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Due to their remarkable cycle stability and outstanding capacitance, ABOs-type perovskite materials have
emerged as highly effective electrode materials, delivering remarkable electrochemical performance. In
this study, BaCoOs/rGO composites with varying rGO content (0, 5, 10, and 15%), designated as PBCO,
BCO-I, BCO-II, and BCO-Ill, were synthesized using a solvothermal process. These composites were
evaluated for their potential as electrode materials in supercapacitor (SC) applications. X-ray diffraction
analysis confirmed the presence of well-crystallized samples with a hexagonal phase structure. Field
emission scanning electron microscopy revealed the desired level of porosity, well-defined
morphologies, and uniformly distributed grains, which are beneficial for electrochemical applications.
analysis verified the stoichiometric composition of the samples. Comprehensive
electrochemical characterization was performed using cyclic voltammetry in a 2 M KOH solution,
revealing a transition from diffusive control (EDLC) to hybrid capacitor behavior. Additionally,

galvanostatic charge—discharge experiments demonstrated that the BCO-Ill composite exhibited

Elemental

a specific capacity of 90.15 C g™, an energy density of 21.28 W h kg%, and a power density of 531.25 W
kg™t The transference number (t,) is found to be 0.2, which means that higher current will be driven
through the anion. Further, the sample BCO-IIl, exhibiting the highest specific capacity, was evaluated
for stability and demonstrated a remarkable retention rate of 90% after 5k GCD cycles and a remarkable
coulombic efficiency of 94%, with an excellent diffusion rate and ionic conductivity of about 4.51 x

rsc.li/rsc-advances

1. Introduction

Extensive usage of fossil fuels results in excessive greenhouse
gas emissions such as methane (CH,) and carbon dioxide (CO,),
escalating the threat of world conflict and climate change and
its effects on the planet. Therefore, it is essential to advance
renewable energy technologies and decarbonize fuel. The
sporadic nature of these sources, like solar and wind, continues
to be the primary obstacle to increasing the efficiency of
renewable energy systems (RESs)." The only way to solve these
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107 cm? 571 0.128 S cm™?, respectively, highlighting its significant potential for SC applications.

challenges is to build a community free of carbon and depen-
dent on clean and renewable energy resources. To meet energy
and environmental requirements, the world has been forced to
reevaluate its power strategy.”> This rising need has made
developing energy storage systems (ESS) with more extensive
and better capacities possible. From this perspective, energy
from numerous irregular renewable sources, such as wind,
waves, and sun, might be considered beneficial sources.®
Therefore, the energy produced from these sources must be
stored to be made available wherever required.* For this
purpose, effective energy storage technologies, including
batteries and electrochemical SCs, have been explored.® Over
the last two decades, SCs have steadily replaced batteries thanks
to their remarkable operating voltage and specific capacitance
(Csp)~6_10

SCs are supposed to be one of the emerging energy storage
devices (ESDs) due to their tremendous power density (PD)
(10> W kg™ "), long cyclic stability (>10° charge-discharge cycle),
and low maintenance requirements." Unfortunately, because of
their energy density (ED), SCs can only be used in systems that

© 2025 The Author(s). Published by the Royal Society of Chemistry
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require a quick power supply, such as bullet trains and backup
power sources.”” There are two categories of SCs based on the
energy storage mode. These categories are electric double-layer
capacitors (EDLCs) and pseudo-capacitors (PCs).** The EDLCs
store charges through the adsorption/desorption of ions into
porous materials (commonly carbon-based).” They possess
exceptional PD but low ED." On the other hand, in PCs, the
energy storage is governed by fast reversible redox reactions.'®
The electrode material for such capacitors is composed of
transition metal oxide (TMOs), conducting polymers (CPs), and
metal hydroxides.” These electrode materials exhibit excellent
capacitance but poor ED.*®

The features of electrode materials will significantly impact
the electrochemical behavior of SCs.' The selected electrode
should have strong conductivity and an elevated specific surface
area (SSA) to achieve an excellent specific capacity.'® A few years
ago, pseudocapacitive materials attracted considerable interest
because their energy storage was more than that of EDLCs.*
However, ABO;-type perovskite materials, compared to TMOs
and TMDs, are captivating candidates as electrode materials for
SCs. Due to their extraordinary electrochemical performance,
ABO;-type perovskite materials, such as BaCoOj3, SrCoO3, and
MnFeO; have been widely used as electrode materials for SCs
for a long time. Such 2D materials have restricted commercial
production because of their toxicity and prohibitive costs. In
addition to perovskite materials, it is essential to note that
cobalt oxide (Co;0,) is inexpensive and easy to make.**>*
Unfortunately, the perovskite materials suffer from low-rate
capacitance and limited reversibility; some are uncommon
and expensive. Contrarily, carbon-based materials like carbon
nanotubes (CNTs) have gained interest as electrode materials
for SCs because of their significant electrical conductivity and
chemical stability.>

Graphene consists of a continuous thin sheet of carbon with
sp” bonds. Geim and Novoselov identified graphene in 2004 via
the ‘scotch tape’ approach, and as a result, graphene is now
widely used in many industries. Similarly, derivatives of gra-
phene or functionalized graphene, such as GO and rGO, are
assembled using different reduction techniques and are equally
favorable.”* Compared to many other carbon compounds, GO,
with its exceptional electrical conductivity, mechanical flexi-
bility, and SSA (~2630 m”> g™ "), has become an advanced elec-
trode material for SCs. Electrodes made of Graphene have been
found to have good reversibility, minimum intrinsic electrical
resistivity, and initial solid discharge capacity.”” Besides these
features of rGO, it suffers from agglomeration of layers. To
address such challenges, it has been integrated with ABO;-type
perovskite oxides like LaCo,_,Zn, 03, Sr,Ni; ,CoOs3, etc. There-
fore, the effectiveness of perovskite-based and rGO-based
composite electrode materials for SC applications should be
evaluated compared to other materials.

Sr;_,Ba,CoO; is an important ABO,-type perovskite material
among the 2D materials family. Herein, Sr and Ba belong to
alkaline earth metals occupying the A-site. In contrast, Co
belongs to transition metal occupying the B-site as a cation.
This type of perovskite has garnered significant attention for its
potential applications in SCs due to its favorable
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electrochemical properties.”® This material exhibits high elec-
trical conductivity and a rich redox chemistry, which enhances
its capacitance performance. Incorporating barium into the
strontium cobalt oxide matrix allows for tunable properties,
enabling optimization of ionic conductivity and structural
stability. Additionally, the layered perovskite structure of
Sr; _,Ba,CoO; facilitates efficient ion transport, which is crucial
for energy storage applications. Previous research has shown
that this material can achieve high specific capacitance and
good cycling stability, making it a promising candidate for
advanced energy storage technologies. Furthermore, modifying
its composition allows researchers to tailor its properties for
specific applications in SCs, thus highlighting its significance in
energy storage.'®*

In this context, Hadji et al synthesized LaCo;_,Zn,O;
perovskite-type oxides using the sol-gel method where
LaCoy.95ZNg 0505 exhibits a specific capacitance of 300.47 F g™,
which is around fourfold more significant than that of undoped
LaCoOs;. Additionally, it demonstrates excellent cycle stability,
with 85.73% retention after 5000 cycles. The LaCog.95Zng 0503/
activated carbon hybrid device has an ED of 36.12 W h kg™ and
retains 81% of its capacitance after 5000 cycles.*® Shafi et al.
prepared LaMnO; perovskite oxides for SCs in one more study.
Conventional synthesis methods conducted at temperatures
above 500 °C result in the formation of clumped and deformed
structures, which diminish the number of active sites. A
sustainable method utilizing natural lemon juice as a surfactant
is employed to create three-dimensional polyhedron-structured
LaMnO; nanoparticles (NPs). These NPs exhibit improved
specific capacitance and can achieve an ED of up to
52.5 W h kg™" in a symmetric cell arrangement.** In another
study, Coa et al. prepared La, _,Sr,CoO; nanofibers to improve
the electrochemical performance of electrode materials for SC.
They designed a symmetric and asymmetric device and ach-
ieved energy and power densities of about 38 W h kg™ " and
400 W kg ', respectively. Such novel approaches provide
a hopeful pathway for developing high-performance SC
materials.*?

This study investigates ABO;-type perovskite composites,
specifically focusing on the Sr;_,Ba,CoO; series, with particular
emphasis on the BaCoO; (BCO) variant, which was modified by
integrating varying concentrations of reduced graphene oxide
(rGO). We employed solvothermal synthesis, a method chosen
for its environmental sustainability and effectiveness in
yielding composites with robust structural integrity and favor-
able morphological characteristics. This research primarily
explores the transition of capacitor behavior from a basic elec-
tric double-layer capacitor (EDLC) to a more complex hybrid
capacitor with increasing rGO contents. The BCO-III composites
with 15% rGO demonstrated superior electrochemical perfor-
mance in specific capacity, energy, power densities, and
remarkable retention capabilities. Additionally, we quantified
diffusion coefficients, transference numbers, ionic conduc-
tivity, and relaxation times, providing a comprehensive elec-
trochemical profile of these composites. These results
contribute valuable understandings of these materials’
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scalability and practical applicability for advanced energy
storage systems, highlighting their potential in SC applications.

2. Experimental

2.1 Synthesis of the Sr,_,Ba,CoO; by sol-gel auto
combustion method

The chemical material required to prepare the complete series
of the Sr; _,Ba,CoO; (at x = 0.0, x = 0.33, x = 0.67, and x = 1.0)
were Sr(NOj),, Ba(NO3),, Co(NO3),, CH4N,0, and NH,CH,-
COOH. The appropriate quantities of Sr(NOj;), (2.94 g) and
Ba(NOj3), (2.05 g) were dissolved in 40 mL of deionized water
(DIW) in a small beaker. In a separate beaker, 1.315 g of urea
and 1.69 g of glycine, serving as fuel agents, were also dissolved
in 40 mL of DIW. The molar ratio of the precursor to fuel was
adjusted to 2:3. After this, all solutions were poured into
a beaker to form the collective solution known as a sol. Then,
the beaker and the magnetic stirrer were shifted towards the
hot plate and stirred for 2 h. As the temperature rose to 95 °C,
the beaker began to emit bubbles, indicating the gel forma-
tion. The gel continued to thicken due to evaporation and
pierced the spin of the magnetic stirrer. When the stirrer was
withdrawn, the temperature of the gel had risen to 250 °C,
which resulted in self-ignition. After that, the gel-like solution
turned into ash. This ash was ground using mortar and pestle
to get a fine powder. Then, it underwent calcination at 750 °C
for 2 h.

2.2. Preparation of graphene oxide (GO)

A modified Hummers' method was adopted to prepare the GO
by oxidizing pure graphite powder. Typically, 25 mL of H,SO,
and 4 mL of NaNO; (volume ratios 1:6) were placed into
a 200 mL beaker in an ice bath to stir for one h. The mixing
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solution was then supplemented with 1.0 g of graphite powder
while aggressively stirring. The solution turned black because of
the graphite powder. Then, 1.32 g of potassium permanganate
(KMnO,) was subsequently added to the suspension by keeping
the temperature below 20 °C and stirring for 3 h. After stirring,
25 mL of DIW was added dropwise to the reaction system at
a temperature lower than 50 °C to start the oxidation. The color
of the solution changed to dark brown, which indicated the
formation of GO. An additional 100 mL of DIW was added to the
solution to further dissolve the graphite and ensure any insol-
uble material's dispersion. 5 mL of 30% H,0, was steadily
added to the solution to remove the unrestricted amount of
KMnO,. The solution was washed with 5% HCL to eliminate
metal ions and then centrifuged at 450 rpm for 10 min.
Conclusively, it was dried in an oven to procure the
powder of GO.

2.3 Synthesis of rGO

The solvothermal technique was employed aiming to reduce the
GO sheets into rGO. Initially, a precise quantity of 50 mL of
undiluted ethanol was wholly combined with a specified
amount of GO, which had previously been evenly distributed in
water at a 2 mg mL ™' concentration. The mixture underwent
heating at 70 °C for 3 h and subjected to sonicate for 2 h, fol-
lowed by 3 h. The mixture was swirled using a magnetic stirrer
while maintaining a temperature of approximately 70 °C.
Subsequently, the mixture was put into a 100 mL autoclave
coated with Teflon. The mixture was then heated for 3 h at 70 °
C. The elevated pressure and temperature within the autoclave
aided the decrease of GO. After the autoclave reached ambient
temperature, the resultant product was gathered. A high-
quality, deep-brown powder was acquired after the washing
and drying process.

KMnO, + H,S0,

+H,PO, 1L,0, +11C1

Continuous stirring
in ice bath

Graphite Powder

Preparation of electrode
Etching of nickel foam (NF)

Formation of slurry

BaCo0,/rGO
Coating of shurry
Drying in oven for 20 min Active material Sonication
for 40 min
4 ecrode Solvothermal
N, method
| \
" Centrifuge &
4 dried in oven Continuous
& ) ! Working stirring for 4 h
b 3 Electrode .
| < (drive) Kept in
i = '.Nf auto-clave for

’Lﬁ Elcctrochemical Shat140°C

analysis

Graphene Oxide

Centrifuge &
dricd in oven

(GO) Solution
» 3
"% Graphene Oxide (GO)

Composite

Nie  Vapors

AIF Gases

1 I

~ R A l
- ﬁ 1A " .
- -2-2-a

Mising of solution

> o
nco/ \

Burat ash

1
L 4

Grinding of ash

Sol formation Gel formation Auto combustion

.l__;.

Calcined powder Calcination Burnt ash

Fig. 1 The schematic profile of sample synthesis.
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2.4 Synthesis of the PBCoO;/rGO composites

Four samples were synthesized using a solvothermal method:
pure BaCoO; (PBCO) and BaCoO; with varying percentages of
rGO (5%, 10%, 15%). These samples were labeled PBCO, BCO-I,
BCO-II, and BCO-III, respectively. First, PBCO and rGO were
united in ethanol and sonicated for 1 h to ensure complete
mixing. The solution was stirred using a magnetic stirrer for 4 h.
The solution was carefully moved toward a Teflon-lined auto-
clave after the stirring process. This autoclave was placed inside
a muffle furnace and heated at 140 °C for 5 h. After heating, the
samples were removed from the autoclave, thoroughly washed
to eliminate impurities, and then dried in an oven. This method
effectively generates samples.

2.5 Fabrication of electrode

The electrode preparation involved three key steps. Initially,
nickel foam (NF) pieces, each measuring 1 x 2 cm, underwent
an etching process. This process required immersing the NF in
a 50 mL acidic solution, prepared by mixing 13 mL of concen-
trated H,SO, with 37 mL of distilled water. Following the
etching, the NFs were thoroughly rinsed with distilled water and
subsequently dried. To create the binder solution, 10 mL of
DMF was combined with 200 mg of PVDF. This mixture was
stirred on a hot plate at 150 rpm for 30 min to ensure complete
dissolution and uniform mixing. The slurry preparation
involved maintaining a precise mass ratio of 8:1:1 among the
active material, the binder solution, and activated carbon.
Specifically, the mass of the active material used was 2 mg. The
slurry mixture was heated on a hot plate at 450 rpm for 8 h to
achieve a homogeneous consistency. Once synthesized, the
slurry was uniformly applied to the etched NF. The coated NFs
were then transferred to an oven and dried for 30 min to ensure
thorough drying and adherence of the slurry to the NFs
substrate. These coated NF pieces were then employed as elec-
trodes for further electrochemical analysis in SC applications.
The complete procedure of synthesizing the active substance
and fabricating the electrode is illustrated in Fig. 1.

3. Results and discussions

In this work, we examined the crystalline structure of the
materials using XRD patterns produced by a Bruker D8
advanced X-ray diffractometer using CukK, radiation (A =
1.54 A). We installed a Nova Nano SEM-450 FESEM for
a detailed surface study. Additionally, compositional analysis
of the samples was done using EDX spectroscopy with an
instrument from Oxford. Textural features of prepared
samples were revealed via Braunauer-Emmett-Teller (BET)
analysis. All electrochemical parameters of the prepared elec-
trodes were tested using a 3-electrode cell system. The exper-
imental setup contained a reference electrode (Ag/AgCl) and
a counter electrode (Pt wire) submerged in a 2 M KOH elec-
trolyte. Cyclic voltammetry (CV) curves, electrochemical
impedance spectroscopy (EIS), and galvanostatic charge-
discharge (GCD) curves were acquired using an electro-
chemical workstation (CHI 660E).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Standard diffraction and XRD patterns of Sr;_,Ba,CoO= and
(b and c) crystal structures of SrCoO3z and BaCoOs.

3.1 Structural analysis

Fig. 2(a) upper panel depicts the standard diffraction patterns
along with the experimental XRD pattern of Sr; ,Ba,CoO;
samples with compositions x = 0.0, x = 0.33, x = 0.67, and x =
1.0. The distinct peaks observed in these XRD patterns confirm
the crystalline nature of the samples. For the sample with x =
0 (SrCo0y), diffraction peaks are present at 26 values of 33.10°,
40.70°, 47.43°, 59.01°, and 69.34° corresponding to the crys-
tallographic planes (400), (402), (440), (622) and (800), respec-
tively. This pattern aligns with the tetragonal crystal structure,
consistent with the ICSD card no. 00-039-1084, which describes
SrCoOj; in the PAmbm space group (221). The samples with x =
0.33 (Sro.67B29.33C003) and x = 0.67 (Sry 33Bag.6;C003) exhibit
diffraction peaks at nearly identical angles to SrCoOj;. For the
sample with x = 1.0 (BaCoOy3), diffraction peaks are observed at
26 values of 25.92°, 31.76°, 41.43°, 42.18°, 53.48°, 56.85° cor-
responding to the Miller planes (101), (110), (201), (102), (202),
and (300) respectively. This pattern confirms a hexagonal crystal
structure, in agreement with the ICSD card no. 00-052-1612. The
complete substitution of Sr by Ba leads to the transformation
from a tetragonal to a hexagonal structure. The XRD patterns of
Sr; _,Ba,CoO; thus reveal the crystalline nature of these mate-
rials. The SrCoO; sample exhibits a tetragonal structure, while
the BaCoO; sample demonstrates a hexagonal structure. With
the addition of Ba (x = 0.33 and x = 0.67), peaks of the pure
phase (SrCoOs;) started to disappear gradually. Upon complete
substitution, the crystal structure transitions to a hexagonal
phase (x = 1.0). The crystal structures of pure samples are
shown in Fig. 2(b) and (c).

3.2 Morphological analysis

The morphological features of Sr; _,Ba,CoO; at the substitution
of x=0,x=0.33,x = 0.67,and x = 1.0 were analyzed from SEM
images obtained through FESEM, as depicted in Fig. 3(a—-d). The
images were captured at 10°x magnification. These analyses
were carried out to find the shape and size of the grains present
in the samples. Fig. 3(a) shows that at x = 0, the sample is

RSC Adv, 2025, 15, 6308-6323 | 6311
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SrCoO:;. It is noted that a large number of spherical-size grains
with a tiny uniform distribution are present. The sample's
average grain size is measured to be 0.52 um. There are some
visible gaps can also be seen. It reveals the small uniform
pattern through which ions can easily penetrate. At x = 0.33, the
sample is Sry ;Bay.33C003, as shown in Fig. 3(b). It shows that
substituting a small amount of Barium (Ba) has transferred its
morphology. As the substitution amount is raised, bigger non-
uniform grains with clear grain boundaries and an average
grain size of 0.5 um are observed. Some pores can also be seen
where the grains are loosely connected. At x = 0.67, the sample
is Sry 33Bag.6,C003, as represented in Fig. 3(c). By increasing the
further substitution of Ba, the grains are closely packed with
each other, and the average grain size is found to be 0.53 um.
The porosity and voids have also increased, proving that this
sample shows good electrochemical behavior.>*® For x = 1.0,
Fig. 3(d) shows the sample of BaCoOs. The small agglomeration
and the presence of voids can also be observed. The average
particle size is found to be 0.58 um. All the microstructures are
good porous. Ions can easily be transferred into the electrode's
internal structure during the charging and discharging.

3.3. Elemental analysis

EDX spectroscopy was conducted using a Nova Nano SEM 450
scanning electron microscope to ensure the elemental compo-
sition of the prepared samples. The EDX analysis verified the
presence of Co, O, C, Ba, Sr, and Au, with the detected elemental
ratios aligning with the predetermined stoichiometric values.
Fig. 3(e) illustrates the EDX spectrum for the composite of
SrCoO; (x = 0). In this sample, peaks for Sr and Co are observed,
indicating their significant presence. A minor peak for C is also
detected, attributed to the carbon adhesive tape used to mount
the sample on the aluminum holder. For the sample with x =

6312 | RSC Adv, 2025, 15, 6308-6323
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(a—d) FESEM images of Sr;_,Ba,CoOs (x = 0.00, 0.33, 0.67, and 1.00) and (e) EDX spectra of Sr;_,Ba,CoOs (x = 0.00, 0.33, 0.67, and 1.00).

0.33 (Sro.6,Bay.33C003), the substitution of barium introduces
multiple intensity peaks for Ba and O. This diversity arises due
to the different characteristic X-rays emitted by a single
element.*® Ba peaks' intensity increases while Sr peaks' intensity
decreases, indicating successful barium substitution. The
presence of Au results from the gold coating applied to enhance
sample conductivity and improve contrast during SEM analysis.
As the barium content increases to x = 0.67 (Sry 33Ba¢.6,C003),
the EDX spectrum shows further enhancement in the intensity
of Ba peaks and a corresponding reduction in Sr peak intensity.
Finally, for the sample with x = 1.0 (BaCoO;), Ba exhibits the
major peaks while Sr peaks are absent, confirming the complete
replacement of Sr by Ba. The elements’ mol percentage (wt%)
values (C, O, Co, Sr, Ba, and Au) were quantified using EDX, as
presented in Table S1.7 The data indicate a progressive decrease
in the mol% of Sr and an associated increase in the mol% of Ba
with increasing barium substitution. This corroborates the
successful incorporation of Ba into the SrCoO; lattice and cor-
responding changes in elemental composition.

3.4. Braunauer-Emmett-Teller (BET) analysis

The textural characteristics of prepared samples were revealed
by nitrogen adsorption/desorption isotherms at 77 K, acquired
through BET analysis in order to highlight the availability of
active sites from specific surface area (SSA), pore size, and
volume. Where N, gas, due to its inert nature, cost-effectiveness,
and high sensitivity (more helpful in the detection of small-
sized pores), was used as an adsorbate. According to the
IUPAC classification, the displayed N, adsorption/desorption
isotherms in Fig. 4 are encountered as type IV isotherms,
which are characteristics of mesoporous structures and are
associated with PBCO, BCO-I, BCO-II, and BCO-III-based
samples. Moreover, the low relative pressure region (P/P, <

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Illustration of nitrogen adsorption/desorption isotherms for
PBCO, BCO-I, BCO-II, and BCO-III.

0.1) suggests the monolayer coverage that indicates the occu-
pancy of gas molecules to be adsorbed at available surfaces,
while the relative pressure region below the 0.9 shows the
multilayer coverage of gas molecules due to subsequent layers
by Van-der Wall forces. The region right after the multilayer
coverage comes the plateau region, indicating the saturation
point of multilayer coverage with restricted relative pressure of
P/Py> 0.9 to 1. From Fig. 4, it can be seen that isotherms of BCO-
I, BCO-1I, and BCO-III showed a clear upward shift due to an
increase in SSA attributed 5, 10, and 15% rGO content
compared to PBCO at the plateau region. The highest upward
shift of BCO-III towards the y-axis suggested the highest
adsorbed quantity of nitrogen gas compared to others due to
enhanced SSA. Furthermore, the BJH approach opted to calcu-
late the SSA from N, adsorption/desorption isotherms for PBCO
(4.97 m* g71), BCO-I (9.37 m* g '), BCO-II (8.61 m> g™ %), and
BCO-III (11.64 m* g™ '), as shown in Table S2. This analysis
confirmed that BCO-III demonstrated fascinating textural
features, evidencing its potential as the best electrode material.

3.5 Electrochemical analysis

CV is a fundamental technique employed to investigate the
electrochemical characteristics of materials. It enables
researchers to comprehend the reactions of substances when
the voltage is altered at varying rates, yielding valuable insights
into redox mechanisms, electron transport, and capacitive
characteristics. During charging, the BaCoO; undergoes oxida-
tion by transitioning Co*" to Co** with the loss of an electron
transferred through an external circuit. Using KOH as an elec-
trolyte, the OH™ ions participate,

BaCoO; + OH,q,~ < BaCoO;*" + e~ + H,0
While upon discharging, the transitioning of Co®*" to Co**
demonstrates the reversibility by receiving an electron and

undergoing the reduction through absorption of OH™ ions from
the electrolyte as,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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BaCoO;*" + ¢~ + HyO < BaCoO; + OH,q,~

After receiving an electron, BaCoO;*" returns to its original
state. BaCoO; and OH™ ions are released back into the elec-
trolyte, consuming the water.

Fig. 5(a-d) presents the results of CV studies, which
comprehensively analyze the charge storage dynamics and
capacities of PBCO and its composites. The CV curves, acquired
with scan rates ranging from 5 to 100 mV s~ ', exhibit clear redox
peaks in each cycle. These peaks indicate that the main capac-
ities arise from pseudo-capacitive (PC) and electrical double-
layer capacitance (EDLC) behavior, which are associated with
faradaic and non-faradaic redox reactions. Even when the scan
rates are increased, the continuous symmetrical patterns of the
peaks suggest that the charge storage dynamics maintain
exceptional cycle reversibility and stability.*®* While minor
changes have been observed in the anodic and cathodic peaks,
these shifts are caused by polarization effects and do not
substantially impact the overall shape of the peaks. The vol-
tammograms obtained for PBCO display voltammograms with
rectangular shapes, which are distinctive features of electro-
chemical behavior beyond simple EDLC. EDLC refers to the
storage of charge through electrostatic processes at the elec-
trode surface, resulting in the transfer of non-faradaic charge.
In this context, the distinct peaks observed in the voltammo-
grams of PBCO indicate the material's oxidation and reduction
processes. The presence of these peaks suggests that the
material undergoes reversible redox reactions, contributing to
efficient charge storage. However, the CV curves for BCO-I, BCO-
11, and BCO-III, depicted in Fig. 5(b-d), demonstrate different
characteristics with narrow and low-intensity peaks. This
suggests that although both PC and EDLC play a role in the
charge/discharge processes, the influence of redox reactions is
insignificant, with EDLC being the primary mechanism. The
behavior of EDLCs is determined by the aggregation of charges
at the interface between the electrode and electrolyte, resulting
in the formation of an EDLC. This process is entirely physical,
devoid of any chemical processes, and leads to the formation of
a bilayer of ions on the surface of the electrode. Materials that
demonstrate EDLC often produce a CV curve with a more rect-
angular form and fewer noticeable peaks than materials with
assertive PC behavior. When integrating rGO content into
PBCO, a transition from traditional EDLC behavior to hybrid
capacitor behavior is observed. This shift is indicated by the
combination of capacitive behavior observed in the resultant
material. The increased conductivity and significant SSA of rGO
play a crucial role in this transition. Consequently, the
composite displays attributes resembling EDLCs and PCs,
demonstrating hybrid or battery-like properties.

The hybrid nature of rGO arises from its capacity to expedite
electron movement and offer an extensive SSA for charge
storage, enhancing overall performance and emulating the
attributes of battery-type storage.>*3¢

The specific capacity, measured in coulombs per gram (C
¢~ '), quantifies the charge an electrode can store. Eqn (1)
performs the calculation.
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Fig.5 CV curves at different scan rates for (a) PBCO, (b) BCO-I, (c) BCO-II, (d) BCO-III, and (e) comparison of all samples at 5 mV s, and (f) scan

rate vs. specific capacity.
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Herein, v and Qg show the scan rate in millivolts per second (mV
s~ ") and specific capacity in coulombs per gram (C g~ "), while m
indicates the loading mass on an electrode, and the integral
part denotes the area under the curve.

Table 1 shows that BCO-III has the largest Qs compared to all
other samples, regardless of the scan rates. When the scan rate
is set to 5 mV s~ ', Q, reaches its highest value at 143.48 C g~ .
The outstanding performance of this material can be due to its
highly porous and evenly distributed nanostructure, as evi-
denced by the FESEM image in Fig. 3(d). The particular Qs
values for each scan rate are shown in Fig. 5(f). As the scan rates
increase, there is an evident and expected reduction in the Qg

Table 1 Specific capacity of PBCO, BCO-I, BCO-Il, and BCO-IllI-
based electrodes at different scan rates

Specific capacity (C g™%)

Scan rate (mV sfl) PBCO BCO-1 BCO-II BCO-III
5 68.559 109.676 137.020 143.448
10 49.598 78.932 89.781 101.792
20 33.560 54.111 56.013 67.755
30 25.263 42.233 40.920 57.213
40 20.782 34.980 30.556 40.790
50 17.420 29.916 25.721 34.062
70 13.585 23.659 19.255 25.857
100 8.858 17.916 13.672 18.877

6314 | RSC Adv, 2025, 15, 6308-6323

values. The decrease in performance is attributed to the
diminished ability of electrolytic ions to penetrate the electrode
material at faster scanning speeds. At higher scanning speeds,
only the easily reachable surface sites participate in the transfer
of charges, reducing the overall efficiency of the electrochemical
process. This occurs because the internal active sites, which
contribute substantially to the capacitance at lower scan rates,
are not fully utilized.*” The relationship between scan rates and
Q; highlights the significance of optimizing the electrode's
structure and morphology to promote ion accessibility and
enhance Q. particularly at higher operational speeds. The
permeable configuration of BCO-III enables effective ion
migration and rapid charge-discharge cycles, which enhances
its exceptional efficiency. Nevertheless, decreasing Qg at higher
scan rates emphasizes achieving an optimal SSA and pore
structure combination to maximize the material's electro-
chemical consumption.**?”

Based on the transitions mentioned above, the theoretical
capacity of a material used in electrochemical cells (such as
a battery or hybrid capacitor) is a measure of its potential to
store electrical charge, which is governed by the number of
charge carriers (electrons or ions) involved in the electro-
chemical reaction. In this case, we are focusing on the theo-
retical capacity of BaCoO; when used in an electrochemical cell
in the presence of KOH (potassium hydroxide) as the electrolyte.
The theoretical capacity can be determined using Faraday's
Law, which relates the total charge Q (in coulombs) transferred
during a reaction to the amount of substance that undergoes
electrochemical change. The formula for the theoretical
capacity is given by,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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By applying the formula, we can determine the theoretical
capacity of BaCoO; in C g~'. Given that n = 1, F = 96485 C
mol ", and M,, = 244.26 g mol " is the theoretical capacity in C
g~ '. Thus, the theoretical capacity of BaCoO; is approximately
39477 Cg ..

The experimental capacity of a material is typically lower
than its theoretical capacity due to limitations in the electro-
chemical process, particularly in the ability to fully extract the
charge carriers (in this case, potassium ions, K*) from the lattice
of the host material. While the theoretical capacity assumes
complete extraction of K" ions, a portion of these ions remains
trapped within the lattice structure at higher voltages, signifi-
cantly above the cut.g potential. This occurs because, as the
voltage increases, the interaction between the K' ions and the
host material strengthens, making removing these ions more
difficult. The electrochemical reaction slows down, and above
a particular potential, the energy required to desolvate further
and extract the remaining K' ions exceeds the applied voltage.
As a result, these K ions are not accessible for the charge-
discharge cycle, limiting the actual capacity of the material.
Thus, the difference between theoretical and practical capacity
can be attributed to this partial extraction of ions, which is often
further exacerbated by side reactions, structural degradation of
the material, or inefficient ion transport at higher voltages.
Consequently, while the theoretical capacity provides an ideal-
ized estimate, the practical capacity reflects the real-world
performance of the material, influenced by these electro-
chemical constraints.

The theoretical framework has been employed to investigate
further how electric charge is stored within the gadget to
confirm its behavior and contribution. In electrochemical
studies, the b-value calculated from Power's law is used to find
a sample's charge storage mechanism, as shown in the equation
below.

View Article Online

RSC Advances

Herein, a and b are adjustable parameters, representing the
intercept and slopes of redox peaks at specific scan rates upon
linear fitting using Origin software. Specifically, a, b-value of 0.5
indicates a diffusion-controlled process, while a, b-value of 1
shows a capacitive process. However, a, b-value between 0.5 and
1 suggests that the sample has a hybrid storage mechanism,
combining diffusion-controlled and capacitive process
elements.*®* This mixed behavior indicates that the material
can store charge through both faradaic reactions and non-
faradaic processes, and this is what we have seen in Fig. 6(a-
d). The overall Q; of energy storage devices are composed of two
components: capacitive and diffusive contributions. These
components are analyzed via Dunn's model, which is applied to
the CV graphs.

Iv) = kyv + kov'? (4)

Or

Ipeak
PR — kl VO'5 -+ k28
0.5

(5)

in this context, the symbol I(v) denotes the redox peak currents
at a specific scan rate (v). While &, and &, stand for average slope
and intercept values of anodic and cathodic peaks acquired
from the linear fitting of v/ vs. ipeqi/v"'* with the help of Origin
software, as shown in Fig. 6(e-h). The equation consists of two
variables, kv + kvt 2 representing distinct factors contributing
to the capacitance. The capacitive contribution arises from the
electrode resembling a capacitor, involving adsorption and
desorption processes. On the other hand, the diffusive contri-
bution originates from the EDLC, involving non-faradaic
reactions.

However, Fig. 7 (a-d) shows the samples’ combined capaci-
tive and diffusive contributions at multiple scan rates obtained
after putting k; and k, stand for slop and intercept values
acquired from the linear fitting of v"/* vs. ipea/v"’* in eqn (5) at
different scan rates, as shown in Fig. 7(a-d) and S2-S5.F The
linear graphs Fig. 6(a) and related b-values suggest that the

ipcak = @V’ Or 10g(ipeak) = blog(v) + log(a) (3) charge storage mechanism is solely controlled by diffusion-
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controlled processes, with almost 100% contribution at all scan
rates and absence of capacitive behavior. This suggests a robust,
non-faradaic process, which is common in materials where the
movement of ions plays a crucial role in storing charges.
However, Fig. 7 (a-d) exhibits a combination of diffusion-
controlled and capacitive processes that collectively contribute
to the overall charge storage. At lower scan speeds (where v =
5 mV s '), the diffusion-controlled contribution accounts for
80% of the total charge storage, while the capacitive contribu-
tion makes up 20%. This dominance of diffusion-controlled
processes at low scan rates can be attributed to the effective
diffusion of ions in the electrolyte, allowing them to interact
with the electrode surface fully. With the scan rate increasing,
the capacitive contribution reaches 44% when v = 50 mV s~ ',
while the diffusion-controlled contribution decreases to 56%.
This shift implies that at higher scan speeds, the rapid charge-
discharge cycles limit the time available for ion diffusion, thus
enhancing the contribution of capacitive processes. The faster
capacitive processes are favored as they rely on the immediate
response of the electrode material to the applied voltage rather
than the slower diffusion of ions. Including rGO further influ-
ences the observed behavior in Fig. 7(b); due to its excellent
electrical conductivity, rGO facilitates rapid electron transfer,
thereby enhancing the capacitive response of the electrode. This
conductive nature of rGO and its high SSA and porous structure
contribute to the hybrid capacitor behavior, as observed in
Fig. 7(a-d). The Fig. 7(c) shows a notable rise in capacitive
behavior with increasing scan rates. Initially, at v = 5 mV s~ %,
the diffusion-controlled contribution is 74%, and the capacitive
contribution is 26%. At v = 50 mV s~ !, these contributions shift
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to 47% and 53%, respectively, indicating a near equilibrium.
This shows the enhanced capacitive response at higher scan
rates and the importance of ion diffusion at lower rates,
showcasing the system's efficient charge storage capabilities
across varying conditions. Fig. 7(d) shows the highest capacitive
contributions among the figures. At v =5 mV s, the diffusion-
controlled contribution is 60%, and the capacitive contribution
is 40%. As the scan rate increases to v = 50 mV s !, the
capacitive contribution surges to 68%, while the diffusion-
controlled contribution drops to 32%. This significantly shifts
towards capacitive storage mechanisms at higher scan rates,
emphasizing the material's ability to transition from non-
faradaic to faradaic behavior.

Fig. 7 confirms that faradaic and non-faradaic processes
affect the device's electrochemical performance. It concisely
depicts the capacitive and diffusive control elements included
in the device. Fig. 7(e) shows that the capacitive-controlled
division significantly increases with the increase in scan rate.
In contrast, Fig. 7(f) shows a significant decrease in the
diffusive-controlled fraction under comparable conditions.?”

In a nutshell, PBCO exhibits prominent EDLC behavior due
to its substantial redox activity. In contrast, BCO-I, BCO-II, and
BCO-III predominantly display hybrid behavior, encompassing
EDLC and PC behaviors. As the concentration of rGO increases,
the materials shift towards a more hybrid capacitive behavior. It
can be observed by modifying peaks and alterations in their
electrochemical behavior while maintaining a restricted
amount of redox activity. The variability in the behavior of these
materials directly impacts the performance and utilization of
these materials in energy storage devices.
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Fig. 7 (a—d) Ratios of capacitive and diffusive controlled process, (e) capacitive vs. scan rate, and (f) diffusive vs. scan rate, for PBCO, BCO-I,
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BCO-II, and BCO-IlI, respectively.
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An electrode material's electrochemical surface area (ECSA)
describes the active sites facilitating redox activity. It is usually
measured through double-layer capacitance (Cyq;) from the non-
faradaic mechanism region, where no current change due to
potential variation is observed. In our case, this region is
observed between 0.01 V and 0.08 V, as depicted in Fig. S1(a-d)}
for all samples, indicating the values of Cq4; from the slope after
linear fitting of scan rate vs. current densities (AJ = (J, — J.)/2) at
multiple scan rates.* The eqn (6) has been used to quantify the
ESCA.

Cdl

sp

ECSA =

(6)

Eqn (6) helps calculate the ECSA of PBCO, BCO-I, BCO-II, and
BCO-IlI-based electrode materials to be 7.45, 3.80, 7.10, and
10.10 em?, respectively.

GCD testing, also known as constant current charge-
discharge, is a fundamental -electrochemical technique
employed to characterize the performance of energy storage
devices, such as SCs and batteries. Fig. 8(a—d) depicts the GCD
profiles of PBCO; and its composites obtained at 5 to 50 mA.
Each graph illustrates the voltage response over time for both
the charging and discharging cycles. The curves demonstrate
a notable level of symmetry, suggesting exceptional electro-
chemical reversibility and stability. The duration of both
charging and discharging cycles reduces with increased current
density, indicating a faster rate of electrochemical reactions at
higher currents. Fig. 8(e) depicts the correlation between Qg in C
g~ " and current density (A g) for PBCO and its composites. It
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has been noted that the value of Q; falls as the current density
increases in all samples. This is a common occurrence caused
by the shorter time for ion diffusion at higher current densities.
However, adding rGO greatly improves the conductivity at all
electric current levels.** BCO-III exhibits the highest Q, fol-
lowed by samples BCO-I and BCO-II. To calculate Qs, PD, and
ED following equations were used;

I x At
0= 7)
Ly AV X O,
E(WhTke ) = 5% (8)
P(Wig') = 00 ©)

In eqn (7), the variables m and Qg represent the mass of the
electrode material and specific capacity in coulombs per gram
(C g"), while I and At reflect the current in amperes (A) and
discharge time. A lengthier discharge duration signifies
a superior capacity for charge storage in the electrode. Table 2
lists all the calculated values of discharge capacitance, ED, and
PD, while Table 3 compares these results with previously re-
ported data.****

Fig. 8(f) displays the Ragone plot, illustrating the correlation
between ED and PD for the samples. The plot demonstrates that
the addition of rGO not only increases the Qg but also enhances
the ED of the materials. To evaluate the performance of the
electrode, we conducted an extensive cyclic stability test on
BCO-II1, performing 5000 charge-discharge cycles at a current
of 5 mA. The result in Fig. 9 indicates that BCO;-III has an
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Table 2 Specific capacity, energy density, and power density of PBCO, BCO-I, BCO-II, and BCO-III

Current density Discharging Specific capacity Energy density Power density
Sample ag™h time (s) (cg™ Whkg™) Wkg™h
PBCO 0.62 50.27 31.41 7.41 531.25
1.25 18.60 23.25 5.49 1062.5
2.50 5.24 13.10 3.09 2125
3.75 2.04 7.65 1.29 3187.5
5.00 1.09 5.48 1.80 4250
BCO-1 6.25 0.59 3.68 0.87 5312.5
0.62 85.61 53.50 12.63 531.25
1.25 33.03 41.29 9.75 1062.5
2.50 10.58 26.45 6.24 2125
3.75 4.88 18.29 4.32 3187.5
5.00 2.91 14.55 3.43 4250
6.25 1.89 11.85 2.79 5312.5
BCO-II 0.62 115.30 72.06 17.01 531.25
1.25 44.87 56.08 13.24 1062.5
2.50 13.47 33.67 7.95 2125
3.75 6.35 23.81 5.62 3187.5
5.00 6.80 34.01 8.02 4250
6.25 3.30 20.62 4.87 5312.5
BCO-III 0.62 144.25 90.15 21.28 531.25
1.25 53.49 66.86 15.78 1062.5
2.50 17.50 43.75 10.33 2125
3.75 8.58 32.17 7.59 3187.5
5.00 5.32 26.60 6.28 4250
6.25 3.45 21.56 5.91 5312.5

impressive lifespan, retaining 90% of its initial capacity after
5000 cycles and demonstrating a remarkable coulombic effi-
ciency of 94%. This excellent retention can be attributed to the
inclusion of rGO within the BCO-III matrix and the practical
synthesis achieved through the solvothermal process. The
presence of rGO enhances the structural integrity and electrical
conductivity of BCO-III, thereby improving its durability and
performance during repeated cycling. Additionally, the sol-
vothermal synthesis method ensures a homogeneous distribu-
tion of rGO within the matrix, contributing to the overall
stability and efficiency of the electrode. This stability under
prolonged cycling demonstrates the potential of BCO-III for use
in high-performance energy storage devices.*

EIS measurements were performed across a frequency
spectrum of 107> to 10° Hz to elucidate the ion diffusion and
electron transfer characteristics. Fig. 10 depicts the resultant

Nyquist plots and the equivalent circuit model derived from the
EIS data. The Nyquist plots depict the correlation between the
imaginary component of impedance (Z”) and the fundamental
element of impedance (Z'). They provide insights into the
resistance and capacitive properties of the electrode materials.**

The Nyquist plot of PBCO, as seen in Fig. 10(a), displays
a prominent semicircle, which signifies a higher charge transfer
resistance (R.). This indicates that PBCO has a poorer
conductivity and lacks sufficient charge transfer at the contact
between the electrode/electrolyte interface. When rGO is added
at a low concentration (BCO-I), as depicted in Fig. 10(b), the
diameter of the semicircle reduces slightly, suggesting
a moderate decrease in R.. This may be attributed to enhanced
conductivity optimization arising from the effective dispersion
of rGO. When the concentration of rGO reaches a moderate
level (BCO-II), as seen in Fig. 10(c), the diameter of the

Table 3 Comparison of electrochemical parameters of different related materials

Specific capacitance Energy density Power density Cyclability
Sample (Feg™ (Whkg™ (W kg™ (%) References
CoO3/MWCNTs 202 25 900 — 42
LaCoO3/rGO 317 — — 75% after 5k cycles 43
SrCoO; 303 — — 50% after 10k cycles 44
NiO/rGO 171.3 — — 20% after 2k cycles 45
CuS/rGO 235Cg" 43 1426 95% after 2k cycles 46
Ta substituted SrCoO3 227.91Cg " 22.82 775.09 90% after 5k cycles 47
Fe substituted SrCoO3 526.6 26.2 800 86% after 5k cycles 48
rGO/TiO, 15.02 2.58 4000 — 49
BaCoO;/rGO 90.15Cg " 21.28 531 90% after 5k cycles This work
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Fig. 9 Cyclic stability of BCO-IIl at 5 mA after 5000 cycles.

semicircle shrinks even further. This indicates a lower R
compared to BCO-I. At modest quantities of rGO, the material is
likely to be well dispersed, which improves the mobility of
electrons and reduces resistance. Fig. 10(d) represents the
highest concentration of rGO (BCO-III). At this concentration,
the semicircle is the shortest, which suggests the most favorable
R.. The notable reduction in R is due to the elevated concen-
tration of rGO, which results in enhanced conductivity and
charge transfer efficiency.>

The linear segments observed at low frequencies in the
Nyquist plots indicate the Warburg impedance, which is linked
to the diffusion of ions in the electrolyte. The significant
reduction in the slope seen in the BCO-III linear zone indicates
remarkable ion transport, providing additional proof of rGO's

View Article Online
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Table 4 Relaxation time calculated from the Bode plot

Phase angle Frequency = 1 (seconds)
Sample (degree) (Hz) 27fe
PBCO 497 0.54 0.31
BCO-1 65 177 0.089
BCO-II 70 0.083 0.13
BCO-III 42.4 2.88 0.055

enhancement of electrochemical performance.*® Biologic EC
Lab V11.6 was used to measure all EIS parameters, as listed in
Table 5.

Moreover, we calculated the relaxation time for different
materials based on the Bode plot of the frequency phase rela-
tionship, as depicted in Fig. 10(e). This relaxation time indicates
how long a SC returns to normal after distraction. It measures
energy dissipation and is linked to the SC's internal resistance.
A longer relaxation time means elevated internal resistance,
which can reduce the SC's ability to deliver power efficiently. For
the BCO-III composite, the relaxation time is 0.055 s, which is
significantly lower than that of PBCO, BCO-I, and BCO-IL.>*
Table 4 presents the calculated values of relaxation time from
the Bode plot.

3.6. Diffusion coefficient

To evaluate the electrochemical behavior of the prepared
samples with KOH as the electrolyte, their diffusion coefficients
were determined using eqn (10).

25 80 300
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(a—d) EIS circuit fitting spectra for PBCO, BCO-I, BCO-II, and BCO-III, respectively, (e) Bode plot for all the prepared samples (f) Warburg
vs. real part of impedance for all the prepared samples.
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Table 5 Parameters obtained from EIS measurements of PBCO, BCO-I, BCO-II, and BCO-III
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Sample Rs (Q) R (Q) Cs (F) D' (em?s™) 5 (Qs?) a(Sem™) Transference number (¢,)
PBCO 0.94 0.0116 0.17 1.56 x 107" 238.40 0.0841 0.20
BCO-1 0.73 0.0114 0.023 5.16 x 10~ *° 130.93 0.110 0.22
BCO-II 0.68 0.007 0.0051 1.53 x 107 76.01 0.118 0.22
BCO-III 0.62 0.003 0.0048 4.51 x 107" 44.36 0.129 0.20

- . . . . —
pES /1 — RT 10) surfac.e. This efﬁc1er.10y is crucial for applications such. as
Ix A2 x 1 x F4x 2 x 62 batteries, supercapacitors, and fuel cells, where the rate of ion

Here, D"S/K*! stands for diffusion coefficient calculated from
EIS spectrum using KOH electrolyte, R and T reflect the real gas
constant (8.31 mol ™' K ) and absolute temperature of about
298 K, and 4 is the surface area of an electrode (0.5 cm?). N is the
number of electrons that participate in redox activity. At the
same time, F, ¢, and ¢ are the Faraday constant, the concen-
tration of electrolytic species at the electrode surface, and the
Warburg coefficient obtained from linear fitting of low-
frequency region vs. the real part of the impedance, suggest-
ing that the diffusion coefficient is inversely proportional to the
square of the Warburg coefficient. Therefore, higher § values
will reflect the slower diffusion dynamics and vice versa for
lower 6 values. Moreover, the low value of this coefficient
reflects the ion's mobility due to enhanced acceleration toward
their migration from the electrode to the electrolyte and vice
versa due to well-structured materials providing short diffusion
pathways, suggesting a significant decrease in resistance. In our
case, the gradual decline in the Warburg coefficient is associ-
ated with elevated content of rGO, evidencing the improved
conductivity with reduced resistance. While the value of ¢
reflects the electrolyte concentration at the electrode surface, it
has been determined using the Nernst equation, which is
generalized into eqn (11).

RT Csurface

transport can significantly affect the overall device perfor-
mance. For instance, BCO-III, with the highest diffusion coef-
ficient, would likely exhibit the best electrochemical
performance among the samples studied, making it a prom-
ising candidate for applications where rapid ion transport is
necessary. On the other hand, BCO-II, with the lowest diffusion
coefficient, may suffer from slower reaction kinetics, potentially
limiting its performance in similar applications. Fig. 10(f)
shows the linear relationship between w *? and Z' in the low-
frequency region of the Nyquist plots, resulting in the War-
burg coefficient (6) obtained from slop for all prepared samples
listed in Table 5. Moreover, the more significant value of ¢ is
indicative of poorer diffusion, and lower reflects the efficient
ion diffusion; that's what we have estimated for PBCO to be
approximately 238.40 Q s~*/? and for BCO-III to be 44.36 Q s~ /2,
suggesting that BCO-III proved to be a potential candidate for
good electrochemical performance.>**

3.7. Ionic conductivity (o)

In supercapacitor technology, ionic conductivity is a crucial
parameter that helps us determine a material's electrochemical
efficiency. Table 5 lists the estimated ionic conductivity values
for PBCO, BCO-I, BCO-II, and BCO-III. The values of ionic
conductivities for all samples have been determined using

E=E+—[n—>27= 11
+ nkF Cbulk ( ] eqn (13)'
L
o= (13)
The Nernst equation can be generalized into eqn (12). Rix A
—_— Herein, o is the ionic conductivity, L & A are the thickness and
( RT > surface area of the electrode, and R; is the solution (series)
Csurfacc = Cbulk X e (12)

Herein, Cgyrface highlights the amount of electrolyte concen-
tration at the electrode surface. Cpy indicates the total
concentration of electrolyte ions, and E — E° showcases the
potential difference between the applied and standard. On the
other hand, n stands for the number of electrons transferred,
and F is for Faraday's constant. Meanwhile, R and T are the real
gas constants, respectively. Diffusion coefficients for PBCO,
BCO-I, BCO-II, and BCO-III were measured as 1.56 x 10" *°, 5.16
x 107,153 x 10, and 4.51 x 10~ ** cm? s, respectively.
The diffusion coefficient plays a vital role in the electro-
chemical performance of materials. A higher diffusion coeffi-
cient typically correlates with better electrochemical
performance, implying faster ion transport within the electro-
lyte, leading to more efficient redox reactions at the electrode

6320 | RSC Adv, 2025, 15, 6308-6323

resistance. The ionic conductivities in Table 5 for PBCO, BCO-1,
BCO-II, and BCO-III show an increasing trend with adding rGO
content to PBCO. The highest 0.128 S cm™* for BCO-III has been
calculated, suggesting the best electrode material.

3.8. Transference number (z.)

From the transference number, we can deduce the contribu-
tions of the cation and anion to the overall current within the
system. In ionic conduction, not all ions may contribute equally
to the current. The transference number allows us to quantify
the fraction of the current carried by each ion type. For this
purpose, the following equation has been used as,

1

T T Z:0)/R, (14)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Here, R}, is the electrolyte resistance, and Zg (0) is the
impedance at low frequency due to Warburg diffusion. In this
experiment, the transference number for the cation (¢,) is
observed to be 0.22. Since the sum of the transference
numbers for cations and anions equals 1 (¢t" + ¢~ = 1),
knowing the transference number of one ion enables us to
determine the other. For instance, a transference number of
0.2 for the cation implies a transference number of 0.8 for the
anion, indicating that anions carry a more significant portion
of the current. In practical terms, if most of the current is
carried by cations, the concentration gradient formed at the
electrode during charging will be smaller, potentially
reducing polarization effects. Conversely, when the trans-
ference number of the cation is low, as in this case, the
concentration gradient at the electrode increases, which can
limit the charging rate of the system due to the buildup of
ions at the electrode interface.* Thus, adjusting the trans-
ference number can be essential for optimizing charge
transport and improving the efficiency of the system's
charging process. The transference numbers for all samples
have been tabulated in Table 5.

4. Conclusion

The synthesis of BaCoO3/rGO composites (specifically PBCO,
BCO-I, BCO-II, and BCO-II) via a solvothermal technique,
followed by Ni foam etching, cleansing, and slurry creation,
has shown substantial promise in addressing global energy
challenges. Phase development was verified using XRD, with
Bragg's plane (kkl) values aligning with the provided data and
ICSD ID # 00-052-1612. FESEM analysis revealed nanoscale
structures that were uniformly distributed and exhibited high
porosity. Electrochemical analysis indicated a transition from
electric double-layer capacitance (EDLC) to a combination of
capacitive behaviors, with the BCO-III composite achieving an
impressive specific capacity of 142.44 C g™ at a scan rate of
5 mV s '. Although the presence of surface species leads to
a decline in specific capacity at higher scan rates, BCO-III
demonstrates excellent discharge rates, power density
(531.25 W kg™"), and energy density (21.28 W h kg™"). The
sample BCO-III, which had the highest specific capacity, was
tested for stability and showed an impressive retention rate of
90%. Further, excellent ionic conductivity confirmed the
highlighted features of BCO-III. The cation's transference
number is determined to be 0.2, indicating that the anion will
undergo a large current. These properties highlight its poten-
tial as a high-performance electrode material for SCs and other
energy storage applications.
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