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Enhancing the electrochemical performance of
rGO-based ternary composite for next generation

*a

This work explores the rational design and synthesis of a high-performance ternary nanocomposite rGO/
CeO,/PPy, by incorporating cerium oxide and polypyrrole into the rGO matrix, through a hybrid
approach of combining hydrothermal synthesis with in situ oxidative polymerization. Comprehensive

structural characterization of the rGO/CeO,/PPy composite confirms the successful integration of

components, revealing a hierarchically porous architecture that optimizes both charge transport and ion

diffusion kinetics. The ternary composite exhibits exceptional interfacial interactions, including —m

conjugation between rGO and PPy, coupled with electrostatic stabilization from CeO, resulting in

enhanced mechanical integrity and improved electrolyte accessibility. Electrochemical characterization

reveals remarkable performance metrics, with a specific capacitance of 874 F g~* and outstanding cyclic

durability of 94% capacity retention after 5000 charge—discharge cycles at 1 A g%. The configured rGO/
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CeO,/PPy//AC system exhibits exceptional energy storage performance, yielding an energy density of

39.6 Wh kg~! while sustaining a power density of 2859 W kg™. These outstanding characteristics
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1. Introduction

The global energy landscape of the 21st century faces unprec-
edented challenges, driving extensive research into advanced
energy storage technologies that can effectively harness clean
and renewable energy sources." Among these emerging solu-
tions, supercapacitors (SCs) have been explored as an upcoming
class of energy storage devices.>® Their remarkable combination
of exceptional power density, extended cycle stability, rapid
charge-discharge capabilities, broad operational temperature
tolerance, and environmental sustainability has positioned
them at the forefront of energy storage innovations.*
Carbonaceous nanostructures have established themselves
as paradigm-shifting materials for electrochemical energy
storage applications.® Advanced carbonaceous materials, such
as graphene, carbon nanotubes, nano fibers, and porous acti-
vated carbon, are widely integrated into electrical double-layer
capacitors (EDLCs), wherein energy storage manifests via elec-
trostatic charge aggregation at the electrode-electrolyte inter-
face.® In contrast, pseudocapacitive materials, including
transition metal oxides, chalcogenides, and conductive poly-
mers, rely on reversible faradaic reactions to achieve higher

“Department of Chemistry, Centre for Renewable Energy and Environmental
Sustainability, CHRIST University, Bengaluru 560029, India

*Inorganic and Bioinorganic Research Laboratory, Department of Chemistry, NIT
Calicut, India. E-mail: sreeja.pb@christuniversity.in

© 2025 The Author(s). Published by the Royal Society of Chemistry

underscore the material's suitability as a cutting-edge electrode for sophisticated energy storage
systems, showcasing the benefits of strategic component integration in hybrid nanocomposite design.

energy densities.” To harness the complementary strengths of
both mechanisms, hybrid supercapacitors have been engi-
neered, integrating electric double-layer capacitive and
pseudocapacitive materials to optimize overall electrochemical
performance.®

The dimensionality of the nanocarbon architectures plays
a pivotal role in determining their physicochemical properties,
with classifications ranging from 3D structures to 0D systems.’
Among the multidimensional carbon architectures, two-
dimensional (2D) carbon-based materials, particularly reduced
graphene oxide, provide unparalleled advantages for electro-
chemical energy storage owing to their sheet-like structure with
ultrahigh theoretical surface area (~2630 m”> g~ '), mechanical
stability, and exceptional electrical conductivity.'* However, the
practical realization of these properties is significantly hindered
by the spontaneous restacking of graphene layers through
strong -7 interactions.'* To address this fundamental limita-
tion, the strategic insertion of spacer materials between rGO
sheets becomes essential to maintain optimal interlayer sepa-
ration and prevent recombination.”> Combining rGO with
pseudocapacitive materials through covalent or noncovalent
interactions enables the emergence of synergistic properties
beyond those of individual components.*>**

The versatility of multivalent transition metal oxides makes
them highly appealing for supercapacitors due to their potential
for multiple oxidation state transitions, which facilitates
enhanced pseudocapacitive behavior.*
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Among the various metal oxides, ceria (CeO,) has garnered
significant attention due to its pivotal role in advancing envi-
ronmental and energy-related technologies. A key attribute of
ceria is its ability to undergo rapid and reversible redox transi-
tions between Ce®* and Ce*" oxidation states, a property that
has been exploited in supercapacitor applications.'® However,
despite its redox versatility, the widespread adoption of CeO, in
supercapacitor systems has been constrained by its inherently
low electrical conductivity.”” This limitation restricts charge
storage primarily to surface reactions, leaving the bulk of the
material electrochemically inactive and thus diminishing its
overall capacitive performance. To circumvent this challenge,
researchers have increasingly turned to conductive carbon
matrices as structural scaffolds for the incorporation of metal
oxides in the composite electrodes.’® The incorporation of
transition metal oxides into rGO frameworks serves to inhibit
the -7 stacking tendency of graphitic layers while establishing
a highly accessible, redox-active interface.

A synergistic approach combining nanostructured carbon
matrices and metal oxides with conductive polymers presents
a compelling strategy to harness the advantages of both
pseudocapacitive and electric double-layer charge storage
mechanisms.” This sophisticated integration capitalizes on the
unique benefits of each component: the substantial conduc-
tivity and extensive surface area of graphene derivatives, the
rich redox chemistry of metal oxides, and the high charge
density of conducting polymers.”® Together, they form
composite materials with optimized electrochemical properties
that surpass the performance of their individual constituents,
offering new possibilities for advanced energy storage solutions.

Jayaweera et al. made a significant contribution to this
domain by designing rGO/SnO,/PANI nanocomposite, synthe-
sized through a scalable one-pot process.”” This ternary
composite exhibited reliable capacitance (524.2 F g~') under
extreme cycling conditions. Moreover, Murat et al. developed an
economically viable rGO/ZnO/PTh hybrid composite via chem-
ical synthesis using FeCl; as an oxidant. It showcased an
impressive Cy, of 430 F g', with retaining near-constant
capacitance across 1000 operational cycles.”* Additionally, Jose
et al. showcased the development of an innovative rGO/PdO/PPy
ternary nanocomposite through straightforward electrodeposi-
tion, achieving a capacitance of 595 F g~ and retaining 88%
capacitance in 1 M H,SO,. The strategic design of ternary
composites has emerged as a highly effective approach to
engineer novel materials with superior electrochemical
properties.

This study demonstrates the synthesis of a hybrid ternary
composite rGO/CeO,/PPy, incorporating reduced graphene
oxide (rGO), cerium oxide (CeO,), and polypyrrole (PPy),
through a facile hydrothermal method with subsequent in situ
chemical oxidative polymerization. It is anticipated that the
synergistic combination of conductive rGO, redox-active CeO,,
and pseudocapacitive PPy prevents graphene restacking while
improving charge transfer and ion diffusion kinetics. The
distinctive structure of the composite optimizes ion diffusion
channels and enhances capacitance, yielding exceptional
cycling robustness and rate capability. The study provides
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a strategic blueprint for designing advanced energy storage
systems through synergistic material engineering.

2. Experimental techniques
2.1 Materials

Cerium nitrate hexahydrate (Ce(NOs);-6H,0), Sodium
hydroxide pellets (NaOH), pyrrole (Py), ferric chloride hexahy-
drate (FeCl;-6H,0) (Sigma-Aldrich). Polyvinylidene difluoride
(PVDF), N-methyl-2-pyrrolidone (NMP), and carbon black (Kai-
lash Scientific, India). Double-distilled water was employed
throughout the experiments.

2.1.1 Synthesis of preparation of rGO/CeO, binary
composite (RC). The rGO/CeO, nanocomposites were synthe-
sized via a facile hydrothermal approach. Initially, GO (0.04 g)
was uniformly dispersed in 30 mL of distilled water under
ultrasonication for 60 min. Subsequently, 0.08 g cerium nitrate
was introduced under continuous magnetic stirring for 30 min
to ensure homogeneous mixing. 20 mL of 2 M NaOH solution
was added, and the stirring was further continued. It was then
subjected to a hydrothermal process at 180 °C for 12 h. The
resultant black precipitate was centrifuged and washed to
remove the unwanted residues. The purified product was dried
overnight in a hot air oven at 70 °C to yield the final nano-
composite rGO/CeO,.

2.1.2 Preparation of rGO/PPy binary composite (RP). The
rGO/PPy nanocomposite was synthesized through an optimized
in situ chemical oxidative polymerization process. Initially,
0.04 g of rGO was exfoliated in 30 mL of deionized water via
probe ultrasonication for 60 min. To this dispersion, 0.2 M
freshly distilled pyrrole monomer was introduced under
constant stirring at 0-5 °C for 1 h to ensure proper monomer
adsorption on the rGO sheets. Polymerization was subsequently
initiated by dropwise addition of 0.2 M FeCl; oxidant solution,
with the reaction proceeding under continuous magnetic stir-
ring for 24 h. The obtained product was purified through
subsequent washing and finally vacuum dried at 70 °C to obtain
the conductive rGO/PPy composite.

2.1.3 Preparation of rGO/CeO,/PPy ternary composite
(RCP). The rGO/CeO,/PPy ternary composite was synthesized
through an integrated two-stage synthesis protocol combining
the hydrothermal method and in situ oxidative polymerization
as depicted in Fig. 1.

2.1.4 Characterizations. The crystallinity and structural
properties of the samples were investigated using a Rigaku
Miniflex 600-benchtop powder X-ray diffractometer. The iden-
tification of major surface functional groups within the mate-
rials was detected by employing the Shimadzu FTIR-8400S
spectrophotometer. The morphological features and elemental
composition were characterized using a Nova Nano SEM 450
instrument and a Thermo Fisher Scientific Tecnai G220 S-TWIN
TEM analyzer. To examine the material composition and
bonding interactions, a PHI5000 probe III instrument was
employed. The surface area characteristics and porosity of the
materials were assessed using a Micromeritics 3 Flex instru-
ment. The electrochemical performance was comprehensively
evaluated using a CHI6054E electrochemical workstation.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic illustration of the synthesis of rGO/CeO,/PPy (RCP) ternary composite.
2.1.5 Preparation of rGO/CeO,/PPy electrodes. The Comprehensive electrochemical characterization revealed

synthesized rGO/CeO,/PPy ternary composite was homogenized
with PVDF binder and conductive carbon black (8:1:1 mass
ratio) in N-methyl-2-pyrrolidone (NMP) via rigorous stirring for
2 h. The resulting slurry was uniformly coated onto a nickel
foam substrate (1 x 1 cm?) and vacuum-dried at 60 °C for 12 h
to ensure optimal adhesion and solvent removal. Electro-
chemical assessments were done using a Pt counter electrode
and an Ag/AgCl (saturated KCl) reference electrode in 2M KOH.
The CHI608E workstation was employed to conduct cyclic vol-
tammetry (CV), galvanostatic charge-discharge (GCD), and
electrochemical impedance spectroscopy (EIS) techniques to
probe capacitive behavior, charge storage kinetics, and inter-
facial resistance, respectively.

The specific capacitance (Csp) of the materials can be calcu-
lated from GCD curves using the following equation.

G0~ oy g

2.1.6 Fabrication of rGO/CeO,/PPy//AC asymmetric super-
capacitor. A novel solid-state hybrid supercapacitor device was
engineered by integrating rGO/CeO,/PPy composite (RCP) as
the battery-type positive electrode and activated carbon (AC) as
the capacitive-type negative electrode, separated by a Whatman
filter paper membrane immersed in the electrolyte, assembled
in a two-electrode cell configuration. The electrochemical
performance was rigorously assessed through an integrated
analytical approach employing CV, GCD, and EIS, com-
plemented by comprehensive stability  evaluations.

© 2025 The Author(s). Published by the Royal Society of Chemistry

optimal device operation over the potential window 0 to 1.4 V.

The energy storage capabilities were quantitatively assessed
by calculating the energy density (E) and power density (P)
parameters from the GCD profiles using the following standard
equations:

Cyp x V2
E=—7 @
P= g x 3600 (3)

3. Results and discussions
3.1 Structural characterizations

X-ray diffraction (XRD) analysis was used to assess the phase
purity and crystallinity of the composites (Fig. 2). Fig. 2a shows
the XRD patterns of pristine CeO,, GO, and PPy. CeO, exhibits
sharp Bragg peaks at 26 values of 28.4° (111), 32.9° (200), 47.3°
(220), 56.1° (311), 58.8° (222), 69.3° (400), 76.5° (331), and 78.9°
(420), matching the face-centered cubic fluorite structure
(JCPDS 65-2975).2* Moreover, GO displays peaks at 10.8° (001)
and 42.3° (100), while PPy shows a broad peak at 24.8°,
reflecting its amorphous nature.>*** In RC and RP composites,
CeO, and PPy peaks persist, but rGO peaks are absent due to GO
reduction and uniform CeO, dispersion, disrupting graphitic
stacking. The ternary RCP composite’'s XRD pattern reveals
overlapping contributions from rGO, CeO,, and PPy, confirming
hybridization. Slight CeO, peak shifts indicate interfacial

RSC Adv, 2025, 15, 34417-34433 | 34419
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Fig. 2 The XRD pattern obtained for (a) CeO,, GO, PPy; (b) RC, RP, and RCP.

interactions, preserving crystalline integrity and forming
a synergistic structure ideal for electrochemical applications.
Raman spectroscopy offers critical insights into the struc-
tural and intermolecular dynamics of the nanocomposite
system (Fig. 3).”” The CeO, spectrum shows a distinct peak at
460 cm ™, linked to symmetric Ce-O bond stretching in the
fluorite structure, clearly visible in the RC composite, confirm-
ing ceria incorporation.”® Graphene oxide displays character-
istic D (1354 cm™ ') and G (1584 cm™ ') bands, arising from
disordered sp® carbon and in-plane vibrations of sp> hybridized
carbon atoms, respectively, which persist in the RC composite
alongside the CeO, peak, indicating structural integrity and
material integration.”® The PPy spectrum reveals key vibrational

signatures: G-band at 1557 cm™ ' (C=C stretching), D-band at
1378 cm™ ' (pyrrole ring deformations), and peaks at 1054 cm ™"
(C-H bending) and 954 cm™* (quinoid structures), reflecting
electronic and structural changes in the conjugated back-
bone.?*?* These features are prominent in the RP and RCP
composites, confirming effective PPy integration with rGO and
Ce0,, validating a well-integrated ternary nanocomposite
system.

The Ip/I; ratio in Raman spectroscopy is a key indicator of
disorder in carbonaceous materials, with higher ratios reflect-
ing increased structural defects. For graphene oxide (GO) and
polypyrrole (PPy), the Ip/I; ratios were measured as 0.98 and
0.72, respectively. The binary composite RC exhibited an Ip/Ig

1000 1500 2000 2500 3000
Raman shift (cm")

500

a) PPy b) —— RCP|
= — GO)| p— RP
= =
S— 3
£ £
— =
=
Ceoz[ e RC
ﬁa N
) \/
f K |V
| “
R T S—— \ NENPIPURON o SN
A

1000 1500 2000 2500 3000
Raman shift (cm™)

500

Fig. 3 Raman spectra obtained for (a) CeO,, GO, PPy; (b) RC, RP, and RCP.
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ratio of 0.89, suggesting a partial restoration of sp> domains in
GO due to the removal of oxygen-containing defect states during
reduction. In the hydrothermal reduction of GO to reduced
graphene oxide (rGO), oxygen functional groups are eliminated,
reestablishing the conjugated graphene network.*” In the RCP
composite, Raman spectra showed the same characteristic
peaks as PPy, but with an increased Ip/I ratio from 0.72 to 0.79,
indicating structural disruption in PPy due to oxygen-
containing groups. This disruption may result from the incor-
poration of cerium particles into the pores of PPy.*

FTIR spectroscopy provides essential molecular insights into
the functional group composition of synthesized materials
(Fig. 4). The CeO, spectrum shows a prominent Ce-O vibra-
tional mode at 485 cm ™, retained in RC and RCP composites,
confirming ceria nanoparticle integration.** Surface-adsorbed
CO, is evidenced by peaks at 1328 cm ' (O-C-O asymmetric
stretching) and 1056 cm ™' (C=O stretching), while broad bands
at 1524 cm ™" (hydroxyl bending) and 3428 cm™" (O-H stretch-
ing) indicate surface hydration.**** Graphene oxide (GO)
exhibits peaks at 1720 cm ™" (carbonyl C=0), 1390 cm " (epoxy
C-0-C), 1118 cm ™" (hydroxyl C-OH), and 1051 cm ™" (epoxide),
with vibrations at 1289 cm™* (C-0), cm ™" (aromatic C=C), and
1789 cm ™' (carbonyl C=0) in composites, suggesting partial
GO reduction while preserving oxygen functionalities for
enhanced electrochemical activity.>”*® The FT-IR spectrum of
PPy displays bands at 1552 cm ™" (C=C stretching), 1470 cm "
(C-N stretching), 1042 cm ™" (N-H deformation), and 1174 cm ™"
(pyrrole ring breathing), confirming its conjugated structure.*
The RCP composite's combined vibrational features validate the
successful integration of CeO,, PPy, and carbonaceous material.

The surface properties of nanostructured materials signifi-
cantly impact their electrochemical performance, as analyzed
via N, physisorption using Brunauer-Emmett-Teller (BET)
theory. The RCP ternary composite displays a type IV isotherm
with distinct hysteresis loops at P/P, > 0.4, indicating a well-
developed mesoporous structure conducive to efficient mass
transport through capillary condensation (Fig. 5a).* Moreover,

‘PPy] 1174
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the pore size distribution curves of the materials determined by
the Barrett-Joyner-Halenda (BJH) model are displayed in
Fig. 5b.** It clearly indicates that most of the pores in the
materials lie between 10 and 50 nm, emphasizing the meso-
porous nature of the materials. The mesoporous materials serve
as an unhindered ion transport pathway, facilitating the charge
transfer kinetics. It provides more active sites for electro-
chemical reactions, improves the conductivity of the composite,
and thereby enhances the overall electrochemical performance
of RCP.*> The BET-specific surface area of 85.8 m* g~ reflects
the synergistic integration of rGO nanosheets, CeO, nano-
particles, and PPy globules into a 3D framework, enhancing
electrochemically active sites and electrolyte accessibility for
superior charge transfer kinetics in energy storage
applications.*

X-ray photoelectron spectroscopy (XPS) was employed to
characterize the chemical states and bonding configurations
within the synthesized hybrid material, revealing precise elec-
tronic properties and interfacial interactions at the atomic
level.** The survey spectrum of the composite showcased in
Fig. 6a represents four sharp peaks at 285.32 eV, 400.13 eV,
532.1 eV, and 900.7 eV corresponding to C 1s (69.25%), N 1s
(10.48%), O1s (18.38%), and Ce 3d (1.89%), respectively. The Ce
3d was deconvoluted into six Gaussian components represent-
ing trivalent and tetravalent states of cerium ions (Fig. 6b). The
peaks at 898.4 eV and 917.4 eV represented two spin orbitals of
Ce 3ds, and Ce 3ds, of the Ce*" state, respectively.*® The Ce**
oxidation state was represented by the peaks at 901 eV (Ce 3ds,,)
and 883.41 eV (Ce 3d3,). In addition to this, two satellite peaks
were also found with binding energies of 907.5 eV and 888.6 eV.

The area under the peaks corresponding to each oxidation
state was calculated from the fitted curves using Casa XPS
software, and the ratio of Ce®* (40.09%) to Ce** (18.34%) was
obtained as 2.18. The XPS spectrum of CeO, reveals the ratio of
Ce*" and Ce*" on its surface, which is directly linked to the
concentration of oxygen vacancies.** A higher Ce** concentra-
tion indicates more oxygen vacancies, increasing the number of

Intensity (a.u)

Intensity (a.u)
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Fig. 4 FTIR spectra obtained for (a) CeO, GO, and PPy; (b) RC, RP, and RCP.
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active sites available for redox reactions and providing high-
diffusivity pathways for electrolyte ions, leading to higher
specific capacitance and improved energy storage capabilities.*”
Moreover, the presence of Ce**ions, with their single unpaired
4f electron, introduces donor energy levels in the CeO, band
gap. This creates conductive electron transfer channels that
enhance the material's overall electrical conductivity.*® This is
a key reason for creating composites with conductive materials
like graphene.

As illustrated in Fig. 6¢, the C 1s peaks at 284.7 eV, 286.2 eV,
and 288.5 eV could be attributed to the alkyl C-C and sp”
bonded C=C moieties, C-O of hydroxyl and epoxy groups, or
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C-N of pyrrole ring and carbonyl C=0 groups present in the
polypyrrole and rGO.* The N 1s core level spectrum of the
composite consisted of two components, represented by
397.5 eV corresponding to the imine (=N-) nitrogen atoms, and
399.9 eV, which could be assigned to the neutral nitrogen (-N-
H) in the pyrrole ring (Fig. 6d).** The high-resolution O 1s
spectrum showed two fitted peaks corresponding to lattice
oxygen (Opatrice at 530.3 eV), corresponding to the oxygen atoms
in the crystal lattice, and another peak corresponding to the
adsorbed oxygen (O,qs at 532.8 eV), representing the active
oxygen moieties at the surface (Fig. 6e).”*
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3.2 Morphological characterization

Field Emission Scanning Electron Microscopy (FESEM) was
used to examine the surface morphology and microstructure of
RC, RP, and RCP composites.* The FESEM image of RC (Fig. 7a)
shows CeO, nanoparticles uniformly anchored on rGO sheets,
indicating strong interfacial interactions and effective nucle-
ation, enhancing electron transport and structural stability.
Fig. 7b reveals the homogeneous coverage of spherical PPy
particles on rGO, which is attributed to strong m—7 interactions
between PPy and graphene sheets, which inhibit restacking of
rGO and facilitate the formation of a porous architecture.> The
SEM image of the RCP ternary composite (Fig. 7c) displays
rectangular CeO, and PPy spheres integrated into rGO, acting as
spacers to create voids and gaps, fostering a 3D framework that
supports rapid ion diffusion and redox reactions. Energy
Dispersive X-ray (EDX) analysis of RCP (Fig. 7d) confirms the
presence of carbon, nitrogen, cerium, and oxygen, verifying the
formation of a well-integrated rGO/CeO,/PPy hybrid system,
where each component retains its chemical identity while
synergistically enhancing the composite's functional
properties.>*

High-resolution transmission electron microscopy (HRTEM)
and selected area electron diffraction (SAED) were used to
investigate the crystallinity and nanostructure of the ternary
RCP composite, as shown in Fig. 8a-d.>> HRTEM images at
various magnifications reveal uniformly distributed square-
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shaped CeO, nanocubes within the rGO-PPy matrix, consis-
tent with SEM findings. This strong interfacial integration
indicates effective heterostructure formation, crucial for syner-
gistic electrochemical performance.** HRTEM images display
clear lattice fringes with interlayer spacings of 0.27 nm and
0.31 nm, corresponding to the (200) and (111) planes of cubic
CeO0,, confirming high crystallinity and phase purity of CeO,
nanoparticles (Fig. 8c).”” These results align with XRD and XPS
data, verifying successful component integration while main-
taining crystallographic integrity. The SEAD patterns demon-
strate the coexistence of crystalline diffraction spots from CeO,
and diffuse rings from amorphous PPy (Fig. 8d).”® The well-
defined heterostructure, with intimate interfacial contact
between constituents, suggests enhanced charge transport
capabilities, critical for advanced energy storage applications.*

3.3 Electrochemical analysis

The electrochemical investigations of the synthesized materials
were done using various analytical techniques such as CV, GCD,
and EIS. The Cyclic voltammetry (CV) was carried out in 2 M
KOH within a potential window of —0.2 to 0.7 V to investigate
the charge storage mechanism of the fabricated electrodes. CV
curves of RC, RP, and RCP were recorded at scan rates ranging
from 5 to 100 mV s~ (Fig. 9), highlighting the relationship
between applied potential and current response. The CV curves
of all materials exhibited well-defined reduction and oxidation

Full scale counts: 2220
Integral Counts: 82318
2500

kim-7-n kev

Fig. 7 The SEM images recorded at 500 nm (a) RC, (b) RP, (c) RCP, (d) EDX of RCP.
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0.27 nm
CeO5 (200)

Fig. 8

peaks, indicative of a hybrid charge storage mechanism
involving both electric double-layer capacitance (EDLC) and
faradaic pseudocapacitance, with the latter being predomi-
nant.*” The ternary RCP composite demonstrated significantly
larger CV loop integration compared to pristine GO and binary
composites (RC, RP), highlighting its superior charge storage
capacity (Fig. 9a). This augmented performance arises from the
synergistic interplay between EDLC from the rGO framework
and robust pseudocapacitive contributions from CeO, and PPy.
The integration of CeO, and PPy within the rGO framework
effectively suppresses graphene restacking while augmenting
electroactive sites and charge transfer kinetics.**

The underlying redox mechanism governing the electro-
chemical behavior can be represented by the following reaction:

CeO, + M" + e~ < CeOOM

where M" denotes the alkali cation (K').** During charging,
CeO, is converted into CeOOM, while during discharging,
CeOOM reverts to CeO, through reversible faradaic reactions.
The distinct redox peaks observed in the CV profiles further
confirm the Faradaic-dominated mechanism, associated with
the reversible Ce**/Ce" transitions. Specifically, the anodic
peak corresponds to the oxidation of Ce*" to Ce**, whereas the
cathodic peak indicates the reduction of Ce** back to Ce**.%**
The integration of cerium ions into the PPy matrix markedly
improves its electrochemical performance by providing extra
redox-active sites and refining the structural characteristics of
the material. The Ce*/Ce*" redox couple promotes pseudo-
capacitance, boosting both charge storage capacity and cycling
stability. Additionally, cerium ions encourage the formation of

34424 | RSC Adv, 2025, 15, 34417-34433
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(a—c) The HRTEM images of RCP recorded at different magnifications, (d) SEAD pattern of RCP.

paramagnetic centers, which increase charge carrier density
and enhance electrical conductivity. Moreover, PPy synergisti-
cally enhances pseudocapacitance and electrical conductivity,
optimizing electrochemical performance. Systematic CV anal-
ysis, as illustrated in Fig. 9b-d, reveals predictable peak
potential separation with escalating scan rates, exhibiting
positive anodic and negative cathodic shifts while maintaining
well-defined peak morphology.®® This exceptional retention of
electrochemical signature across varied scan rates underscores
the composite's outstanding reaction reversibility and minimal
polarization effects, confirming its potential for sophisticated
energy storage applications.

The correlation between peak current and the square root of
the scan rate is typically examined in CV profiles measured at
varying scan rates (Fig. 10a). This relationship provides valuable
insight into the kinetics of redox reactions at the electrode-
electrolyte interface.®® The assessment of the kinetic mecha-
nism of charge storage involved analyzing CV measurements at
different scan rates and applying the power-law rule eqn (4):

i=a’ (4)

The variables i and » denote the measured current and scan
rate, respectively, with a and b being constants. Taking the
logarithm of both sides of eqn (5) leads to

log i=log a+b log v (5)

The b value reflects the rate-limiting process: a value near 0.5
signifies diffusion-controlled electrochemical reactions (typical

© 2025 The Author(s). Published by the Royal Society of Chemistry
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to 100 mV s~ L.

of battery materials), whereas a value close to 1 suggests that the
reactions are primarily surface-controlled (characteristic of
capacitive materials)®” (Fig. 10b).

The value of ‘b’ was determined to be 0.51, indicating
a dominant battery-like, diffusion-controlled charge storage
mechanism in the RCP nanocomposite.®® CeO, nanoparticles
contribute redox-active sites that facilitate reversible redox
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reactions (Ce**/Ce""), while the reduced graphene oxide (rGO)
provides a highly conductive network that enhances electron
transport, and polypyrrole (PPy) acts as a pseudocapacitive
material contributing to additional faradaic processes. This
combination of ternary nanocomposite synergistically
enhances the charge storage capacity by coupling both faradaic
(CeO, and PPy) and capacitive effects (rGO), with the diffusion-
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(a) The plot of anodic and cathodic peak current vs. square root of scan rate of RCP; (b) plot of log peak current vs. log scan rates.
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controlled mechanism playing a major role in overall
performance.

The electrochemical performance of GO and its composite
electrodes (RC, RP, RCP) was thoroughly evaluated through
GCD analysis within a potential range of —0.2 to 0.5 V (vs. Ag/
AgCl) at 1 A g™ (Fig. 11a). All electrodes exhibited character-
istic nonlinear discharge curves with negligible IR drop, indic-
ative of a hybrid charge storage mechanism combining faradaic
pseudocapacitance from CeO, and PPy redox reactions and
electric double-layer capacitance contributed by rGO.* The
ternary RCP composite demonstrated exceptional electro-
chemical performance, exhibiting the longest discharge dura-
tion, which directly correlates with its superior specific
capacitance. This enhanced performance originates from the
composite's optimized hierarchical porous architecture that
simultaneously maximizes electroactive surface area and facil-
itates efficient ion diffusion.” The rGO framework provides
structural stability and enhanced conductivity, while the
incorporated CeO, nanoparticles prevent graphene restacking
and contribute additional redox-active sites. Meanwhile, the
uniformly dispersed PPy nanostructures serve dual functions as
both conductive bridges and physical spacers, enabling rapid
electron transfer and efficient electrolyte penetration in the RCP
ternary composite.

All electrodes demonstrate characteristic capacitance atten-
uation with increasing current density, as illustrated in
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Fig. 11b-d, reflecting inherent kinetic limitations where
elevated rates impede electrolyte penetration and faradaic
reaction kinetics.”* The specific capacitance of the fabricated
RC, RP, and RCP electrodes was calculated from the GCD curves
using eqn (1) at different current densities, as detailed in Fig. S4
and Table S1.

The specific capacitance value of RCP composite (874 F g™ )
outperformed both the binary counterparts RC (402 F ¢~ '), RP
(577 F g '), and pure GO (228 F g *). The results conclusively
establish the ternary composite's potential as a high-efficiency
electrode material for next-generation supercapacitor devices,
combining optimal nanostructure design with synergistic
charge storage mechanisms.

As tabulated in Table 1, a critical comparison of our work
with the existing literature data quantitatively establishes the
significant performance of our system, achieving superior
specific capacitance and long-term durability.

Electrochemical impedance spectroscopy (EIS) experiments
were performed to investigate the charge storage dynamics and
interfacial reaction kinetics of electrode materials, as show-
cased in the Nyquist spectral plots (Fig. 12a).** All electrodes
exhibited characteristic impedance features, including
a depressed semicircle arc in the high frequency region, corre-
sponding to charge transfer resistance (R.) at the electrode-
electrolyte interface, followed by a linear Warburg region in the
low frequency domain, signifying the ion diffusion process.®®
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Fig. 11 (a) Comparison of GCD curves recorded at 1 A g%, (b—d) GCD profiles of RC, RP, and RCP over 1.0 to 3.5 A g~
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Table 1 A comparative assessment of our work with previously published literature

Specific capacitance Cycling stability

Composite materials Synthesis methods Electrolyte used (Fg™") (%) References
CeO, Hydrothermal 3 M KOH 644 90.4 72
CeO,/CeS, Hydrothermal 0.1 M KOH 420 100 73
CeO,/AC Hydrothermal 6 M KOH 752 97.5 74
CeO,/rGO Self-assembly with annealing 2 M KOH 195 96.2 75
rGO/PPy/PSS Hydrothermal 0.1 M KOH 313.26 97.6 76
rGO/Co30,4/PPy Hydrothermal with in situ polymerization 6 M KOH 532.8 100 77
rGO/CeO, Hydrothermal 2 M KOH 616 82 78
CeO,-doped Zr nanoparticles Ultrasonic-assisted synthesis 1M KOH 198 94.9 79
Ce-doped Co;0, Solution combustion method 6 M KOH 603.3 87 80
rGO/PPy In situ polymerization 1 M H,SO, 675 85 81
Ce0,/Co;0,/PEDOT Hydrothermal with polymerization 3 M KOH 617.8 91.8 82
rGO/PANI/SrFe;,014 Sol-gel process with polymerization 1M H,SO, 684 98.96 83
rGO/PPy SILAR method 1M H,SO, 803 91 84
rGO/CeO,/PPy Hydrothermal followed by in situ 2 M KOH 874 94 (This work)

polymerization

The RCP composite demonstrated superior electrochemical
properties, evidenced by its near-vertical Warburg slope, which
reflects optimized ion diffusion kinetics facilitated by its hier-
archical porous architecture. Notably, the ternary composite
exhibited significantly reduced R, and solution resistance R
values compared to other samples, attributed to the synergistic
combination of highly conductive rGO networks, redox-active
CeO, nanoparticles, and electrochemically responsive PPy
matrices. These results collectively highlight the RCP compos-
ite's exceptional charge transfer characteristics and minimal
interfacial resistance, demonstrating its potential as an
advanced electrode material for high-performance energy
systems.

The cycling stability serves as a critical benchmark for eval-
uating the long-term electrochemical viability and structural
integrity of the electrode materials. As evidenced in (Fig. 12b),
the ternary RCP composite exhibited remarkable capacitance
retention (94%) across 5000 charge/discharge cycles at 3 A g,

emphasizing its superior mechanical endurance and electro-
chemical reliability. This enhanced stability arises from the
incorporation of rGO as a conductive and mechanically robust
framework, which effectively buffers structural stress induced
by the repeated redox reactions of CeO, and PPy. To confirm the
morphological integrity, and electrochemical stability of the
RCP electrode, SEM, XRD and EIS analysis were conducted after
5000 cycles as showcased in Fig. S5 and S6. The electrode
maintains its structural framework without ant structural
degradation, demonstrating excellent mechanical and
morphological stability as illustrated in Fig. S5. Moreover,
electrochemical impedance spectroscopy (EIS) measurements
were done before and after 5000 cycles (Fig. S6) The Nyquist
plots shows that the charge-transfer resistance exhibits only
a negligible increase after cycling, confirming that the internal
resistance remains stable during long-term operation. This
observation further supports the outstanding cycling perfor-
mance and stability.
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(a) The EIS spectra obtained for GO, RC, RP, and RCP; (b) the cycling stability test of RMC composite.
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3.4 Fabrication of rGO/CeO,/PPy//AC asymmetric
supercapacitor

The performance matrices of the fabricated rGO/CeO,/PPy//AC
asymmetric supercapacitor were examined using various
analytical techniques. The cyclic voltammetry analysis con-
ducted for the rGO/CeO,/PPy//AC device (10-100 mV s )
revealed a unique CV profile, demonstrating exceptional charge
compatibility between the faradaic and non-faradaic compo-
nents (Fig. 13a). The cathodic process demonstrated battery-
type behavior through reversible intercalation/de-intercalation
reactions, while the anode exhibited electric double-layer
capacitive characteristics via ionic adsorption/desorption.
Remarkable electrochemical stability was evidenced by well-
maintained CV profiles across increasing scan rates, indi-
cating superior reversibility and rate performance of the device.

The charge storage performance of the asymmetric super-
capacitor was further corroborated through galvanostatic
charge-discharge analysis across an extended potential range of
0.0-1.4 V (Fig. 13b). The GCD curves obtained were symmetric
but non-linear in nature, albeit with slight distortion, which
validates the combined pseudocapacitive and EDLC-based
charge storage mechanism. As evidenced by the calculated
gravimetric capacitances, the device delivered outstanding
specific capacitances of 145.7, 132.8, 120, 107, and 94 F g’1 at
progressively increasing current densities of 1.0, 1.5, 2.0, 2.5,
and 3.0 A g ', respectively (Fig. 13c). These results underscore
the device's remarkable rate capability, as it maintains
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Fig. 13
spectrum obtained for the fabricated device.
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a substantial fraction of its initial capacitance even under
elevated current densities, reflecting efficient charge storage
kinetics and robust electrochemical stability. The Nyquist plot
obtained for the asymmetric supercapacitor (Fig. 13d) show-
cases a very low charge transfer resistance, which exemplifies
the device's advanced capacitive properties, highlighting effi-
cient pathways for swift electron and ion transport, which is
crucial for high-performance energy storage devices.

The energy and power densities of the hybrid supercapacitor
were assessed through galvanostatic charge-discharge (GCD)
analysis, employing eqn (2) and (3) (Fig. 14a). Notably, the
system showcased an exceptional energy density of 39.67 Wh
kg™' at a power density of 2859 W kg !, surpassing the
performance of many previously reported systems. Remarkably,
even at an elevated power density of 6535 W kg ', the device
retained an energy density of 19.9 Wh kg™, highlighting its
ultrafast energy storage capability. Remarkably, even at an
elevated power density of 6535 W kg™, the device retained an
energy density of 19.9 Wh kg™, highlighting its ultrafast energy
storage capability. The comparison of the Ragone plot with
other related systems is showcased in Fig. 14b.

A comparative assessment of the Ragone plot of the rGO/
CeO,/PPy//AC system with previously published literature is
given in Table 2.

As illustrated in Fig. 14b, the rGO/CeO,/PPy//AC asymmetric
supercapacitor exhibited exceptional electrochemical stability,
maintaining highly symmetrical and well-defined charge-
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Table 2 A comparative assessment of the Ragone plot of the rGO/
CeO,/PPy//AC system with previously published literature

Energy density =~ Power density
Reported systems (Wh kg™ Wkegh References
CeO,/NiS 394 1006 87
Ce0,/Zn0/ZnWO, 56.9 2000 88
rGO/CNT/Co50, 32.2 2000 89
PPy/GCN/MnO, 40.1 1587.6 90
rGO/PPy 29.3 4000 91
rGO/MoO; 36.78 2546.8 92
rGO/Ce-based MOF 23.5 2917.12 93
PPy/CNT/NiS 33.12 2885 94
This work 39.67 2859 —

discharge profiles even after extensive cycling. Remarkably, the
fabricated device showed 89% capacitance retention, under-
scoring its outstanding long-term cyclability and operational
durability under sustained electrochemical stress.

4. Conclusion

Two-dimensional reduced graphene oxide, when combined
with pseudocapacitive materials, holds significant potential for
fabricating advanced supercapacitors. This research reports the
synthesis of a ternary composite, rGO/CeO,/PPy, through
a combination of hydrothermal synthesis and in situ polymeri-
zation. The composite electrode exhibits a distinctive porous
structure and remarkable electrochemical properties, achieving
a high Cy, of 874 F g ' at a current density of 1 A g~ '. Impres-
sively, the electrode retains 94% of its initial capacitance after
5000 charge-discharge cycles, demonstrating exceptional
cycling stability. The sheet-like structure of rGO provides
a stable substrate for the uniform growth of CeO, nanoparticles
and effectively mitigates their aggregation. The in situ poly-
merized PPy significantly improves electrical conductivity,
thereby augmenting the overall electrochemical activity. The
robust three-dimensional porous structure of the composite

© 2025 The Author(s). Published by the Royal Society of Chemistry
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facilitates enhanced ion transport and charge storage capabil-
ities. Moreover, the synergistic interactions and strong w-m
conjugation among the components contribute to the
composite's superior energy storage characteristics. The fabri-
cated rGO/CeO,/PPy//AC device showcased a remarkable energy
and power density of 39.67 Wh kg™ ! and 2859 W kg™ ', respec-
tively, underscoring the exceptional performance derived from
the combination of pseudocapacitance and electric double-layer
capacitance (EDLC) contributions. The supercapacitor retained
89% of its capacitance at 5 A g ' after 5000 cycles. The
demonstrated performance metrics of these hybrid materials
establish a new paradigm for designing high-performance
supercapacitive systems for efficient energy storage solutions.
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