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The use of a ternary composite employing carbon material, polymer and
metal oxide can effectively increase the performance of an electrode
material used in Supercapacitors. Herein, we have facilely synthesized ternary
composites of Nb,Os/g-CsN,/PPy (NGP) via in-situ polymerization reaction
by systematically varying the amount of niobium pentoxide. The structural
and morphological analysis of samples were examined through XRD, TGA,
FESEM and BET, confirming a specific surface area of 68.936 m?/g for NGP
composite. Nb,Os nanoparticles prevent the restacking of g-Cs;N, sheets
and PPy form a spongy globular morphology around this structure resulting
in enhanced electrochemical performance. Electrochemical assessments of
the optimized composite, including CV, GCD, and EIS, revealed a specific
capacitance of 1,290.15 F/g at 2 mV/s in 1 M H,SO,, with an energy density
of 7525W h/kg at a power density of 450.01 W/kg, demonstrating the
efficacy of the ternary composite strategy in advancing supercapacitor
electrode properties. After 5000 CV cycles and 1000 GCD cycles, the
electrode retained a specific capacitance of 95% and 91% of its initial value,
respectively.

KEYWORDS

supercapacitors, three-electrode setup, polymer composite, ternary composite, specific
surface area, specific capacitance, power/energy density

Highlights

« The spongy globular morphology of NGP composites was facilely synthesized via
chemical in-situ polymerization resulting in specific surface area of 68.936 m?/g.

« The kinetics of electrode-electrolyte interaction was examined by obtaining CV curve
at varied scan rates.

o The maximum value of specific capacitance for NGP0.4 composite was
evaluated to be 1,290.15 F/g at 2 mV/s.
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GRAPHICAL ABSTRACT

Introduction

As the global population continues to advance, the demand
for energy is also increasing which necessitates the development
of efficient energy conversion and storage devices (Mao et al,
2021). About one-seventh of the world’s primary energy is sourced
from renewable energy but renewable energy sources are location
specific and thus limiting its utilization in context of global
decarbonization (Huan et al., 2024). Among the storage devices,
batteries are leading the way, however, in their conventional form,
they suffer from low power density and raises environmental
concerns which makes them less reliable for future generations
(Ray and Saruhan 2021). In contrast, Supercapacitors are emerging
as a key player in this race because of their high power density,
environmental friendliness and non hazardous nature. Nevertheless,
their low energy density is a major hurdle which needs attention
(Pan et al., 2024; Pore et al., 2021).

The energy density of Supercapacitors is primarily influenced
by the choice of electrode material, electrolyte and current
collector (Dhanda et al., 2022a). From the literature, it is evident
that the selection of electrode material has significant impact
on the specific capacitance and consequently energy density of
Supercapacitor (Shimoga et al., 2021; Moreno et al., 2020). Electrode
material consisting of metal oxides, conductive polymers and
carbon derivatives have been rigorously used in Supercapacitors
because of their charge storing mechanism which exhibit
properties of both Electric Double layer and pseudocapacitive,
resulting in overall increase of capacitance (Dhanda et al., 2022b;
Arora et al, 2022a). In principle, metal oxides based electrode
materials have high specific capacitance but their high cost, low
conductivity and toxicity to the environment limits their direct
use (Mustageem et al., 2022). On the other hand, conductive
polymers have also high specific capacitance but have low
cyclic stability. Conversely, carbon materials possess good cyclic
stability but lower values of specific capacitance (Dhanda et al,
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2022c). Thus, a lot of research is being conducted on the ternary
composite consisting of carbon materials, conductive polymers
and metal oxides where their synergistic effect leads to a better
energy storage material (Vandana et al., 2022; Ishaq et al., 2019;
Moyseowicz et al., 2017; Zhang et al., 2017).

For instance, polypyrrole (PPy) has been chosen over other
conducting polymers like polyaniline (PANI) and polythiophene
(PEDOT) because of its better electrical conductivity. For instance,
the synthesis of PPy can be done in aqueous media while
synthesis of PANI requires strong acidic medium which can lead
to handling and disposal challenges. In addition, PEDOT has
lower charge storage than PPy and PANI (Huang et al, 2016;
Choudhary et al., 2020). Graphitic carbon nitride (g-C5N,), a 2D
material having structure similar to that of graphene, possesses
an optical band gap of 2.7eV and have high specific surface
area making it a preferable material for electric double layer
capacitance (Paul et al, 2019; Manisha et al., 2025). Niobium
pentoxide (Nb,O;) despite its low electrical conductivity (3 x
107 S cm™) supports redox reaction due to its variable oxidation
states, thus results in a higher value of specific capacitance
(Shen et al., 2021). Murugan et al. synthesized the composite of
reduced graphene oxide with niobium pentoxide by hydrothermal
reaction (Murugan et al, 2016). Vicentini etal. has developed
a ternary composite of niobium pentoxide with Multi-walled
carbon nanotude (MWCNT) and activated carbon (AC) via
electrodeposition (Vicentini et al., 2019). Lim etal. synthesized
a hybrid supercapacitor based on Nb,O; and carbon as an
anode (Lim et al, 2014). The specific capacitance observed
in these literature is lesser than 400 Fg' but power density
is significantly higher since the operating potential window is
higher than 1 V (Qin et al., 2020).

In this research, we have synthesized a ternary composite
of Nb,0;/g-C;N,/PPy (NGP) via facile one step in-situ
polymerization reaction and evaluated its performance in
electrolyte.

aqueous The operating potential window was
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FIGURE 1
Schematic illustration of the synthesis of NGP composites.

TABLE 1 Composition of precursors in NGP composite.

Nb,O5 (9) ’ g-C3N, (9) ’ Pyrrole (mL) = Material

0.2 0.4 0.5 NGP0.2
0.3 0.4 0.5 NGP0.3
0.4 0.4 0.5 NGP0.4
0.5 0.4 0.5 NGP0.5

maintained below 1V so as to not include the specific
This
performance

capacitance due to electrolysis of water. innovative
approach aims to the of
electrode material by leveraging the synergistic effect of

enhance overall

composite material. Niobium pentoxide is expected to provide
high capacity and redox activity, graphitic carbon nitride
enhances the conductivity and stability while the addition of

Polypyrrole further strengthens the integrity and flexibility of
composite.

Experimental details
Chemicals

All the chemicals used during synthesis were of analytical
grade. Niobium pentoxide (Nb,Os, 99.9%) and polyvinylidene
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fluoride (PVDE 99.9%) were purchased from Sigma Aldrich.
Ferric chloride (99%) and pyrrole (99%) were obtained
through chemical drug house (CDH), Urea (99%) and
dimethylformamide (DME AR) was bought from Thermo
Fischer Scientific. Distilled water was used during the synthesis
and cleaning.

Synthesis of Nb,O5/g-C3sN,/PPy

The ternary composite Nb,Os/g-C;N,/PPy (NGP) was
synthesized via an in-situ polymerization reaction as shown in
Figure 1. Initially, g-C;N,, which was obtained by calcination
of urea at 550°C as described in prior literature (Manisha et al.,
2023), was combined with niobium pentoxide (Nb,Os). These two
components were dispersed in 30 mL ethanol and subjected to
ultrasonication for 30 min to ensure thorough mixing. This was
then transferred to an ice bath containing the solution of ethanol
and distilled water. Subsequently, 0.5 mL of pyrrole was introduced
to this. After proper mixing, a freshly prepared 0.1 M ferric chloride
solution was added to the solution to initiate the polymerization
reaction. Then, the solution was kept on stirring for 5h while
maintaining the temperature between 0 and 5°C. Following this,
the mixture was stored in refrigerator overnight and then filtered
through whatmann filter paper (Arora et al., 2022b). The precipitates
were properly washed with ethanol and distilled water to remove
the impurities and then dried in a hot air oven at 60°C for 12 h.
The resulting material was grounded well with mortar and pestle to
obtain black powder. Table 1 depicts the ratio of different materials
in final composite.
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FIGURE 2

(a) XRD pattern of NGP0.2, NGP0.3, NGP0.4 and NGPO.5 (b) TGA graph of NGP composite.

Characterization techniques

To verify the successful synthesis of samples, X-ray Diffraction
(XRD) was conducted using a Rigaku Smart Lab setup with
X-ray of wavelength 1.54 A° at a scan rate of 2°/min. The
morphology of synthesized samples was further performed by Zeiss
GeminiSEM 500 utilizing the technique Field Emission Scanning
Electron Microscopy (FESEM). Thermal stability of samples was
analyzed by Thermo Gravimetric Analysis (TGA) performed on
TGA HiRes1000 in nitrogen atmosphere at a heating rate of
4°C/min. The specific surface area and pore size analysis was
performed through Brunauer-Emmett-Teller (BET) by Nova touch
LX4 Quanta chrome, Anton PAAR, 2021 at 77K in nitrogen
atmosphere after degassing the sample at 60°C for 24h.

Electrochemical measurements

After proper

electrochemical measurements were performed on Biologic

confirming the synthesis of samples,
electrochemical workstation VSP300. For electrochemical testing,
slurry of sample was prepared by dispersing the 80 mg active
material, 10 mg acetylene black and 10 mg PVDF in DMF solvent.
This slurry was pasted on a high density graphite sheet using
drop casting technique and was kept in hot air oven overnight
(Sayed et al., 2020). The weight of the loaded mass was calculated
by subtracting the weight of bare electrode from the weight
of pasted electrode and found to be approximately 1mg. To
assess the capability of this material as an electrode material for
supercapacitors, three electrode measurements were performed by
taking this as a working electrode, Ag/AgCl as reference electrode
and platinum wire as counter electrode using 1 M H,SO, as an
electrolyte. The specific capacitance, energy density and power
density of material was evaluated by Cyclic Voltammetry (CV),
Galvanostatic Charge Discharge (GCD) by employing the following
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equations (Jhanjhariya and Lata 2024)
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Where C, and C, represents the specific capacitance in F/g from
CV and GCD respectively, I is the current in mA, s is the scan rate
of CV in mV/s, OV and [Jt demonstrates the operating potential
window in V and discharging time in seconds from GCD data, E
and P shows the energy density and power density in W h/kg and
W/kg respectively, obtained from GCD data.

Results and discussion

Figure 2a presents the XRD pattern of NGP0.2, NGP0.3, NGP0.4
and NGP0.5, obtained in 26 range from 10° to 80°. The XRD pattern
corresponds well with the JCPDS PDF No. 01-071-0,005 depicting
the pseudohexagonal phase of Nb,O5 (Hu et al., 2020). A small peak
at 27° denotes the (002) plane of g-C;N, indicative of its layered
structure, alongside a broad peak is observed at 27.7° indicating the
presence of amorphous PPy (Lii et al., 2022; Paul et al., 2022). As the
concentration of Nb,Os increased in the composites, PPy peak get
diminishes and the intensity of Nb,O5 peaks increases suggesting
its interaction during synthesis. This behavior demonstrates the
successful incorporation of Nb,Oj into the composites, confirming
their proper synthesis.

The thermal stability and phase transitions of NGP composite
during annealing was examined by performing TGA over a
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FIGURE 3

(a) FESEM image of g-C3sN, at 50K (b) FESEM image of PPy at 25K (c) FESEM image of NGP composite at 50K (d) FESEM image of NGP composite at
75K (e) EDX spectra of NGP composite (f) EDX spectra of PPy (g) EDX spectra of g-C3Nj.

temperature range from 40°C to 900°C. Figure 2b displays the
TGA curve of NGP composite demonstrating a two stage weight
loss process. An initial weight loss of approximately 20% was
observed up to 400°C which might be attributed to the loss of

water molecules and other volatile impurities present in the material.
During this stage, decomposition of PPy chain also begins, indicated
by a linear weight loss (Sun et al., 2019). Between 400°C and
650°C, a substantial weight loss was observed due to the complete
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FIGURE 4
Adsorption—desorption isotherm and the distribution of pore diameter with differential pore volume for (a, b) NGP composite (c, d) PPy (e, f) g-CsN,.

TABLE 2 Distribution of pore surface area, pore volume and
pore diameter.

Material Pore surface Pore Pore
area (m?/g) volume diameter

(cc/g) (nm)

g-C,N, 85.896 0.817 2325

PPy 82.071 0.145 1.809

NGP 68.936 0.105 3.077

Frontiers in Energy Research

decomposition of PPy chain and g-C;N, also starts decomposing
into carbon dioxide and nitrogen gases (Ullah et al., 2022). From
650°C to 900°C, the weight loss is about 18% showing the complete
decomposition of g-C;N, but the material is not completely
decomposed which means that at higher temperatures, Nb,Os
changes its phase from pseudohexagonal to a more stable structure
orthorhombic which matches with the literature (Li et al., 2016).
Figures 3a~d presents the FESEM images of g-C;N,, PPy and
NGP composite. g-C5N, has a characteristic sheet like structure
which ensures structural integrity while PPy has spongy globular
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FIGURE 5
(a) Cyclic voltammetry curve of NGP0.2, NGP0.3, NGP0.4 and NGPO0.5 at 10 mV/s (b—e) CV curve for NGP0.2, NGP0.3, NGP0.4 and NGP0.5 composite
at varying scan rate from 2 mV/s to 100 mV/s.

TABLE 3 Specific capacitance of NGP composites at a scan TABLE 4 Variation of specific capacitance with scan rate for NGP0.4
rate of 10 mV/s. composite.
Material Specific capacitance (F/g) Scan rate Specific capacitance (F/g) ‘
(mV/s)
NGP0.2 446.79 NGP0.2 NGP0.3 NGP04 NGPO0.5 ‘
NGP0.3 455.64 2 554.20 557.13 1,290.15 145.38
NGP0.4 897.81 5 501.98 508.67 1,086.87 144.22
NGP0.5 138.26 10 446.79 455.64 897.81 138.26
The bold value represents optimized NGP composite with maximum specific capacitance. 20 386.43 395.82 843.51 127.10
30 357.47 358.41 774.24 118.78
morphology facilitating faster electron and ion transport. Upon
. o . 40 329.56 330.48 723.49 111.68
examining the morphology of NGP composite, it is evident
that niobium pentoxide nanoparticles are encapsulated on sheet 50 306.87 308.68 681.85 105.53
like structures of g-C;N, around which PPy has formed a
spongy network resulting in an interconnected morphology, 60 288.05 290.68 647.88 100.22
which significantly enhances the interaction between composite’s
. . . . 70 271.05 27551 618.61 95.34
constituents. This enhanced interaction between Nb,Os, g-C;N,
and PPy provides a synergistic effect which helps in efficient 30 256.59 262.29 591.24 91.17
charge storage. Figures 3e—g represents the elemental composition
of different elements in the NGP composite, PPy and g-C;N,, 20 243.34 25065 567.46 87.28
illustrating the presence and proportion of different elements. The
. . 100 229.22 240.14 545.42 83.83
presence of oxygen in PPy and g-C;N, might be due to the

absorption of moisture. Hydrogen is not reported in EDX analysis The bold value represents optimized NGP composite with maximum specific capacitance.

because energy levels of characteristic X-rays for hydrogen are

extremely low (below 0.01 keV) and hence not detected by detector.  pressure range from 0 to 1. The isotherms exhibit type IV profile
Figure 4 displays the adsorption-desorption isotherm of g-  with negligible hysteresis depicting that mesopores are uniform

C;N,, PPy and NGP composite which was obtained in the relative ~ and the adsorption-desorption is nearly reversible (Pathak et al.,
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FIGURE 6

(a) GCD curve for NGP0.2, NGP0.3, NGP0.4 and NGPO.5 at 1 A/g (b—e) GCD curve for NGP0.2, NGP0.3, NGP0.4 and NGPO.5 at different current density.

TABLE 5 Specific capacitance of NGP composite at current
density of 1 A/g.

TABLE 6 Variation of Specific capacitance, Energy density and Power
density for NGP0.4 at different current density.

Material Specific capacitance (F/g) Current Specific Energy Power
s B density capacitance | density (W density
NGP0.2 304.95 (A/q) (F/g) h/kg) (W/kg)
NGP0.3 447.23 1 668.87 75.25 450.01
NGPO0.4 668.87 2 603.64 67.91 900.00
NGP0.5 94.51 3 553.23 62.24 1,350.03
The bold value represents optimized NGP composite with maximum specific capacitance. 4 509.24 57.29 1800.00

2022). The specific surface area calculated using multi-point BET
theory is 68.936 m?/g for NGP composite while it is 85.896 m?/g
and 82.071 m*/g for g-C;N, and PPy respectively. The lower surface
area of NGP composite than its individual constituents is likely
due to its reduced pore volume. In the composite Nb,O; effectively
covers the smallest pores, thus decreasing the accessible surface
area (Mosch et al,, 2016). This observation aligns well with the
FESEM images where Nb,O5 nanoparticles has acquired the surface
of g-C;N, and forming a network with PPy. Some particles of
Nb,O; occlude the pores of PPy, further contributing to the reduced
surface area. The distribution of pore volume and pore diameter is
detailed in Table 2. This data underscores the synergistic interaction
within the composite, which impacts its overall porosity and surface
characteristics.

To identify the reaction mechanism of charge storage, CV
was performed in a potential window from -0.2V to 0.7V for

Frontiers in Energy Research

The bold value represents optimized NGP composite with maximum specific capacitance.

NGP0.2, NGP0.3, NGP0.4 and NGP0.5at 10 mV/s is shown in
Figure 5a. It was observed that NGP0.4 has the highest area under
CV curve and hence the specific capacitance. The value of specific
capacitance for all the composites was calculated using Equation 1
and is tabulated in Table 3. To further study about the kinetics
of reaction, CV was recorded at different scan rates varying from
2 mV/s to 100 mV/s demonstrated in Figures 5b—e. It was observed
that on increasing the scan rate, area under CV curve increases
which might be due to the increase in capacitive current because
of the faster storing and releasing of charge at the electrode
surface. But the value of specific capacitance, as depicted in Table 4,
decreases due to the fast reaction kinetics, the ions have less time
to diffuse into the deeper pores of electrode material leading to
incomplete utilization of electrode material. Thus, at high scan
rates, specific capacitance which is the amount of charge stored

frontiersin.org
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FIGURE 7

(a) Nyquist plot for NGP0.2, NGP0.3, NGP0.4 and NGPO.5 in the frequency range 0.1 Hz—100 KHz (inset) zoom view of Nyquist plot at higher frequency
(b) CV curve of NGP0.4 composite after different cycles (c) Capacitance retention and columbic efficiency after 1000 GCD cycles.

TABLE 7 Comparison of energy density and power density of NGP0.4
composite with previously reported materials in three-electrode system.

Electrode Energy Power References
material density (W densit¥ (W
h kg™) kg™)
PANI/AC/CuF 49.66 300.06 Pandey, Verma,
and Verma
(2022)
NiO/Gr/PPy 3371 250.00 Golkhatmi et al.
(2021)
PPy/GA 73.00 599.00 Ullah et al.
(2022)
CuMnO,/g- 12.50 300.00 Siwal et al.
C;N, (2020)
Fe,0,;/rGO/PPy 19.50 100.00 Moyseowicz etal.
(2017)
g-C;N, /PPy 86.00 300.00 Arora et al.
(2022b)
Ag-NiAlLO,/g- 27.00 187.28 Irshad et al.
C,N, (2023)
Nb,O;/g- 75.25 450.01 This work
C,N,/PPy

The bold value represents optimized NGP composite with maximum specific capacitance.

per unit mass decreases because the response is more controlled
by the kinetics of electrode process rather than by capacitive
behavior (Pan et al., 2024).

To further study about the charge storing capability of
electrode material, GCD was performed for NGP0.2, NGP0.3,
NGP0.4 and NGPO0.5 at 1 A/g as shown in Figure 6a. The specific
capacitance, energy density and power density were calculated
using Equations 2-4 respectively and is shown in Table 5. It was
observed that NGPO0.4 has the highest value of specific capacitance
among all the NGP composites which is consistent with the CV
measurements. The rate capability of NGP composites was studied

Frontiers in Energy Research

by varying the current density and is shown in Figures 6b—e. On
increasing the current density, the specific capacitance and hence
the energy density decreased as shown in Table 6 because of the
incomplete charging-discharging of electrode material in limited
time frame.

To analyze the solution resistance and charge transfer resistance,
Electrochemical Impedance Spectroscopy (EIS) was performed in
the frequency range from 0.1 Hz to 10° Hz. Figure 7a demonstrates
the Nyquist plot of NGP0.2, NGP0.3, NGP0.4 and NGPO.5. In the
high frequency region, the point from where EIS plot starts denotes
the solution resistance (Laschuk et al., 2021). It can be observed
that NGP0.4 has the lowest solution resistance, thus validating
the CV and GCD measurements which demonstrate its high
specific capacitance than other composites. Further, the negligible
presence of semi circle in high frequency region demonstrates the
supercapacitive behavior of materials. The cyclic stability of the
composite was evaluated by performing 5000 CV cycles and 1000
GCD cycles as shown in Figures 7b,c respectively. It was observed
that after 5,000 cycles, 95% of the capacitance was retained from
CV cycles and 91% capacitance was retained after 1000 GCD cycles.
The difference in capacitance retention from CV and GCD cycles
might be attributed to the extent of electrode-electrolyte interactions
at higher scan rates, CV with its faster scan rates, might not allow
sufficient time for these interactions to fully manifest, potentially
demonstrating higher capacitance retention than GCD (Khan et al.,
2023). In order to demonstrate the superiority of this work, the
energy density of NGP0.4 composite with other previously reported
materials is compared in Table 7.

Conclusion

In summary, the Nb,O;/g-C;N,/PPy (NGP) composite was
synthesized via a facile in-situ polymerization reaction with
systematic variation in the amount of niobium pentoxide. The
successful synthesis of composites was confirmed through XRD
pattern which exhibited increased intensity of Nb,O; peaks
corresponding to its higher content. The synthesized material
displayed a spongy globular morphology which facilitated the faster
ion transport and the specific surface area was evaluated from multi
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point BET theory and found to be 68.936 m?/g. Electrochemical
measurements revealed a specific capacitance of 1,290.15 F/g at
2mV/s from CV and 668.87 F/g at 1 A/g as measured with GCD
testing. The electrode was further subjected to 5000 CV cycles and
1000 GCD cycles, revealing a capacitance retention of 95% and 91%,
respectively. The energy density derived from GCD data was found
to be 75.25 W h/kg at a power density of 450.01 W/kg underscoring
the capability of this material to be used in future Supercapacitor
applications.
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