charge transfer resistance and bulk resistance. This is because
pCCN-NSs have a high nitrogen content on their surface, which makes it easier for electrolyte
ions to be adsorbed and increases the hydrophilicity of composite material, resulting in
improved wettability and rapid movement of electrolyte ions within the electrode material. The
greater water solubility of pCCN prevents polymeric material from aggregating on graphene
oxide layers, as more channels are accessible for ion transport inside the pPCRNCS sample. As
a result, huge polymeric chunks that previously restricted ion movement in CRNCS sample are
removed due to acid treatment.

The enhanced electrochemical properties of pPCRNCS material are because of the unique
interlinked hierarchical structure of the composite in which porous CCN was well embedded
into rGO nanosheets and the uniform growth of NiCo0,Ss over the heterostructure. The
substitutional-carbon crosslinking led to the formation of extending delocalized m-electrons via
activation of inert g-CsNs and acid treatment of CCN resulted in improved electron
conductivity of pPCRNCS material by fracturing the polymeric structures and inducing higher
contents of edge N and O doping of the nanocomposite. The intense crosslinking among rGO
and porous C-C3Nsa, resulting from the extended m-conjugated planar layers of C-C3N4 and a
greater surface area aided in the formation a highly porous heterostructure. The confined
growth of NiCo02S4 over rGO/pCCN heterostructure provides better diffusion pathways for
electrolyte ions and ion-buffering reservoirs while charge and discharge as well as multiple
oxidation states for the Faradaic redox processes.

An asymmetric supercapacitor (ASC) was developed to study the practical applications of the
synthesised pCRNCS sample. The ASC was fabricated using pCRNCS as the anode electrode

and activated carbon (AC) as the cathode material in a 3M KOH electrolyte. The mass loading
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of the electrodes was done according to the mass balancing equation (Eq. (1)). Fig.5.16a
presents the CV of as fabricated pPCRNCS//AC ASC at different scan rates from 1 to 200mV/s.
All the CV curves retained the same shape even at 100mV/s suggesting the exceptional
electrochemical stability of the device. The representative GCD curves [Fig.5.16b] of the ASC
at various current densities from 1 to 30A/g. The specific capacitance was computed according
to eq(11). The pPCRNCS//AC ASC showed excellent specific capacitance of 211F/g at 1A/g.
Also, the specific capacitance was calculated to be 200F/g, 187F/, 183F/g, 180F/g, 172F/g and
165F/g at current densities of 2A/g, 5A/g, 7A/g, 10A/g, 20A/g and 30A/g respectively. The
lower capacitance value at higher current densities primarily corresponds to the Ohmic drop
(ESR), which makes a significant contribution, and the sluggish electrochemical reaction
kinetics at such higher current densities. Most of the as-prepared materials cannot effectively
engage in electrochemical activities at greater current densities, contributing to poor
capacitance values. The cycling stability of pPCRNCS//AC ASC was analysed for 6000 cycles
at 20A/g. The device exhibited an outstanding cycling stability of 93.6% after 6000 cycles
[Fig.5.16¢]. The inset shows 1% and 6000™" GCD cycle of the cycling stability test. Fast redox
reactions result in composition destruction due to irreversible chemical reactions, and the
intercalation/deintercalation of electrolyte ions during charge-discharge cycles to balance the
total charge will also inflict mechanical stress on the physical structure of the electrode
material. Hence, repeated charge-discharge cycles will undoubtedly result in mechanical and
electrical defects that lower initial performance attributed to the reduction of active material
mass. The better cycling stability of the device is because of the shielding effect by rGO/pCCN
heterostructure on NiC02S4 from shrinking and swelling during fast charge/discharge process.
EIS analysis [Fig.5.16d] was done to investigate the charge storage kinetics of the device before
and after the cycling test. The Rs value before and after stability test were found after fitting to
be 0.6Q2 and 1.27Q respectively. Similarly, Rt before and after stability test was 0.96Q and
3.8Q respectively. The substantial increase in Rs and Rct readings following the stability test
is attributable to the degradation that results from repeated use for the reasons previously
described. The delamination of electrode materials from the substrate also contribute to the
diminishing of the specific capacitance [84]. The device showed excellent retention [Fig.5.16¢]
of 78.2% even at a high current density of 30A/g.

The energy density and power density are calculated using the egs:

Energy density, E; = %V)Z * i Wh/kg
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Power density, P, = == * 3600 W/kg

where, Cs is the specific capacitance and V is the potential window. Fig.5.16f shows the
Ragone plot derived from the GCD curves. The ASC device presented an exceptional energy
density of 66Wh/kg at a power density of 751W/kg. It was discovered that the energy density
of the ASC used in this work were superior to those of several comparable ASCs [30, 85-90].

The high energy density is attributed to the large cell voltage and high specific capacitance of

the device.

Specific Power Energy
Sample Capacitance of | Density Density

electrode (F/g) | (W/kg) (Wh/kg)
3D CusS /rGO [85] 37.2 (10A/g) 681 16.7
CMT/NiC0,54 [86] 1210 (05A/g) | 753 28.1
carbon-coated spherical NiCo2S4 [87] 949 (1A/g) 799 43.8
Mesoporous NiC02S4[30] 1440 (3A/g) 245 28.3
rGO/NiC0,S4[89] 1059 (2A/g) 400 38.8
NiC02S4 NSs/P-g-C3N4 [88] 506 (1A/Q) 200 16.7
honeycomb-like NiC0,S4/rGO [90] 1186 (1A/g) 400 46.4
porous carbon self-repairing g- 1938 (2A/g) 751 66
CsNa/rGO/NiCo02S4 [Present work]

Table.5.2. Electrochemical performance comparison of various previously reported metal

sulphide based composite materials
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5.4 Conclusion

In summary, a novel hierarchical porous N, S doped NiC0,S4/rGO hybrid nanocomposite was
synthesized by in-situ growth of NiCo2S4into porous rGO framework by a simple hydrothermal
route. The optimum amount of materials were identified by synthesising samples at different
ratios and evaluating its electrochemical performances. The optimum use of materials showed
improved nucleation and confine growth of NiC0.S4 into the rGO nanosheets. Also, the
wedging-in of NiCo,S4 nanoneedles into the graphene layers prevented the aggregation of
graphene layers while restacking, providing better conductivity and high surface area due to
formation of very few layer graphene nanosheets. The N,S dual doping further enhanced the
electrochemical activity by introducing defects in the crystal structure by replacing the lattice
C atoms thereby rendering the graphene structure more disordered. The GNCS3 sample
showed exceptional electrochemical properties with a specific capacitance of 1640F/g at 1A/g
current density. These results evidently suggests the potential use of GNCS3 as an excellent
supercapacitor material. The all-solid-state GNCS3//AC ASC fabricated showed outstanding
electrochemical activity with a specific capacitance of 135F/g at 1A/g, excellent capacitance
retention of 92.5% after 5000 cycles and highest energy density of 27Wh/kg at an power
density of 600W/kg.

A facile hydrothermal procedure was proposed for the confined growth of NiCo2S4 on porous
carbon self-repairing g-CaN4/rGO heterostructure as hybrid material for supercapacitor
electrodes. The formation of 2D/2D porous carbon self-repairing g- C3N4/rGO heterostructure
acted as a framework and backbone for the electron conduction and confined growth of
NiCo02S4 within the framework. The as-synthesised pCRNCS electrode presented exceptional
specific capacitance (1938F/g at current density of 2A/g). The excellent electrochemical
activity is due to the 2D/2D heterostructure assembly of high surface area rGO and extended
highly reactive region and defects in pCCN which facilitated the nucleation and confined
growth of NiCo02Ss in the framework. The constructed pCRNCS//AC ASC exhibited
remarkable electrochemical properties, including a specific capacitance of 211F/g at 1A/g, an
exceptional capacitance retention of 93.6% after 6000 cycles, and the maximum energy density
of 66Wh/kg at a power density of 751W/kg. The exceptional capacitive behaviour of porous
carbon self-repairing g-CaN4/rGO@NiCo02S4 makes it the best choice as electrode material for

supercapacitors.
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