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ARTICLE INFO ABSTRACT

Keywords: This study addresses a critical challenge in supercapacitors by boosting their energy density without compro-
SuPercaPaFitor ) mising the power density. For this, cobalt sulfide-cobalt ferrite-reduced graphene oxide (CS-CFO-rGO) nano-
Asymmetric supercapacitor composite was prepared using the hydrothermal method and employed as an electrode for supercapacitors.
Pseudocapacitance

Detailed analysis of X-ray photoelectron spectroscopy and ab initio density functional theory confirmed the
presence of cobalt ferrite nanocrystals with both normal and inverse occupation types, which is the most suitable
phase of CFO for the supercapacitor applications. The CS-CFO-rGO composite synergistically combined the large
specific surface area offered by the flower-like structure of CS, significant conductivity of rGO, and abundant
electroactive sites of both the CFO and CS which led to improved overall supercapacitive performance. The
ternary composite exhibited a superior specific capacitance of 1381 F g% at 0.5 A g’l. An asymmetric super-
capacitor (ASC) device was fabricated which achieved 55.25 Wh kg™! energy density and 375 W Kg~* power
density with notable stability. The practical applicability of the ASC device was demonstrated by powering LEDs.

Electric double layer capacitance
Energy density

1. Introduction

The evolution of affordable and effective energy storage devices is
highly desired due to the increasing use of electric automobiles, portable
and wearable electronics, etc. For this, electrochemical supercapacitors
(SCs) are appealing due to their exceptional power density, affordable
cost, adjustable capacities, and outstanding reversibility [1]. However,
compared to batteries, SCs have relatively low energy density (E.D.)
which may limit the scope of their potential future applications.
Consequently, while maintaining a high-power density (P.D.) increasing
the E.D. of SCs is crucial. The E.D. depends on both the capacitance and
operating potential via (E.D. = %CVZ) [2]. Hence, the E.D. can be
improved by increasing the specific capacitance of electrode materials
and extending the cell potential [3].

SCs can be classified into two groups depending on their energy
storage principle: pseudocapacitors (PCs) and electrical double-layer
capacitors (EDLCs) [4,5]. PCs store energy by redox reactions, while
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EDLCs store energy by accumulating charge. Pseudocapacitive transi-
tion metal sulfides and oxides have gained widespread attention for SCs
owing to their substantial theoretical capacity and multiple oxidation
states allowing for efficient redox charge transfer with suitable elec-
troactive sites, chemical stability, thermal stability [6,7], and endurance
of valence state switching in the memristive context [8]. A class of
transition metal sulfides, such as MoS [9], CoS [10], NiS[11], MnS [12],
and FeS [13] have been tested for SC applications. Cobalt sulfide (CS) is
considered a highly promising material as an electrode because of the
availability of various crystalline phases such as CoS, CoS, CoSz, C03S4,
etc., and different metal valence states [14]. CoS offers good theoretical
capacitance, but its intrinsic conductivity is relatively low. Also, CoS can
suffer from volume changes during charge and discharge cycles, leading
to electrode degradation and decreasing capacitance over time [15]. To
achieve high capacitance, good rate capability, and excellent cycling life
in a supercapacitor electrode, the material needs both high theoretical
capacitance and excellent mechanical and chemical stability. Among
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different transition metal oxides, especially those belonging to the ferric
series (MFey04, where M = Co®", Ni%", Zn?"), CoFe,0, is the most
suitable for it because of its high specific capacitance and chemical
stability [16]. However, in the case of both CoS and CoFe;04, the slow
movement of ions and volume changes during the redox process lead to
low conductivity, poor cycle life, and unstable structures [17]. Recent
research has shown that the combination with graphene or its de-
rivatives, such as reduced graphene oxide (rGO), can enhance and
expand the functionalities of metal sulfides and oxides [18,19]. These
composites have an increased electrochemically active surface area and
high electrical conductivity [20,21]. Furthermore, the composites can
effectively prevent sulfide/metal oxide agglomeration and excessive
volume expansion [21]. A study by Sankar et al., [22], reported a spe-
cific capacitance of 123.2 F g~ for an rGO-CoFe;04 composite at a
current density of 5 mA cm 2. This is significantly higher than the 18.7
F g~! measured for pristine CoFe;0y. Various binary and ternary com-
posites such as NiFe;04/MoS; [23], MnFe304/MoS; [24], M0Sy-Fe304-
rGO [25], etc. have been reported recently for SC application with
improved electrochemical performance compared to individual com-
ponents. The redox-based CoS and CoFe;O4 with high theoretical ca-
pacity and EDLC-based rGO with high electrical conductivity can
complement each other through synergistic effects and can enhance the
overall supercapacitive performance of composite material. The E.D. of
a supercapacitor can further be increased by constructing an all-solid-
state asymmetric supercapacitor (ASC) device that combines two
distinct electrodes to extend the working potential window [26-28].
Recently, Gao et al. fabricated a CoFep04//activated carbon device
which delivered an E.D. of ~22.85 Wh kg ™! at a power density of 900 W
kg’1 [29]. Li et al. assembled an asymmetric supercapacitor NiCoyS4//
AC which achieved a maximum E.D. of 41.4 Wh kg~ and a P.D. up to
414 W kg_1 [30]. Chand et al. assembled an asymmetric supercapacitor
device with activated carbon as an anode and Zeolitic Imidazolate
Framework-8 as a cathode which achieved a significant power density of
20,000 W Kg~! for an energy density of 38.89 Wh kg™! [31].

Herein, we report a hydrothermally synthesized ternary composite of
cobalt sulfide-cobalt ferrite-reduced graphene oxide (CS-CFO-rGO)
which delivered superior electrochemical performance compared to CS
and CFO-rGO. The Density Functional Theory (DFT) simulations are
incorporated to determine the structures, the phase stability, the
chemical shifts, and the resulting formal oxidation states of the Fe and
Co semi-core states that dramatically influence the supercapacitive
performance. The ASC device was fabricated with a CS-CFO-rGO posi-
tive electrode and an activated carbon negative electrode. CS-CFO-
rGO//AC device demonstrated 164 F g~! specific capacitance with
55.25 Wh Kg ! E.D. at 375 W Kg ! P.D. with 43 % capacitance retention
after 10,000 cycles. Furthermore, ASC devices were used to power red
and green LEDs as an applicability test.

2. Experimental section

Materials, reagents, and characterization techniques section are
provided in the supporting information (S.1.).

2.1. Synthesis of electrode materials

2.1.1. Synthesis of cobalt sulfide (CS) nanostructure

The cobalt sulfide nanostructure was synthesized by solvothermal
approach as reported previously [32]. Briefly, cobalt chloride hexahy-
drate (0.2 M) and thiourea (1.2 M) were dissolved in double distilled
water (DDW) (20 ml) using magnetic stirring for 30 min. The mixture
was then sealed in a Teflon-coated autoclave and heated at 180 °C for 24
h. The obtained product was repeatedly rinsed with ethanol and DDW. It
was subsequently air-dried at 60 °C.
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2.1.2. Synthesis of cobalt ferrite-reduced graphene oxide (CFO-rGO)
nanocomposite

To synthesize the CFO-rGO nanocomposite, the graphene oxide (GO)
was initially produced through a modified Hummers' method, using
natural graphite flakes as the starting material [33]. The CFO-rGO
nanocomposite was synthesized as follows: 37.5 mg GO was dispersed
into 15 ml DDW. In the GO dispersion, 150 mg iron (II) nitrate non-
ahydrate, 46.8 mg cobalt (I) nitrate hexahydrate, and 46.8 mg cetyl-
trimethylammonium bromide (CTAB) were added by stirring for 2 h.
The pH of the resulting mixture was carefully brought to 9 by the
controlled addition of 25 % ammonia solution with vigorous stirring.
The obtained uniform solution was loaded into a Teflon autoclave and
was maintained at 180 °C for 15 h. The mechanism involved in the
formation of the CFO-rGO composite is explained in the supplementary
information (SI). After synthesis, the CFO-rGO powder was washed
thoroughly with DDW and ethanol. Finally, the powder was dried at
80 °C for 2 h.

2.1.3. Synthesis of cobalt sulfide-cobalt ferrite-reduced graphene oxide
(CS-CFO- rGO) ternary nanocomposite

The CS-CFO-rGO ternary nanocomposite was synthesized by a
similar procedure that was used to prepare CFO- rGO (see section 2.1.2)
with an addition of CS nanostructure in the reaction mixture. In brief,
37.5 mg CS and GO in a 1:1 ratio were dispersed in 15 ml DDW. Sub-
sequently, 150 mg iron (II) nitrate nonahydrate, 46.8 mg cobalt (II)
nitrate hexahydrate, and 46.8 mg CTAB were introduced into the
aforementioned dispersion. The solution's pH was brought to 9 by
adjusting it with a 25 % ammonia solution. The prepared reaction so-
lution was then autoclaved at 180 °C for 15 h. The final ternary com-
posite was obtained by washing the collected precipitate with ethanol
and DDW and dried at 80 °C for 2 h. The flow chart of step-by-step
procedures involved in the synthesis of the CS-CFO-rGO hybrid nano-
composite is shown in Fig. S1 of the S.I.

2.2. Electrochemical measurements

The supercapacitive behaviour of the synthesized CS, CFO-rGO, and
CS-CFO-rGO was first evaluated with a three-electrode configuration
using the Metrohm Autolab PGSTAT204 electrochemical workstation. A
platinum (Pt) wire served as the auxiliary electrode and an Ag/AgCl as a
reference electrode. The working electrode was constructed as follows:
A homogeneous slurry of active materials (CS or CFO-rGO or CS-CFO-
rGO), activated carbon, and polyvinylidene fluoride (PVDF) with a
mass ratio of 8:1:1 was prepared using N-Methylpyrrolidone solvent.
The slurry was applied via brush coating onto porous nickel foam (with
the exposed area of 1 cm x 1 cm) with 3-5 mg mass loading. The coated
film was then dried at 60 °C for 12 h to eliminate all traces of solvent.
Finally, the coated Ni foam was subjected to a pressure of 10 tons m >
before using as a working electrode. The aqueous solution of 2 M KOH
was used as an electrolyte. Electrochemical techniques such as cyclic
voltammetry (CV), galvanostatic charge-discharge (GCD), and electro-
chemical impedance spectroscopy (EIS) were used.

Asymmetric supercapacitors (ASC) were fabricated by using the CS-
CFO-rGO working electrode described above as a positive electrode
paired with a negative electrode made of activated carbon. A negative
electrode was prepared using a mixture of activated carbon and PVDF
with a mass ratio of 9:1. The PVA-KOH (Polyvinyl alcohol- Potassium
hydroxide) gel was used as an electrolyte [34]. To prepare PVA/KOH gel
electrolyte, 1 g PVA was dissolved in 5 ml DDW and heated for 5 h at
80 °C with continuous stirring. This was then mixed with 5 ml KOH
solution (1 M) and stirred until a uniform gel was formed. All-solid-state
ASC device was constructed by placing a Whatman paper wetted in gel
electrolyte between CS-CFO-rGO and activated carbon electrodes.
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3. Results and discussion
3.1. Physicochemical characterizations

The phase formation and crystal structure of the CS, CFO-rGO, and
CS-CFO-rGO nanocomposite samples were studied by X-ray diffraction
(XRD), and corresponding patterns along with the standard diffraction
data are depicted in Fig. 1A. The XRD pattern CS (a), shows the peaks at
20 values of 30.72°, 35.45°, 46.85°, 54.80°, and 74.92° indicating cubic
CoS phase (JCPDS 03-065-3418). In addition to these peaks, the peaks
at 17.24° (200), 26.31° (220), and 32.52° (222) indicate the existence of
a minor phase of cubic CogSg (JCPDS 00-019-0364). The presence of a
mixed phase in cobalt sulfide nanoparticles can be explained by the
intricate composition of cobalt chalcogenides and the strong affinity of
cobalt ions to oxygen [35]. In the XRD pattern of CFO-rGO (b), the
characteristic peaks at 20 values of 18.49°, 30.23°, 35.61°, 43.38°,
53.72°, 57.17°, 62.81°, and 74.29°. These peaks can be ascribed to
(111), (220), (311), (400), (422), (511), (440), and (533) reflections in a
cubic CoFey04 phase with Fd-3 m space group symmetry, which are
consistent with the JCPDS. 00-022-1086. Furthermore, the weak
diffraction peak at 23.54° is a representation of the (002) lattice planes
of the rGO nanosheets [36,37]. The crystallite size (D) of the CFO NPs
estimated using the Debye-Scherrer formula from the most prominent
(311) peak and it was found to be ~10 nm [38]. In the XRD pattern for
the nanocomposite CS-CFO-rGO (c), the peaks at 30.84°, 46.92°, 54.78°,
and 74.88° corresponding to the hexagonal CoS phase are present.
Interestingly, peaks corresponding to the CogSg are not observed. This
could be due to the phase transformation of CogSg to the pure phase of
CoS or the selective dissolution of CogSg leaving behind only the pure
phase of CoS during the hydrothermal process. Furthermore, crystal
planes associated with 260 values 18.14°, 30.1°, 35.42°, 43.26°, 57°, and
62.72° of CoFey04 along with (002) planes of rGO are observed, indi-
cating the presence of all three phases of CoS, CFO, and rGO in the
ternary composite. A shift in 20 values towards lower values can be seen
which is ascribed to the changes in lattice parameters due to interactions
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between the components of the nanocomposite [39]. The crystallinity of
rGO in the ternary composite appears to be low and the diffraction peaks
are broad, which can be attributed to its weak scattering power in the
hybrid nanocomposite.

To understand the microstructure and chemical bonding of the ma-
terials, Raman analysis is performed and Raman spectra of CS, CFO-rGO,
and CS-CFO-rGO are unveiled in Fig. 1B. In the spectrum of CS (Fig. 1B
(), a peak around 464 cm ™! represents the Eg stretching mode resulting
from the vibrations between the Co and S atoms [39]. The peaks at 509
em ! and ~ 659 em ™! are due to the F%g and A;q vibrational modes of
the Co—S bond respectively [40]. An observed peak at 188 cm™! sug-
gests the presence of the CogSg phase [41]. The Raman spectrum of CFO-
rGO shown in Fig. 1B (b) exhibits Raman-active modes Tag, Eg, and Ajg
located at 452 cm_l, 295 cm_l, and 667 cm™! respectively. The Tag
modes in spinel CoFey04 refer to the vibrational movement of the lattice
or oxygen atoms located in the octahedral sites. In octahedral geome-
tries, the E; vibrational mode corresponds to the symmetric and anti-
symmetric bending of oxygen ions in the M-O bond [42]. The A;; mode
represents the vibration originating from the oxygen atoms around the
tetrahedral sites in spinel CoFe3O4 [43]. The G band (1597 em™ D) rep-
resents the scattering of the Ep; mode observed in sp? C domains in rGO.
Further, the D band (1344 cm ™) corresponds to the edge plane and
disordered structure of the aromatic rings, thus suggesting the presence
of rGO nanosheets. It seems that the CFO and rGO are not undergoing a
chemical reaction, but rather they are exhibiting interface interaction,
which results in the observation of a D band peak [44]. The Raman
spectrum of the nanocomposite CS-CFO-rGO, shown in Fig. 1B (c), also
reveals the presence of rGO nanosheets through the two distinct D and G
bands at 1352 cm ™+ and 1592 cm ™ '. The shift in the wavenumber of D
and G bands in CS-CFO-rGO compared to CFO-rGO nanosheets suggests
the interaction between the CS and CFO-rGO moieties [45]. Addition-
ally, it has the various Raman peaks associated with CS and CoFe204.
The Ajg (682 cm’l) and Eg (343 cm’l) peaks can be accredited to the
CoFe,04 spinel crystal. Meanwhile, the band at 466 cm ™ is a result of
the Co—S vibration and represents the Eg stretching mode. Interestingly,
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Fig. 1. (A) XRD patterns of the CS (a), CFO-rGO (b), and CS-CFO-rGO (c). The lower panel shows the standard diffraction data of CoS (JCPDS. 03-065-3418), CogSg
(JCPDS. 00-019-0364), and CoFe;O4 (JCPDS. 00-022-1086). (B) Raman spectra of CS (a), CFO-rGO (b), and CS-CFO-rGO (c).
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the absence of the 2D-band of rGO in both CFO-rGO and CS-CFO-rGO
samples is likely due to the network structure of rGO instead of a sin-
gle layer of graphene. Furthermore, the multilayer nature of rGO is also
confirmed by the Ip/Ig ratio of CFO-rGO and CS-CFO-rGO which is 1.11
and 0.91, respectively. This confirms the successful integration of rGO
with CoS and CFO nanostructures and is corroborated with the XRD
results.

Low- and high-resolution scanning electron microscope (SEM) im-
ages were recorded to investigate the morphological features of nano-
structured CS, CFO-rGO, and CS-CFO-rGO (Fig. 2). The SEM image of CS
in Fig. 2 (a & b) displayed a flower-like hierarchical microsphere made
up of nanoplates. The numerous interleaving nanoplates (each around
150 nm thick) are assembled to form flower-like structures of average 9
pm size. This hierarchical porous structure with three dimensions offers
a significant increase in the surface area thereby facilitating efficient
interaction between the CS electrode and electrolyte ions [32]. The SEM
image of CFO-rGO depicted in Fig. 2 (¢ & d) reveals the random distri-
bution of aggregated CoFe,O4 nanoparticles on rGO sheets. Similarly, in
the image of the CS-CFO-rGO ternary nanohybrid composite shown in
Fig. 2 (e & f), CoS and CoFe oxide moieties with crumpled silk-like and
interconnected rGO nanosheets can be seen. The elemental mapping of
CoS, CFO-rGO, and CS-CFO-rGO from SEM is provided in Fig. S2. In the
ternary composite, the NPs make up a large portion of the layered
structure, appearing to be situated adjacent to each other on the rGO
layer surface and looking like aggregation. Despite this, the size of each
nanoparticle remains relatively small, measuring around 12 nm in
diameter. The randomly distributed nanoparticles on rGO sheets can
increase the overall surface area of the electrode, potentially creating an
abundance of active sites for storing electrical charges and thus higher
capacitance. Further, the rGO sheets act as a support to the NPs,
elevating the electrical conductivity of the electrode composite. On the
other side, the decoration of NPs on rGO sheets can improve the stability
of the SCs, as the nanoparticles can act as a protective layer for the rGO
sheets and prevent them from degradation [46].

A detailed microstructural and compositional analysis of CoS, CFO-
rGO, and CS-CFO-rGO was performed using transmission electron mi-
croscopy (TEM) (Fig. 3). Low and high-power TEM micrographs of the
CoS sample shown in Fig. 3A (a & b). These flakes self-assembled
together to form a flower-like hierarchical structure of CoS micro-
spheres as observed in the SEM image (Fig. 2a). Fig. 3A(c) reveals a well-
defined ring pattern in the selected area electron diffraction (SAED)
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analysis, consistent with the characteristic diffracting planes (100),
(102), (110), and (202) of a cubic CoS structure. The composition of all
three materials was obtained by EDX measurements and spectra are
shown in Fig. S3. The measured atomic percentages of Co and S in CoS
are 44.49 and 14.70, respectively, which may be due to the mixed
phases of CoS and CogSg. The surface composition of CoS was further
confirmed by elemental mapping and is shown in Fig. 3A (d), suggesting
the uniform distribution of cobalt and sulfur. The TEM images (Fig. 3B (a
& b)) show that CoFe,O4 NPs are decorated on the surface of rGO
nanosheets in a dense form. Importantly, no obvious large and aggre-
gated CoFe;04 nanoparticles are visible, and no naked rGO sheets or free
CoFey04 nanoparticles appear. The size distribution of the CFO NPs was
determined by analyzing several TEM images and is shown in Fig. S4(A).
The typical size of NPs was determined to be 10.9 + 0.2 nm. The SAED
pattern of the CFO-rGO nanocomposite shown in Fig. 3B (c) has rings
corresponding to the cubic structure of spinel CoFeyO4 crystals.
Elemental mapping analysis of the CFO-rGO composites was performed
to illustrate the spatial distribution of carbon, cobalt, iron, and oxygen in
the composite (Fig. 3B (d)). The TEM micrographs of CS-CFO-rGO
shown in Fig. 3C (a & b) demonstrated that the wrinkled paper-like
rGO sheets are covered by the CoS and CFO NPs. Little agglomerations
in CoS and CFO NPs of CS-CFO-rGO were observed which could be
possibly due to the magnetic forces that exist between the nanoparticles
and high surface area [47]. The presence of rGO sheets may help to
prevent NPs from clumping together, ensuring better cyclability [48].
The SAED image of CS-CFO-rGO (Fig. 3C (c)) shows a pattern of regu-
larly spaced diffraction spots, which have been attributed to the (311),
(440), and (731) planes of CoFe;04 and another set to the (102), (211)
planes of CoS. The elemental distribution of CS-CFO-rGO is investigated
by EDS mapping as shown in (Fig. 3C (d)) which shows that CS-CFO-rGO
is composed of uniformly distributed Fe, Co, O, C, and S. This uniform
and dense distribution of the cobalt ferrite NPs enabled by the CoS NPs
lead to an increased surface area relative to their volume. This enhanced
surface-to-volume ratio facilitates improved charge transfer at the
electrode, ultimately resulting in greater capacitance. The average
particle diameter was estimated to be around 12 + 0.2 nm, as revealed
by the particle size distribution histogram (Fig. S4(B)). A High-
resolution TEM image of CS-CFO-rGO and the corresponding inverse
Fast-Fourier Transform (FFT) analysis is demonstrated in Fig. S5. The
lattice fringe spacing of CFO and CoS were determined to be 2.52 A and
2.83 A, indicating the presence of (311) planes of cubic crystal CFO

Fig. 2. Low- and high-resolution SEM images of CS (a, b), CFO-rGO (c, d), and CS-CFO-rGO (e, f).
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Fig. 3. Low and high-power TEM micrographs (a, b), SAED pattern (c), and corresponding elemental mapping (d) of CoS (A), CFO-rGO (B), and CS-CFO-rGO (C).
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(JCPDS. No. 00-022-1086) and (100) planes hexagonal crystal of CoS
(JCPDS No. 03-065-3418), respectively. Furthermore, the lattice
spacing of 3.46 A corresponding to (002) planes of hexagonal structured
rGO was also observed. This confirms the presence of CoS, CFO, and rGO
in the ternary composite. The Co chemical potential is set by the pres-
ence of the Co?"-containing CoS nanocrystals, which not only supports
the formation of CoFe;04 over FeCoy04 but also suppresses the forma-
tion of Co304, which occurs as an undesirable side product of irrevers-
ible deep discharge of Li-based battery materials and does not have the
high capacity of the ternary oxides to store and release electrons
[49,50]. In accordance with prior studies a slight energetic preference
for the inverse spinel structure of CoFe;04 is obtained by first-principles
investigations (see S.I.). Thus, the corroboration of theoretical and
experimental results in this study supports the presence of cobalt ferrite
nanocrystals with both normal and inverse occupation types.

The X-ray photoelectron spectroscopy (XPS) was used to study the
chemical structure and valence states of the CS-CFO-rGO nanocomposite
and the results are shown in Fig. 4. The survey scan of the nano-
composite, presented in Fig. 4A, reveals the presence of the elements Fe
(710.08 eV), Co (779.08 eV), S (165.50 eV), C (283.08 eV), O (530.08
eV), and an Auger signal of OKLL (975.08 eV). The Co 2p spectrum with
high resolution (Fig. 4B) revealed two spin-orbit doublets. These dou-
blets at 779.80 eV and 794.88 eV represent the Co 2p3,2 and Co 2p;,2
electronic states of the Co?" state. Further, the Co 2ps/, peak is decon-
voluted into two distinct peaks at 779.34 eV and 780.30 eV consistent
with the electronic states Co>" (Oh) and Co®" (Th) in spinel ferrite,
respectively. The peaks observed at 785.16 eV and 801.35 eV are sat-
ellite peaks of Co 2ps/2 and Co 2p /3, respectively [51]. The S 2p spec-
trum in Fig. 4C exhibits two spin-orbit peaks with binding energies
161.38 and 167.58 eV [52]. The peak at 161.38 eV is indicative of the
presence of S2~. On the other hand, the peak at 167.58 eV likely origi-
nates from partial oxidation of sulfur in the air which results in the
formation of stronger ionic chemical bonds with Co atoms [53]. The Fe
2p spectrum (Fig. 4D) has Fe 2ps,, and Fe 2p; , peaks for the Fe>' state
at 709.68 eV and 723.7 eV, respectively. Fe 2p3,» main peak is accom-
panied by a satellite peak at 717.45 eV. This satellite peak is further
fitted into two signals positioned at 709.48 eV and 712.25 eV, which are
due to Fe3' ions at octahedral and tetrahedral lattice sites [54].
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Furthermore, the deconvoluted C 1 s spectrum (Fig. 4E) displays peaks
are correlated with the C=C (sp? bonded, 283.52 eV), C—O (oxygenated
carbon, 286.27 eV), and C=0 (carbonyl, 287.52) groups of rGO [55].
The C—0 and C=0 linkage suggest that GO was reduced to rGO. In the
XPS spectrum of O 1 s (Fig. 4F), the peak at 530.38 eV is related to the
Co—O bond in the CoFe,04 interfacial bonding structure [44]. The other
peak at 528.89 eV corresponds to the metal-oxygen-carbon bond,
indicating a covalent bonding between cobalt ferrite NPs and the rGO
sheets [56]. This assignment of the Co-, Fe- and O-type spectra is sup-
ported by a first-principles analysis of the 3p semi-core states of Co and
Fe, and of the 2 s valence states of O (S.L.).

N, gas adsorption-desorption measurements were employed in
conjunction with the Brunauer-Emmett-Teller (BET) method to deter-
mine the material's surface area and analyze its pore size. Fig. 5A shows
the Ny adsorption-desorption isotherm of CS (a), CFO-rGO (b), and CS-
CFO-rGO (c). It depicts that all the plots are of type IV isotherm as
classified by the IUPAC [57]. Additionally, the observed H3-type hys-
teresis loop suggests that the materials have mesoporous characteristics.
The surface areas of CS, CFO-rGO, and CS-CFO-rGO are 22.88 m?> g_l,
75.76 m? g~ !, and 106.13 m? g}, respectively. The flower-like hierar-
chical structure of CoS microspheres, the small particle size of CoFe;04,
and the reduced stacking of rGO nanosheets are reasons for the overall
enlargement of the surface area of ternary composite CS-CoFe304-rGO.
The pore size distribution of the CS-CFO-rGO is presented in Fig. 5B. For
comparison, the pore size distributions of individual CS and CFO-rGO
are provided in Fig. S6(A) and S6(B), respectively. The increased sur-
face area and larger pore volume provide room for more active material
to be present on the electrode. This configuration not only allows for
easier penetration of the electrolyte into the active material but also
minimizes resistance. This may lead to the improved overall efficiency of
the supercapacitor in terms of electrochemistry [58,59]. Additionally,
the presence of mesopores can provide more sites for the storage of
charged particles, further increasing the energy storage capacity of the
supercapacitor [60]. The key findings of the BET measurements are
presented in Table 1.

(A) B (C)
c1s ( ) Co2p 2 G 2p, S2p S2p
OKLL £ = N\ A
O1s T 3 /
Co2p . = o [ ﬂl‘\ Co™ (Oh)
; g | P
- = 5 S 1
. - |
; Fe2p o 3 S
@ c ) B
5] 2 L
= = =
S2p
1000 800 600 400 200 o 810 800 790 780 770 171 168 165 162 159
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
(D) (E) (F)
s C=C
Fe 2p F?ﬂ“’w C1s O1s M-0-C
Fe2p,, Fe¥ () \
’:? ;)\' ._21 /ﬂ Fe? (Oh) -y ~
] ¢ N ] ] 3
8 \\, % A = s
oy : o
7] 2 2
5 2 2
< 3 g MO
£ = =
a,
730 725 720 715 710 705 290 288 286 284 282 280 534 532 530 528 526

Binding Energy (eV)

Binding Energy (eV)

Binding Energy (eV)

Fig. 4. XPS survey spectrum of the CS-CFO-rGO (A). The high-resolution XPS spectrum of Co 2p (B), S 2p (C), Fe 2p (D), C 1 s (E), and O 1 s (F).



S.R. Shingte et al.

(A)
—»—(a) CS

1 —9—(b) CFO-rGO
—&—(c) CS-CFO-rGO

b
o
o

[+
o

Volume adsorbed (cm® g

02 04 06 08 10

Relative presssure (P/P,)

0.0

Journal of Energy Storage 106 (2025) 114842

—a—CS-CFO-1GO

p

5

10 15 20 25 30

Pore Size (nm)

35

Fig. 5. (A) N, adsorption-desorption isotherm of CS (a), CFO-rGO (b), and CS-CFO-rGO (c). (B) Pore size distribution of CS-CFO-rGO.

Table 1
Specific surface area (Sggr), pore volume (Vperes), and average pore size (dpores)
of CS, CFO-rGO, and CS-CFO-rGO samples.

Samples Sper (m* g™ ") Vpores (cm® g7) dpores (nm)
cs 22.33 0.029 4.03
CFO-1GO 75.76 0.106 4.044
CS-CFO-1GO 106.129 0.141 3.821

3.2. Electrochemical performance in a three-electrode system

To understand the reduction-oxidation mechanisms of molecular
species and ascertain the appropriate operating potential window of the
electrode material, CV curves of bare Ni foam, CS, CFO-rGO, and CS-
CFO-rGO were recorded at 10 mV s~ (Fig. 6A). The CV profiles show
that all three samples have distinctive reduction-oxidation peaks which
demonstrate pseudocapacitive behaviour controlled by faradaic pro-
cesses [61]. Interestingly, the CV shapes of the electrodes display sig-
nificant diversity, which is explained by the various redox reactions
occurring in the active materials. The CV curve a, representing the Ni
foam substrate, exhibits a quasi-straight line, implying a negligible role

of Ni foam in overall capacitance. The well-defined redox peaks in the
CV curve of CS (curve b) suggest a reversible faradaic process, indicating
efficient electron transfer between the electrode and the analyte
62,631,

CoS+OH™ < CoSOH + e~ (€D)]

(2)

Since sulfur belongs to the same chemical family as oxygen it sug-
gests a potential similarity in their behaviour. Interestingly, the elec-
trochemical behaviour of CoS in an alkaline electrolyte exhibits redox
peak potentials closely resembling those of Co(OH);. The observed
redox behaviour of CoS in alkaline solutions is mediated by the oxida-
tion and reduction that occur between various cobalt valence states. This
observation implies that cobalt in CoS undergoes multiple oxidation
states during redox reactions in alkaline environments [64]. The CV
curve of CFO-rGO (curve c) shows redox peaks at 0.23 and 0.41 V
against Ag/AgCl. Generally, the composite materials made from metal
ferrite and reduced graphene oxide (rGO) display both pseudocapacitive
properties (Co/Co>" or Fe/Fe?") and EDLC activity [65]. The absence of
a rectangular profile implies that charge storage in CFO-rGO primarily

CoSOH + OH™ < CoSO +H,0 +e”
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relation diagram for calculation of gravimetric capacitance contribution of EDLC. (E) 1/C
relation diagram for calculation of total capacitance of the CS, CFO-rGO, and CS-CFO-rGO. (F) EDLC and pseudocapacitance contribution to the total
capacitance of the CS, CFO-rGO, and CS-CFO-rGO estimated from Trasatti analysis.
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stems from faradaic reactions involving the transition metals Co and Fe,
occurring at the electrolyte-electrode interface [18]. The following
equations can illustrate the reaction that occurs between various cobalt
and iron oxidation states in the electrolyte [66].

CoFe,04 +OH™ +H,0 « 2 FeOOH + CoOOH + e~ 3)

CoOOH+OH™ < CoO, +H;0+e~ 4

Furthermore, the redox peaks observed in curve d (CS-CFO-rGO)
likely correspond to cyclic processes involving reversible reactions be-
tween the M-O/M-OOH and M-S/M-S-OH (M = Co or Fe) [23]. In
contrast to pure CS and CFO-rGO, the CS-CFO-rGO composite exhibits a
substantial rise in current density and an integral area within the CV
curve, due to the synergistic actions of three materials in increasing
electrochemical reaction activity. To get more insights into the elec-
trochemical behaviour of the CS, CFO-rGO, and CS-CFO-rGO composite,
the CVs were recorded using a scan rate of range 1 to 10 mV s 1. CVs of
CS-CFO-rGO are displayed in Fig. 6B and that of CS and CFO-rGO are
shown in Fig. S7(A) and S7(B), respectively. CVs of CS-CFO-rGO at the
higher scan rate (10 to 100 mV s~ 1) are shown in Fig. S7(C) to get a more
detailed representation of the electrochemical process. The current
density of the CS-CFO-rGO composite is increased with increasing scan
rate without changing the CV shape. At lower scan rates, the thick
double layer forms which slows the migration of fresh electrolyte ions to
the surface. On the other hand at higher scan rates, the current density
rises due to a thin double layer [67]. Additionally, the observed peak
potential shifts with increasing scan rate owing to the limitations in the
rate of mass transport within the samples [68]. Such increment in
diffusion resistance leads to diffusion-controlled redox reactions and
kinetics limited by the charge transfer.

In our electrode materials, both the EDLC and the pseudocapacitive
current contribute to capacitive current. The diffusion and intercalation-
deintercalation of K" ions in a KOH electrolyte can be understood by
examining the connection between response current (I) and scan rate (0)
[69] as described by

I= icapacia've + idiffusion = an (5)

where the variables ‘a’ and ‘b’ are modifiable values, and current (I)
measured at a stable potential exhibits a power-law dependence on the
scan rate (v). Fig. 6C presents a logarithmic plot of current density (Ipa)
versus scan rate (0) for the CV profiles of CS, CFO-rGO, and CS-CFO-rGO.
The slope, denoted by b, offers valuable information about the rate and
mechanism of electrochemical reactions [70]. The b value closer to 1
denotes a capacitive property, whereas the b value closer to 0.5 denotes
a diffusive property. Any number between 0.5 and 1 indicates that both
faradaic and non-faradaic behaviour is present. The observed values of b
for CS, CFO-rGO, and CS-CFO-rGO materials are 0.57, 0.69, and 0.56,
respectively, indicating the presence of both types of charge-storage
behaviour. The Trasatti analysis was employed to estimate the amount
of electrical charge stored by EDLC and pseudocapacitive contribution.
The equations used in the Trasatti analysis are [71]:

1
C=ky0 2+ Cgpy (6)
C = kyos + 2 %
= k02 +—
10 +CT
Cps = Cr — Cgpr, (®

Where, C = gravimetric capacitance, Ct = total specific capacitance,
CgpL = electrical double layer capacitance, and Cps = pseudo capaci-
tance, K; and K; are the slope and intercept. The Cgpy, and Cpg contri-
butions to total capacitance were calculated using the plots of Cvs v -1/2
(Fig. 6D) and the plots of 1/C vs v1/? (Fig. 6E). Then the amount of
charge stored by capacitive and diffusion mechanisms at 10 mV s * for
all three electrode materials is displayed in Fig. 6F.
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The electrochemical performance of CS, CFO-rGO, and CS-CFO-rGO
materials towards charge storage was evaluated by GCD measurement at
0.5 A g~ ! current density (Fig. 7A). The discharge curves demonstrate a
non-linear behaviour, indicating the dominant pseudocapacitive prop-
erties of investigated electrodes at all current densities. This observation
is in agreement with the results from CV experiments. A longer discharge
time for the electrode correlates to a larger specific capacitance of the
material.

The specific capacitances were determined using the formula below:

IAt

Cor = )
Where I denote the discharge current, At represents the discharge time,
and Av symbolizes the potential window. The symbol m refers to the
mass of the active material. The nanocomposite CS-CFO-rGO (curve c)
exhibits exceptional capacitance due to the combined effect of CS (curve
a) and CFO-rGO (curve b) and multiple surface redox reactions, as
revealed by CV analysis. Thus, CS-CFO-rGO exhibits a significant
capacitance of 1381 F g~1. CS has strong redox capabilities, providing
active sites for faradaic reactions ensuring efficient access to the elec-
trolyte [25]. While covalent bonding between CFO and rGO ensures fast
electron transport [56]. The M-O-C covalent bond also modifies the
electronic states of the redox couplings and reduces the electron con-
centration near the Co/Fe site. Additionally, by preventing the rGO
sheets from clumping together and ensuring an even distribution of CFO
nanoparticles on the graphene sheets, hybrid material exposes a greater
number of active sites and allows smoother transport of oxygen and
electrolyte molecules. Further it enhances the available surface area for
ion exchange, as confirmed by BET analysis. The GCD of the nano-
composite CS-CFO-rGO (Fig. 7B) was determined at 0.5, 0.75, 1, 2, 3, 4,
and 5 A g~ ! current densities. The results indicated a gradual decrease in
the discharge time with increasing current densities. This is attributed to
a rise in potential drop and insufficient active electrode material
participating in oxidation-reduction reactions at elevated current den-
sities. For better understanding of electrochemical characteristics of the
CS, CFO-rGO, and CS-CFO-rGO composite, the GCD behaviour was
examined at several current densities (0.5to 5 A g’l). The GCD curves of
CS-CFO-rGO are shown in Fig. 7B and that of CS and CFO-rGO are
presented in Fig. S8(A) and S8(B), respectively. The electrode demon-
strates remarkable performance, maintaining functionality even at
exceptionally high current densities. A comparison of the specific
capacitance values under different current densities for various nano-
materials investigated is presented in Fig. 7C. CS-CFO-rGO composite
acquired a remarkable specific capacitance of 1381 F g~!, outperforms
both CS nanostructure and CFO-rGO. At 0.5 A g1, CS-CFO-rGO exhibits
capacitance of 4.2 times higher that of the CS nanostructure (329 F g™1)
and 2.7 times that of the CFO-rGO (511 F g’l). However, an increase in
current density leads to a reduction in specific capacitance. This is
mainly because ions are unable to reach the inner part of the electrode
before the reaction is completed, thus limiting the reaction to the outer
layer of the electrode.

Cyclic stability is a crucial consideration when evaluating the
application of supercapacitors. The cyclic stability of the CS-CFO-rGO
nanocomposite was evaluated over 10,000 consecutive charge-
discharge cycles at 10 A g~! and is displayed in Fig. 7D. After the first
few cycles a slight enhancement of the specific capacitance is observed,
potentially due to material activation [23]. The nanocomposite retained
78 % of its original capacitance after 2000 cycles and it decreased to 56
% after 10,000 consecutive cycles while achieving 73 % coulombic ef-
ficiency. Furthermore, the symmetry of the charge-discharge profiles
remained consistent across the examined cycles. The capacitance sta-
bility of the CS-CFO-rGO nanocomposite is likely due to the combination
of the graphitized structure and the presence of Fe/Co transition metal
oxide [66]. Table S1 summarizes the CS-CFO-rGO composite's super-
capacitive performance relative to previously reported materials. The
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at 10 A g~ current density with inset showing initial and final few GCD cycles. (E) Nyquist plots of CS, CFO-rGO, and CS-CFO-rGO. The lower inset displays the
enlarged view of the Nyquist plot of CS-CFO-rGO and the upper inset shows the equivalent Randles circuit to fit the experimental data.

EIS was utilized to evaluate the interfacial and charge transfer behaviors
of CS, CFO-rGO, and CS-CFO-rGO. The impedance was measured at 30
KHz to 0.01 Hz employing an amplitude of 0.005 V/s. The Nyquist plots
of the CS, CFO-rGO, and CS-CFO-rGO samples are shown in Fig. 7E along
with the enlarged view of the Nyquist plot of CS-CGO-rGO in the lower
inset. An incomplete semi-circle observed in the Nyquist plots at the
high-frequency zone is indicative of a capacitive behaviour due to the
unequal current distribution on the electrode surface [72]. Furthermore,

a 45° slope diagonal line on a Nyquist plot represents Warburg imped-
ance resulting from a diffusion process. The EIS data were analyzed by
electrical circuit models and depicted in the S.I. (Fig. S9). The resulting
experimental and circuit-fitted values of bulk electrolyte resistance (Rs)
and charge transfer resistance (R of CS, CFO-rGO, and CS-CFO-rGO
are summarized in Table S2. The CS-CFO-rGO has a lower Ry (0.829
Q) and R¢; (1.10 Q) compared to the CS and CFO-rGO. The lower values
of Rg and R for CS-CFO-rGO are attributed to the combined effect of
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Fig. 8. (A) CV curves of Activated carbon (AC) and CS-CFO-rGO at a scan rate of 10 mV s~L. (B) CV curves of the CS-CFO-rGO//AC asymmetric device at various
potential windows. (C) CV curves of the CS-CFO-rGO//AC asymmetric device at 10 to 100 mV s~! scan rate. (D) GCD performance of the CS-CFO-rGO//AC
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interconnected nanoflake-like porous structure that shortens the path of
ion transfer and higher conductivity of rGO.

3.3. Electrochemical performance of asymmetric supercapacitors

To demonstrate the applicability of CS-CFO-rGO, an ASC device was
constructed using all solid-state designs. The ASC device was built by
using CS-CFO-rGO positive electrode and activated carbon negative
electrode, and it is designated as CS-CFO-rGO//AC. For the measure-
ments of the ASC device with a two-electrode system, it is necessary to
optimize the potential window and the mass ratio of the two electrodes
of the ASC device. This can be done by using eq. 10, which calculates the
mass balance, by considering the specific capacitance (Csp), the mass of
each electrode (m), and the potential difference (AV) for the anode (+)
and cathode () [73].

m* - Csp*AV7

— oAV 1
m- Cep AV' (10)

The optimum mass proportion has been determined to be 0.13 to
ensure a balanced charge capacity on each electrode of the CS-CFO-
rGO//AC asymmetric cell. Fig. 8A displays the comparative CV curves
obtained from both activated carbon and CS-CFO-rGO electrodes,
recorded utilizing a 3-electrode system, with a scan rate of 10 mV s~ 1.
The CV curve of the activated carbon was found to have a rectangular
appearance within the potential window of —1 to 0 V. On the other
hand, the CV profile of CS-CF-rGO exhibited redox activity in a potential
window of 0 to 0.55 V. To determine the potential window for the CS-
CFO-rGO//AC ASC device, a series of CVs were conducted. These CVs
were measured using a scan rate of 10 mV s~ ' and the potential window
gradually extended from 0.0 to 1.0 V up to 0.0 to 1.55 V, as depicted in
Fig. 8B. An asymmetric supercapacitor exhibits stable capacitive
behaviour in 0 to 1.5 V, without experiencing oxygen evolution or po-
larization effects. As a result, for further examination, a potential win-
dow of 0 to 1.5 V was chosen. By expanding the operating potential
window, the E.D. of asymmetric supercapacitors can be significantly
increased. The CV profiles of the device at various scan rates (10-100
mV s_l) within the potential window of 0 to 1.5 V are shown in Fig. 8C.
For a more detailed view at slower scan rates (1-10 mV s’l), refer to
Fig. S10. As the scan rate increased, the enclosed area of the CV curves
grew proportionally, without altering their fundamental shape. This
consistent profile indicates the device's efficient performance even
under high scan rates. Fig. 8D illustrates the GCD curves of the CS-CFO-
rGO//AC supercapacitor across various current densities ranging from
0.5 to 5 A g~ !. The GCD curves display a well-balanced charge and
discharge behaviour with minimal polarization even at low current
densities. The specific capacitances (Cs) of the CS-CFO-rGO//AC device
calculated using eq. 9 were 164, 137, 113, 82, 77, and 70 F g’1 at
corresponding current densities of 0.5, 1, 2, 3, 4, and 5 A g’l,
respectively.

The evaluation of supercapacitor performance is greatly influenced
by two key metrics: E.D. and P.D. and are computed using equations
given below,

Cop (Vo V1)

ED.(Whkg ') =05 36

1D

PD.(Wkg') = EA'—?'3600 (12)
Where (Vo — V1)% is the potential window, and ‘At’ is the discharge
time. The Ragone plot of the CS-CFO-rGO//AC ASC device determined
using eqgs. (11) and (12) is shown in Fig. 8E. The ASC device delivered E.
D. of 55.25, 42.81, 35.31, 25.62, 24.06, and 21.87 Wh kg71 at P.D. of
375, 748.13, 1495.5, 2250, 2987, and 3750 W kg_l, respectively. A
Ragone plot, comparing the energy and power densities of the CS-CFO-
rGO//AC ASC device with reported literature is given in Fig. S11.
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The electrochemical cyclic stability of the CS-CFO-rGO//AC ASC
device is tested by conducting 10,000 GCD cycles at 5 A g~ ! after acti-
vating the material for 1500 cycles with an inset showing the GCD
curves at the beginning and end of 10,000 cycles (Fig. 8F). Cycling the
electrode initially can improve its performance by promoting more
complete intercalation and de-intercalation of ions and gives stable cy-
clic performance [74]. After 2000 GCD cycles, 85 % capacitance was
retained for the CS-CFO-rGO//AC ASC device which decreased to 43 %
after 10,000 cycles. The improved cyclic performance of the CS-CFO-
rGO//AC ASC device is possibly due to both the chemical and me-
chanical stability of the electrode materials and the polymer gel elec-
trolyte. The Nyquist and Bode plots of the CS-CFO-rGO//AC ASC device
after 10,000 GCD cycles are shown in Fig. S12. The Nyquist plot reveals
Rt of 6.5 Q and R of 2.3 Q. The relaxation time (to = fo 1) determined
from the knee frequency, represents the shortest time required for the
device to effectively dissipate all its stored energy, exceeding a 50 %
efficiency threshold [75]. The calculated relaxation time constant (1) is
169 ms for the CS-CFO-rGO//AC ASC device after 10,000 GCD cycles.

Finally, we demonstrated the potential usefulness of the assembled
CS-CFO-rGO//AC ASC device by powering light-emitting diodes (LEDs).
For this, two CS-CFO-rGO//AC asymmetric devices were linked in a
series and charged using a 3 V DC battery for 60 s. Then red or green
LEDs were connected to the charged capacitors. The fabricated CS-CFO-
rGO//AC device successfully lit up the red and green LEDs for 68 s and
30 s, respectively (Fig. 9) and videos are provided as supporting video 1
and supporting video 2 in supporting information.

4. Conclusions

In summary, CS, CFO-rGO, and CS-CFO-rGO nanohybrids were suc-
cessfully synthesized using a hydrothermal approach to develop a high-
energy density supercapacitor. In CS-CFO-rGO hybrid nanocomposite,
the flower-like architecture of CS composed of many crossed nanoplates
with abundant ordered pores provides a large specific surface area.
Conductive rGO provides anchoring sites for the deposition of CS and
CFO nanoparticles and reduces electrical resistance. XPS investigations
and ab initio DFT calculations indicate the presence of cobalt ferrite
nanocrystals with both normal and inverse occupation types, which is
the most suitable phase of CFO for supercapacitor applications.
Furthermore, CS and CFO both offer rich redox chemistry for electrolyte
accessibility and faradaic processes and also avoid restacking of rGO.
The ternary composite showcased remarkable enhancement in specific
capacitance, reaching 1381 F g ! compared to that of CS (329 F g~ 1) and
CFO-rGO (511 F g™1) at 0.5 A g~ The enhancement in the overall
supercapacitive performance of the CS-CFO-rGO composite is probably
due to the combined benefits of the pseudo and double-layer capacitive
contributions of its various components. The practical application of the
CS- CFO-rGO ternary nanohybrid was also demonstrated by fabricating
an all-solid-state asymmetric supercapacitor CS- CFO-rGO//AC. The
ASC device delivered 164 F g~! capacitance with 55.25 Wh kg~! energy
density and 375 W Kg ! power density at a stable output potential of 1.5
V. Moreover, the assembled device retained 43 % of its original capac-
itance following 10,000 charge-discharge cycles, showing satisfactory
cycling stability. The fabricated ASC device could glow red and green
LEDs. This work emphasizes the potential of CS- CFO-rGO ternary
nanohybrid as high-energy electrode material for all-solid-state asym-
metric SCs.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.est.2024.114842.
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