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ABSTRACT

This study addresses the facile synthesis of magnesium oxide/graphitic carbon nitride/Polpyrrole (MGP) com-
posites by varying the concentration of magnesium oxide. These composites were synthesized via calcination
route followed by in-situ polymerization reaction thus naming the composites as MGP0.5, MGP1, MGP2 and
MGP3. The structural analysis of composites is done through X-ray diffraction (XRD), Fourier Transform Infrared
Spectroscopy (FTIR) and Raman spectroscopy while the morphology is analyzed through Field Emission Scan-
ning Electron Microscopy (FESEM) and supported by Transmission Electron Microscopy (TEM). The MGP2
composite, assessed through multi-point BET theory, exhibits a specific surface area of 109.45 m? g~!, surpassing
that of its precursor materials. This enhanced surface area facilitates a greater number of active sites for the
adsorption-desorption of ions. The assessment of electrochemical properties is done through cyclic voltammetry
(CV), galvanostatic charge discharge (GCD) and electrochemical impedance spectroscopy (EIS) in three-electrode
setup in 1 M H,S0,4 which delivers a specific capacitance of 1132.12 F g~ at 5 mV s~ ! for MGP2 composite. The
practical applicability of the electrode material was examined by fabricating an asymmetric supercapacitor
device which delivers an energy density of 9.25 W h kg™! at a power density of 302.72 W kg *. The super-
capacitor device exhibited 94.03 % capacitance retention after 10,000 cycles demonstrating its potential to be

used as a future supercapacitor applications.

1. Introduction

With increasing human population, energy demand is increasing
leading to the increased consumption of fossil fuels which is directly
linked to the problems like global warming and climate change [1].
These challenges can be mitigated through the substitution of fossil fuels
with sustainable energy sources, including wind power, solar radiation
harnessing, and geothermal heat extraction. But the generation of en-
ergy from these sources is highly dependent on geographical and envi-
ronmental factors so development of efficient energy storage devices is
essential for the exploitation of these sources [2,3]. In recent years,
supercapacitors (SCs) have garnered significant attention because of
their quick charging-discharging process, high power density and
environment friendliness [4,5]. However, the energy density of SCs
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imposes constraints on their applicability in commercial applications
[6-8]. Supercapacitors exhibit elevated energy density in comparison to
electrolytic capacitors and boast higher power density relative to bat-
teries, effectively serving as a transitional link between electrolytic ca-
pacitors and batteries. But their charge storage mechanism resembles
more with batteries than electrolytic capacitors [9,10].

The fundamental constituents of a SC are electrode material, an
electrolyte, a separator and a current collector. The evaluation of its
efficacy entails quantifying its energy density, a pivotal metric for
assessing the storage capacity of electrical energy per unit mass [11].
Energy density of SC directly depends on its capacitance and exhibits a
proportionality to the square of applied voltage. Therefore, elevating the
specific capacitance of an SC can lead to an increase in its energy den-
sity, a factor that is predominantly influenced by the selection of the
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Fig. 1. Schematic illustration of the synthesis process of (a) g-C3N4 (b) MGP composites (c) Schematic of synthesis in structural form.
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Fig. 2. XRD pattern of (a) MgO (b) g-C3N4, PPy (c) MGP composites (d) FTIR spectra of MgO, g-C3sN,4, PPy and MGP composites (e) FTIR spectra of MGP3 (f)

Variation of weight percentage with temperature for MGP2 composite.

electrode material [12,13]. Conductive polymers exhibit high values of
specific capacitance because of the involvement of fast faradic reactions
but their low cyclic stability curb their use. Dubal et al. fabricated PPy
nanosheets and obtained a specific capacitance of 586 F g~! at 2 mV s~!
in 0.5 M H3SO4 [14]. Zhu et al. synthesized Polyaniline (PANI) via
oxidative polymerization and obtained a specific capacitance of 302.43
F g !in 1 M HCI [15]. Xu et al. synthesized PPy modified iron oxide
nanocomposites via hydrothermal technique and obtained a very high
cyclic stability of 97.3 % after 20,000 cycles [16]. Fan et al. synthesized
PANI-Co304 composites by hydrothermal and polymerization reaction
and the specific capacitance was retained 74.81 % after 3000 cycles
[17]. Furthermore, enhancements in electrochemical characteristics
were observed in binary and ternary composites comprising carbon
derivatives, metal oxides/sulfides, and polymers. For instance, Zhang
et al. synthesized composite material comprising of PPy and graphene
through in-situ polymerization reaction and obtained a impressive 96 %
capacitance retention for composite after 1000 cycles while pure PPy
exhibited a mere 64 % capacitance under same conditions. Additionally,
the specific capacitance observed an enhancement from 152 F g~ for
pure PPy to 482 F g~! for graphene/PPy at 0.5 A g~! [18]. Aphale et al.
synthesized freestanding electrode of Graphene/CNT/PPy and obtained

ultrahigh energy density of 62.96 W h kg™! [19]. Moyseowicz et al.
combined PPy wfith Fe;Os/reduced graphene oxide and observed a 70
% higher capacitance because of the insertion of PPy [20].

In recent developments, there has been a thriving interest in
exploring the potential of magnesium for supercapacitors through the
doping of transition metals such as vanadium [21] and also by using it to
synthesize porous CNTs [22]. Because of the low cost and eco friendli-
ness, magnesium is being used in variety of applications such as re-
fractory materials and superconductors but the wide band gap of

magnesium oxide (5 eV to 8 eV) limits its direct usage as an electrode
material [23]. Further, metal doping in layered structure such as g-C3N4
increases its electrical, optical and electrochemical properties by tuning
its valence band and conduction band [24]. In this work, we have added
magnesium oxide (MgO) in a lower band gap material like g-C3Ny4 (2.7
eV) which possesses the properties of electrode material like high spe-
cific surface area, high stability and is conductive in nature but has
lower value of specific capacitance [25,26]. Further enhancement in
electrochemical performance is possible by synthesizing its composite
with a conducting polymer like PPy which is easy to synthesize, has
virtuous electronic conductivity and has high value of specific capaci-
tance [27,28].

In light of the above mention facts, we have, for the first time, syn-
thesized a ternary composite of MgO, g-CsN4 and PPy by simple in-situ
polymerization reaction followed by calcination route. The novelty of
this work lies in using this composite as an electrode material for
supercapacitors. Furthermore, the electrochemical performance of
electrode material was systematically enhanced by modulating the
content of MgO.

2. Experimental
2.1. Chemicals

Magnesium Nitrate Hexahydrate (Mg(NOs),.6H20), Sulfuric acid
and Polyvinyl Alcohol (PVA) were purchased from Sigma Aldrich. Ferric
Chloride Anhydrous (FeCl3) and pyrrole were purchased from Chemical
Drug House (CDH). Urea and Dimethylformamide (DMF) were obtained
from Thermo Fischer Scientific. All chemicals and reagents were of
analytical grade and pyrrole monomer was distilled before use.
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2.2. Synthesis of magnesium oxide (MgO)

5 g of Mg(NOs),.6H,0 was dissolved in 10 ml distilled water (DW),
after that the resulting solution was subjected to desiccation in a hot air
oven operating at 80 °C. Thereafter this dried sample was transferred to
alumina crucible which was covered with foil and subsequently posi-
tioned within a muffle furnace. The muffle furnace temperature was
gradually increased up to 550 °C at a controlled rate of 2 °C min~! and
maintained at 550 °C for 3 h. At this temperature Mg(NO3),.6H,O
decompose to give magnesium oxide and releases nitrogen dioxide
(NO3) and oxygen gas (Oy) [29].

2.3. Synthesis of graphitic carbon nitride (g-C3N4)

The synthesis of g-C3N4 was achieved through the transformation of
urea. This was accomplished by dissolving 10 g urea in 20 ml DW sub-
sequently subjecting the resulting solution to drying in hot air oven.
Following this, the dried sample was carefully transferred into an
alumina crucible, covered with an aluminium foil, and subsequently
placed within a muffle furnace. The muffle furnace temperature was
systematically raised up to 550 °C at a controlled ramp rate of 2 °C min~!
where it was maintained for 3 h [30].

2.4. Synthesis of MgO/g-C3N4/PPy composites

x mmol of Mg(NO3),.6H,0 (where x = 0.5, 1, 2, 3) and 10 g of urea
were dissolved in 40 ml of DW while stirring. After drying the solution in
hot air oven, it was calcinated at 550 °C for 3 h. Resultant sample was
crushed with mortar pestle to obtain final MgO/g-C3N4 (MG) composite
[31]. Thereafter, 0.4 g of MG composite was subjected to ultrasonication
with 30 ml of methanol for a duration of 2 h. The resulting mixture was
further incorporated to well mixed solution of DW and methanol (1:2).
Subsequently, 0.5 ml pyrrole solution were introduced to this. Then, to
initiate the polymerization reaction, freshly prepared 0.1 M FeCl; so-
lution was added dropwise. This reaction was proceeded for 5 h within
an ice bath. After this, the solution was refrigerated overnight and
subjected to filtration through Whatman filter paper. After thorough
washing of the precipitates with methanol and DW, they were dried in
an oven maintained at 80 °C. A schematic illustration of this synthesis
process is presented in Fig. 1.

2.5. Characterizations

2.5.1. Structural analysis

To conduct structural analysis on the synthesized materials, X-ray
diffraction patterns were obtained utilizing a Rigaku SmartLab setup,
employing X-rays with a wavelength of 1.54 A°, The X-ray diffraction
pattern was recorded between 10° and 90° at the rate of 2 ® min~'. The
XRD of Magnesium oxide showed the peaks at 36.90°, 42.88°, 62.22°,
74.62° and 78.76° which matches accurately with the peaks of MgO
nanoparticles (JCPDS No. 75-0447) confirming the proper synthesis of
nanoparticles (Fig. 2(a)) [32]. PPy has a broad peak around 26° repre-
senting the formation of polymer chain while the broadness of peak
reveals the amorphous nature of polymer chain. g-C3N4 has two char-
acteristic peaks at 13.1%and 27.6° demonstrating planes (100) and (002)
respectively (Fig. 2(b)) which confirms the in-plane structural packing
of g-C3N, with periodic arrangement of layers [33]. As the concentra-
tion of MgO was increased in MGP composites, the intensity of peak at
27.6° increased and the peak became narrower revealing the trans-
formation from amorphous to semi crystalline nature of MGP compos-
ites. Small peaks of magnesium oxide were also observed in MGP2 and
MGP3 composites confirming the synthesis of MGP composites (Fig. 2
()]
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Fig. 3. Raman spectra of MgO, g-C3N,4, PPy and MGP2 composite.

2.5.2. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectra was obtained to analyze the chemical composition and
functional groups present in the sample using Perkin Elmer Spectrum,
BX IL. Fig. 2(d) demonstrates the FTIR spectra of MgO, g-C3N4, PPy and
MGP composites. The transmittance peak ranging from 1200 em™! to
1640 cm ™! in the spectrum of g-C3Ny4 corresponds to the stretching vi-
brations of C—N and C=N bonds within the aromatic ring structure.
Additionally, the distinctive bands at 809 cm ! and 887 cm ™! affirm the
presence of out-of-plane vibrations associated with the tri-s-triazine ring
[34]. In FTIR spectra of PPy, the observed bands at 1517 cm ™! and 1426
cm ! are attributed to the fundamental ring vibrations inherent to PPy.
Furthermore, the band appearing at 1132 cm™! corresponds to the
stretching vibrations of C—N bond. Additionally, the transmittance
bands at 1280 cm ™! and 1008 cm ™ signify the deformations involving
the C=C-N ring and the in-plane bending of C—H bonds within the ring
structure, respectively [35]. The bands appearing below 1000 cm™! in
the spectra of MgO are related to Mg—O bond. MgO readily absorbs
water molecules from atmosphere which is confirmed by the band at
1635 cm ! [36]. From Fig. 2(e), it can be perceived that FTIR spectra of
MGP3 resembles with those of its predecessors with some shift in fre-
quency confirming the presence of g-C3N4, PPy and MgO in the com-
posite. In addition, the band appearing at 2172 cm™* corresponds to the
N-C-N vibrations which arises due to the interaction between Mg atom of
MgO and N atom of g-C3Ny4 [37]. The small peak at 2923 cm~ ! in FTIR
spectra of MgO and MGP3 might be attributed to the O—H bonding
resulting from the absorption of moisture [38].

2.5.3. Thermo gravimetric gnalysis (TGA)
For the assessment of sample thermal stability and decomposition
behavior, TGA was conducted using TGA HiRes1000 within a nitrogen
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atmosphere. The temperature was incrementally increased from 30 °C to
900 °C at the rate of 4 ° min~1. Fig. 2(f) depicts the relationship between
temperature and weight loss of MGP2 composite. There is a linear
weight loss of 30 % till 320 °C which suggests the removal of moisture
and other volatile impurities. Up to 475 °C, 50 % of weight loss was
observed which may be attributed to the breakdown of chemical bonds
and decomposition of PPy chain. After that, there is again a linear
weight loss which suggests a continuous process of decomposition and
might be due to the breakdown of g-C3Ny into carbon and nitrogen

containing gases. Thus, the MGP composite shows its stability till 475 °C
confirming the presence of PPy and g-C3Nj.

2.5.4. RAMAN spectroscopy

To further get some more insight about the molecular vibrations
specifically © conjugated systems, Raman spectroscopy was conducted
using a laser with a wavelength of 632 nm using WITec employing
Alpha300 model. Based on the data presented in Fig. 3, the Raman
spectrum reveals specific vibrational modes of interest. The band
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Fig. 5. HR-TEM images of MGP2 composite at (a) 500 nm (b) 200 nm (c) 200 nm (d) 50 nm (e) 500 nm (f) SAED pattern of MGP2 composite.

observed at 1366 cm™! corresponds to the in-plane bending vibrations
associated with the carbon-hydrogen (C—H) bonds within the PPy ring
structure. Conversely, the presence of carbon-carbon double bonds
(C=C) in the PPy ring is confirmed by the band detected at 1557 cm ™!
[39]. The broad band around 3000 cm ™' is associated with the
stretching vibrations of C—H bond. Raman spectra of MgO shows peaks
around 446 cm ™}, 1073 cm™! which confirms the formation of MgO
nanoparticles and the peaks at 3660 cm ™! and 2920 cm ™! might be due
to the absorbed moisture from the environment to transform into Mg
(OH), [38]. The Raman spectra of g-C3N4 demonstrates a wide band
around 1800 cm ™" indicative of stretching vibrations within the triazine
ring. In Raman spectra of MGP2 composite, the intensity of D band
(disorder band) and G band (graphitic band) increased many folds
depicting that the incorporation of MgO and g-C3N4 has a significant
impact on the © conjugated structure and interaction within the PPy
matrix. Enhanced n-n stacking interactions could potentially improve
the charge transport characteristics of the composite material, thereby
rendering it a promising candidate for utilization as an electrode ma-
terial for energy storage applications.

2.5.5. Morphological analysis
To examine the morphology of synthesized samples, Field Emission

Scanning Electron Microscopy with Energy Dispersive X-ray (EDX) and
elemental mapping was performed by Zeiss GeminiSEM 500 Thermal
field emission type microscope at an acceleration voltage of 30 kV. The
morphology of samples is demonstrated in Fig. 4(a-d). It was observed
that magnesium oxide has spherical shape with average particle size of
35 nm. As a result of the incorporation of MgO, g-CsN4 and PPy, the
morphology of MGP composite has been modified, displaying a trans-
formed globular structure reminiscent of the altered configuration of
PPy. These morphological modifications with increased fluffiness are
expected to impart smooth flow of charge between electrode and elec-
trolyte resulting in better charge storage. The elemental composition of
composite determined through EDX was found to be 34.52 %, 49.30 %,
15.75 % and 0.43 % for carbon (C), nitrogen (N), oxygen (O) and
magnesium (Mg) respectively confirming the proper synthesis of MGP
composite. Fig. 4(g) demonstrates the distribution of elements within
the sample representing the homogeneity of elements.

2.5.6. Transmission Electron Microscopy (TEM) (Supporting grounds)

To further analyze the microstructure of MGP2 composite, its High
Resolution TEM analysis was performed. Fig. 5 (a-f) represents the HR-
TEM images with Selected Area Electron Diffraction (SAED) pattern of
MGP2 composite. MGP2 composite reveals a globular morphology
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where the components of composite are densely packed, likely corre-
sponding to MgO and g-C3N4 nanoparticles embedded in PPy matrix.
The uniform distribution of these globules suggests a homogeneous
mixture of the components. The SAED pattern elucidates diffused rings
with clear bright spots indicating the semi crystalline nature of com-
posite with some degree of crystallinity due to the presence of MgO
nanoparticles which is consistent with the XRD results.

2.5.7. X-ray Photoelectron Spectroscopy (XPS)

The oxidation state of elements present in the composite was
analyzed by X-ray Photoelectron Spectroscopy performed via ESCA
Omicron Nano Technology. Fig. 6(a) displays the XPS survey spectra of
MGP2 composite showing the presence of C, Nand O. TheC1lsandN1s
peak are centered at 284.9 eV and 399.7 eV respectively, which in-
dicates the sp® hybridized carbon and nitrogen, typically of g-CsN4 and
PPy. The Mg 2p peak is detected at 56.1 eV in the deep spectra, char-
acteristic of MgO, where magnesium is in +2 oxidation state which is
also confirmed by the O 1 s peak at 532.4 eV. The absence of Mg 2p peak
in survey spectra indicates that MgO is present in a thin layer within the
composite.

2.5.8. Brunauer-Emmett-Teller (BET)

The evaluation of specific surface area of MGP composite and its
precursors was done through Nova touch LX4 Quanta chrome, Anton
PAAR, 2021 BET surface area and pore size analyzer in nitrogen atmo-
sphere at 77 K after degassing the sample for 24 h at 60 °C. Fig. 7(a-c)
demonstrates the adsorption-desorption isotherms for g-CsN4, PPy and
MGP2 revealing a minimum adsorption capacity at low pressure fol-
lowed by a rapid and pronounced increase in adsorption as pressure
increases. Also, a loop like shape is observed in adsorption-desorption
isotherm of MGP2 indicating the presence of Hs type hysteresis with

affirmation of type IV isotherm [40]. The pore size and pore volume of
synthesized samples calculated from Barreett-Joyner-Halenda (BJH)
desorption curve and specific surface area calculated from multi point
BET theory are tabulated in Table 1 while the variation of pore volume
with pore size is shown in Fig. 7(d-f). The specific surface area of MGP2
composite was obtained as 109.452 m? g~! with pore diameter of 3.053
nm depicting the mesoporous nature of material. The specific surface
area of composite surpassed that of its precursors, validating its
increased fluffiness morphology, which, in turn, translates to an
elevated number of active sites available for adsorption of ions and thus
making it a suitable electrode material for Supercapacitors.

2.5.9. Electrochemical characterizations

To estimate the performance of MGP composites as supercapacitor
electrode material, their electrochemical measurements were performed
using Metrohm Autolab potentiostat/galvanostat instrument supported
by Nova software. The performance of electrode material was analyzed
by pasting approximately 1 mg of slurry on a graphite electrode of
thickness 0.5 mm using drop casting method over an area of 1 cm x 1
cm. The electrode material slurry was prepared by mixing active ma-
terial with acetylene black using DMF as a solvent and PVA as a binder.
The ratio of electrode material, acetylene black and binder in slurry
preparation was 8: 1: 1. As shown in Fig. 8(a), the electrochemical
performance of electrode material was assessed in a 3-electrode system
with 1 M H;SO4 as electrolyte employing cyclic voltammetry (CV),
galvanostatic charge discharge (GCD) and electrochemical impedance
spectroscopy (EIS). The reference and counter electrodes were Ag/AgCl
and platinum wire, respectively.

After examining the electrochemical properties of electrode material,
a hybrid asymmetric supercapacitor device was fabricated using the best
composite as cathode and activated charcoal as anode. A Whatman filter
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Table 1
Pore characteristics of synthesized samples.

Sample  Pore volume (cc Pore diameter Specific surface area (m?
g (nm) g

g-C3Ny 0.817 2.325 85.896

PPy 0.145 1.809 82.071

MGP2 0.122 3.053 109.452

paper dipped in 1 M HySO4 was used as a separator. The schematic
fabrication of device is shown in Fig. 8(b).

To calculate the specific capacitance using CV, GCD and EIS,
following equations were used [41,42]

_J1av

Cv =
v mv/\V

(€8]
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cd 21 [vdt @ Hz and AV represents the potential window of working electrode
T mx (Av)? respectively. The calculation of energy density (E), power density (P)
and coulombic efficiency (n) [43,44] was done using Egs. (4), (5) and (6)
-1 in which C represents the specific capacitance from GCD data, tq and t.
Cs = - 3) . o s .
27fz m are discharging time and charging time respectively [45,46].
where Cy, Cq and Cs represents the specific capacitance in F g’1 from CV, E= x Cq X /AV? 4
GCD and EIS data respectively, I represent the current in mA, m shows 2x3.6
the mass in mg, v represents the scan rate in mV s~1, z* represents the E
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Table 2
Change in specific capacitance with scan rate for different composites.

Specific capacitance (F g ')

Scan rate (mV s’l) MGPO.5 MGP1 MGP2 MGP3
5 746.4 790.0 1132.1 304.0
10 693.0 781.0 976.4 270.6
20 475.2 743.0 837.5 240.5
30 446.7 709.7 765.3 223.7
40 422.5 680.0 714.2 211.4
50 404.0 657.2 675.6 201.6
60 386.7 636.7 644.5 193.7
70 370.0 619.1 618.8 186.9
80 355.0 602.5 596.7 181.0
90 341.4 588.8 577.2 175.8
100 328.4 575.7 559.8 171.3

Bold letters have been used to highlight the electrochemical parameters ob-
tained for MGP2 composite.

n:%xlOO

C

©

2.5.10. CV, GCD and EIS on 3-electrode setup

To evaluate the kinetics of reaction and elucidate the mechanism of
charge storage, CV technique was employed within a potential window
spanning from 0.7 V to —0.3 V and scan rate was varied from 5 mV s! to
100 mV s~!. The analysis of charge storage capacity of different com-
posites was done by comparing the CV curves of MgO, g-C3N4, PPy and
MGP at 5 mV s~!. It was observed that MGP composites have higher
integral area under CV curve and hence specific capacitance than its
precursors MgO, g-CsN4 and PPy. The specific capacitance calculated
using Eq. (1) was 60.64 F g1, 66.77 F g1, 162.56 F g1, 746.46 F g1,
790.27 F g~1, 1132.12 F g~! and 242.42 F g~! for MgO, g-C3Ny, PPy,
MGPO0.5, MGP1, MGP2 and MGP3 respectively at a scan rate of 5mV s~ ..
As can be seen in Fig. 9(a), the CV curve of g-CsNy exhibits a rectangular
shape which is indicative of EDLC behavior while the CV curve of PPy
shows the presence of redox peaks depicting the pseudocapacitive
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behavior. CV curve of MGP composites (Fig. 9(b)) also depict reduction
peak at lower scan rate indicating a redox reaction between the elec-
trode and electrolyte, while its absence at higher scan rates suggests a
kinetic limitation. This may be the result of synergistic effect of EDLC
and pseudocapacitance in MGP composites thereby increasing their
specific capacitance. The amount of MgO was further optimized by
varying its concentration in the previously reported binary composite of
g-C3N4/PPy [47] and it was observed that on increasing the amount of
MgO, a corresponding increase in specific capacitance was observed
which could be possible due to the augmentation of available active sites
for the effective interaction with the electrolyte ions. However, as the
concentration of MgO increased further, the specific capacitance showed
a decline which might be ascribed to the covering of active sites of g-
C3Ny and PPy, thus hindering the charge transfer process. The shape of
CV curve of MGP composites is quasi rectangular with the presence of
redox peaks representing their pseudocapacitive behavior.

CV curves of MGP composites at various scan rates, Fig. 9(c-f), were
explored in order to further anticipate the mechanism of charge storage,
whether it be capacitive or battery-based by examining the variation of
current (i) with scan rate (v) as [48]

i=ab (6)

Here, the parameter ‘b’ suggests the kinetics of reaction. Typically, b
has two values, b = 0.5 and b = 1. A ‘b’ value of 0.5 refers to the faradic
reactions that occur in the bulk of material (like voids, grain boundaries,
pores) [49] and usually represents battery type behavior. While ‘b’ value
of 1 represents the contribution of surface reactions showing EDLC and
pseudocapacitive behavior. From Fig. 9(h), the slope of curve gives the
value of ‘b’ which is 0.74, 0.89, 0.77 and 0.83 for MGP0.5, MGP1, MGP2
and MGP3 respectively showing the more contribution of surface than
bulk and hence representing more contribution of pseudocapacitance in
MGP composites. As the scan rate is increased, the interaction of elec-
trolyte ions and pores of electrode material are restricted by time
constraint resulting in reduced specific capacitance of electrode material
as shown in Fig. 9(g). The shape of CV curve remained almost same with
varying scan rate depicting the fast faradic reaction in electrodes [50].

0.8 - (a) 1Ag! 0.8 4 (b) MGP0.5 0.8 - (C) MGP1
g-CGN, e
S 0.6 4 MgO ;0.6- S 0.6 4
sl By % 3
é“ 0.4 4 MGPO0.5 a 0.4 4 jt” 0.4 4
: v
2 0.2 MGP2 2> 02 2 0.2
= MGP3 = = |
2 0.0+ £ 0.0 S 0.0+
=] -9 =
A~ -
0.2 0.2 4 0.2 4
T T T T T T T T T T T T r T T T T
0 200 400 600 800 1000 1200 1400 0 200 400_ 600 800 0 200 400 600 800 1000
Time (s) Time (s) Time (s)
800
25 (d) MGP2 0 (e) MGP3 (f) Rate Capability
= A 700
Z 06 = Z 064 2
?‘, 1Ag L; . 600
ﬁ 0.4 2A¢ %, 0.4 E
< 3Ag! g £ 500
z 4Ag! 2 E
= 0.21 5 Ab-l = 024 %400.
E 205 z 3 MGPO.5
8 2 2 300 4
= = -—
£ 0.0 £ 0.0 £ e
200 4 MGP3
0.2 0.2 4 '\’—'\\__,
100 4
0 200 400 600 800 1000 1200 1400 0 50 100 150 200 250 300 1 2

Time (s)

Time (s)

3 4
Specific current (A g")
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MGP2 (e) MGP3; (f) Rate capability of different composites.
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Table 3
Variation of specific capacitance with current density for different composites.

Specific capacitance (F g~1)

Current density (A g™1) MGP0.5 MGP1 MGP2 MGP3
1 524.32 532.58 748.34 152.62
2 493.07 515.90 679.80 135.28
3 472.72 500.10 650.76 130.96
4 426.56 472.88 618.24 122.10
5 426.82 457.34 548.05 109.27

Table 2 illustrates the specific capacitance of MGP composites at
different scan rate.

To get more insights into electrochemical behavior of MGP com-
posites, GCD technique was employed in the same electrolyte and po-
tential window by applying a constant current and measuring the
corresponding voltage response (Fig. 10(a)). The value of specific
capacitance from GCD calculated using Eq. (2) was 16.40 F g1, 54.48 F
g 1,102.07Fg1,524.32F g !,532.58 Fg~!,748.34 F g~ ! and 152.62
F g1 for g-C3N4, MgO, PPy, MGP0.5, MGP1, MGP2 and MGPS3 respec-
tively at a current density of 1 A g~1. The rate capability of reaction was
analyzed for MGP2 by varying the applied current and noting the cor-
responding voltage response (Fig. 10(b-e)). It was noted that as the
specific current was increased, both the discharge duration and,
consequently, the specific capacitance decreased. This phenomenon can
likely be attributed to the constrained ion diffusion kinetics at elevated
current densities, leading to an incomplete charging or discharging of
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the electric double layer within the specified time frame. Table 3 rep-
resents the specific capacitance values at various current densities.
Further electrochemical analysis of the samples, including the
assessment of parameters such as charge transfer resistance and solution
resistance, was carried out through EIS measurement in the frequency
range from 0.1 Hz to 10° Hz. Fig. 11(a-b) represents the Nyquist plot of
MgO, g-C3N4, PPy, MGP0.5, MGP1, MGP2 and MGP3. Notably, the
absence of semi-circle in high frequency region of Nyquist plot dem-
onstrates the lower value of charge transfer resistance [51]. Meanwhile,
in the low-frequency region for the MGP composites, the presence of a
“finite space Warburg impedance” demonstrates capacitive behavior
[52]. To obtain the value of charge transfer resistance (R across
electrode-electrolyte interface and solution resistance (R;) between
working electrode and electrolyte, an equivalent electrochemical circuit

Table 4
Solution resistance, charge transfer resistance and specific capacitance from EIS
data.

Sample R (ohm) R (ohm) Specific capacitance (F g’l)
g-C3Ny 5.2 3.5 38.83
MgO 2.8 1.5 29.54
PPy 1.2 3.5 46.79
MGPO.5 1.2 0.7 83.15
MGP1 1.0 1.3 111.17
MGP2 0.7 0.6 112.56
MGP3 1.2 1.5 71.82
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Fig. 11. Nyquist plot of (a) g-C3N4, MgO and PPy (b) MGP0.5, MGP1, MGP2 and MGP3 (inset: magnified view of high frequency region) (c) Bode plot of MGP

composites (d) Equivalent electrochemical circuit for fitting of EIS data.
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Table 5 Table 6
Change in specific capacitance with scan rate for ASD. Variation of specific capacitance with current density for ASD.
Scan rate (mV s 1) Specific capacitance (F g~ 1) Current density (A g~')  Specific capacitance (Fg™')  Coulombic efficiency (%)
5 103.22 1 66.59 92.44
10 87.03 2 48.66 95.35
20 71.72 3 42.45 95.83
30 63.29 4 36.19 93.33
40 57.43 5 34.21 90.91
50 53.12
60 49.75
70 47.02
80 44.61
) 42.64 Table 7 ) _ o
100 40.94 Comparison of energy density and power density of MGP2 composite with
previously reported materials in 2-electrode system.
. . . Electrode material ~ Energy density (W h Power density (W Reference
(Fig. 11(d)) was fitted for all the samples and the values are shown in kgh kg H
Tab%e’ 4 where specific capacitance was calculated using Eq. (3). In PPy/1GO o5 0 (55]
addition, a graph between frequency and phase angle (also known as MXene/NCF 8.75 1871 [56]
Bode plot) was also plotted (Fig. 11(c)). The value of time constant PPy/CNT 9.23 61.31 [57]
which is defined as the reciprocal of frequency where resistance and M doped 25 1000 [58]
reactance have equal magnitude i.e. 45° was determined to be 1.04 s, MGSra;’I\}/‘I:’;éNT/ 233 116.99 (501
0 . ,
0.60 s, 0.47 s and 5.88 s for MGP0.5, MGP1, MGP2 and MGP3 respec- szy
tively. Lower values of time constant represents the faster movement of C0304@Co/N- 4.9 5000 [60]
ions between electrode and electrolyte leading to better electrochemical CNTs
properties of MGP2 composite than other composites [53]. Ag/g-C3N4@PPy 591 161 [46]
MgO/g-CsN4/PPy  9.25 302.72 This work

Bold letters have been used to highlight the electrochemical parameters ob-
tained for MGP2 composite.
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2.5.11. Asymmetric supercapacitor device (ASD)

To check the practical applicability of synthesized composites,
electrochemical properties of asymmetric supercapacitor device were
tested in same conditions as of 3-electrode measurements. Fig. 12(a)
demonstrates the CV curve of ASD at varied scan rate. The value of
specific capacitance of ASD evaluated using Egs. (1) and (2) in which m
is taken to be the mass deposited on both electrodes, is tabulated in
Table 5 and Table 6. A maximum specific capacitance of 103.22 F g ! is
obtained at 5 mV s~! for ASD. It is also noted that with increasing scan
rate, the value of specific capacitance decreases which is consistent with
the 3-electrode measurements. The energy density and power density of
ASD was evaluated using Egs. (4) and (5). The energy density of 9.25 W
hkg~! was obtained at a power density of 302.72 W kg ™! which is better
than the previously reported energy densities of device. A comparison of
these parameters with the previously reported literature are shown in
Table 7.

The ASD was tested for its cyclic stability by performing 10,000 CV
cycles. The assembled device retained 94.03 % specific capacitance after
10,000 cycles showing its remarkable capability to be used in future
supercapacitor applications [54]. The coulombic efficiency (n) of device
was evaluated using Eq. (6).

2.6. Proposed charge storage mechanism

The enhanced electrochemical performance of MGP2 composite
relative to its precursors could be attributed to several key factors such
as the layered structure of g-C3N4 where the presence of MgO nano-
particles facilitates the ion diffusion allowing for rapid transfer of ions to
the active sites. Moreover, during in-situ polymerization, the presence of
MgO/g-C3N4 composite provides nucleation sites for pyrrole monomers
to attach and initiate the polymerization leading to modified globular
structure of MGP composite with increased fluffiness. In addition, the
incorporation of PPy leads to the introduction of redox active sites, such
as nitrogen containing groups aiding reversible redox reactions during
charging and discharging cycles. The better performance of MGP2
composite over other composites arises from the constrained nucleation
sites in MgO/g-C3N4 matrix impeding the charge transfer and hence
reduced electrochemical performance with higher concentrations of
MgO.

Extensive research is focused on developing the materials which
possesses supercapacitive properties. Thus, in order to demonstrate the
superiority of this work, the energy density of MGP2 composite with
other previously reported materials is compared in Table 7.

3. Conclusion

In summary, MgO/g-CsN4/PPy composite was synthesized through
calcination route followed by in-situ polymerization. The investigation
focused on optimizing the electrochemical performance by varying the
content of MgO. Notably, MGP2 composite exhibited a remarkable
specific capacitance of 1132.12 F g~* when assessed in 3-electrode cell
at a scan rate of 5 mV s~ in 1 M HSO4. The specific capacitance of
various composites and their precursors was also assessed using GCD
and EIS data, revealing a similar trend. The proper synthesis of com-
posites was confirmed by XRD, FTIR and Raman spectroscopy.
Morphological analysis through FESEM revealed alterations in globular
type morphology of PPy exhibiting augmented fluffiness. This was
further supported by BET analysis where the specific surface area of
MGP2 composite was found to be 109.452 m? g~! significantly more
than its antecedents facilitating increased active sites for adsorption and
desorption of ions and consequently better electrochemical properties
thereby making MGP2 composite a potential electrode material for
future supercapacitor applications.
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