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The scarcity of efficient energy storage devices (ESDs) demands the design of hybrid supercapacitors that
integrate the properties of batteries and supercapacitors into one unit. Amongst the various known
electrode materials, metal-organic frameworks (MOFs), due to their high porosity and unique
electrochemical features, have come forward to boost the electrochemical performance of ESDs.
However, the low conductivity of MOFs hinders their practical applications, and researchers are trying to
address this issue by designing various strategies that unlock their extraordinary potential. In this work,
the conductivity of Ce-PTA-MOF derived from cerium and pyridine-2,4,6-tricarboxylic acid was tweaked
by using different amounts of reduced graphene oxide (rGO). Analysis of the electrochemical
performance in a three-electrode set up showed that the composite of Ce-PTA-MOF and rGO with a 1:
2 ratio possessed a significant specific capacity of 689.56 C g~ which indicated its suitability for use in
practical applications. Hence, a hybrid supercapacitor was fabricated from Ce-PTA-MOF@rGO and
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Accepted 8th May 2025 activated carbon (AC) which exhibited a specific capacity of 380.83 C g~! a specific energy of

74 W h kg~! and a specific power of 434 W kg™t at 0.5 A g~*. A coulombic efficiency of 99% was
DOI: 10.1035/d5ra01490e recorded even after 5000 GCD cycles. The remarkable stability and high specific energy and power

rsc.li/rsc-advances density proved that this synthesized composite is a viable option for use in future energy storage devices.
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1. Introduction

As non-renewable energy sources diminish with every passing
day, renewable energy resources have become more attractive,
which has triggered the need for energy storage devices (ESDs).
Meanwhile, many portable electronic devices are gaining
increasing interest because of sustainability challenges in the
emerging world of smart networks." Supercapacitors (SCs) have
high specific powers (P;)* and long life cycles,® whilst batteries
have high specific energies (E;).** A systematic strategy to unite
both attributes in an individual device has attracted much
attention from researchers. In this regard, the idea of devel-
oping hybrid supercapacitors (HCs) has been thoroughly
investigated to overcome the constraints of traditional ESDs.%’
Even though numerous electrode materials have been reported
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for high-performance energy storage systems, but significant
stability, high E; and P; have not been attained so far. To
confront this challenge, MOFs have offered encouraging
potential in light of their intrinsically possible specific struc-
tures, huge surface areas, large pore apertures, enhanced
stability, novel electronic behavior, and efficient redox-
activity.*®> MOFs are also used in ion-exchange, non-linear
optics, gas storage, and separation in -catalysis."® Super-
capacitors (SCs) are promising energy storage devices but low
energy densities have hindered their practical applications in
energy storage. A new approach of constructing asymmetric
supercapacitors with different positive and negative electrodes
has attracked much attention of the researchers recently as it
expands the voltage window and improves the energy density.
Of the various electrode materials currently being investigated,
metal-organic frameworks (MOFs) are being explored exten-
sively due to their high porosity, tunable structures, and plen-
tiful active sites.™

Numerous studies have demonstrated that MOFs provide
exceptional capacities when utilized as an electrode material.”
Furthermore, enhanced electrical conductance can be obtained
by developing composites of MOFs with several functional
substances to attain boosted redox properties.*® Although
different metals of the s, p, and d block have been studied for

© 2025 The Author(s). Published by the Royal Society of Chemistry
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better oxidation-reduction reaction capabilities in ESDs, the
desired improvements have not been achieved yet. Conse-
quently, the research field has been widened to the lanthanide
series which show incredible potential for applications in
optoelectronic devices, captivating structures, monitoring
systems, magnetization, ion substitution gas sorption, and
materials chemistry.' Rare-earth ions that are engaged through
polycarboxylate ligands show remarkable interaction strengths
with electrophilic centers.” In addition, lanthanide-containing
networks exhibit aqueous phase chemical durability and redox
reversibility.'®

Amongst the rare-earth metals, cerium possesses superb
chemistry, relying strongly on its various oxidation states.' It is
known for its oxidation attributes with different catalytic and
optical properties in MOF chemistry.'® Aromatic ligands with
carboxylate functional groups are well known for their use in
MOFs. Additionally, the incorporation of heteroatoms (N, S, and
O) in the aromatic ring have improved the electrochemical
performance.” Pyridine-2,4,6-tricarboxylic acid is an organic
compound with a nitrogen atom present in the pyridine ring
that also has three carboxyl groups which are involved in
coordination with metal atoms. This structure enhances elec-
trochemical performance, as compared to a simple benzene
ring, due to the presence of the heteroatom (N) in the pyridine
ring.*®** Via nitrogen incorporation, the MOFs electronic
structure goes through considerable changes. The band gap is
reduced by increasing the density of states close to the Fermi
level when the nitrogen atom donates electrons. This boosts the
mobility of charge carriers, allowing for proficient electron
transfer. Zhang et al. described the development of hollow
sheets of iron-doped cobalt sulfide with a double-shelled
structure produced by placing a ligand in ZIF-L followed by
sulfurization and then coating of CeO, through a solvothermal
method. The Fe-CoS/CeO, electrode showed a high specific
capacitance (3727.5 F ¢~ ') and energy density (36.4 W h kg™)
with a cycling stability retention of 89.8% after 10 000 cycles.

Additionally, incorporation of a conductive material can
boost the conducting properties.”® Usually, polythiopehene
(PTh), polyaniline (PANI), polyacetylene (PA), poly(3,4-
ethylenedioxythiophene) PEDOT and polypyrrole (PPy), which
all have m-conjugated structures, facilitate the delocalization of
electrons, leading to high conductivity by enabling dopants.**?*®
Furthermore, the electrochemical attributes of supercapacitor
involving MOFs can also be increased by combining with
carbon containing compounds including nanotubes (CNT),
graphene oxide (GO) and reduced graphene oxide (rGO).*®
Better electrochemical properties of rGO pave the way for
improved energy storage devices due to high carrier mobility
and restored sp® hybridization. Ce-MOF is synthesized from
1,3,5-benzene tricarboxylic acid and its composites i.e. Ce-MOF/
CNT and Ce-MOF/GO have been reported. The specific capacity
of pristine Ce-MOF was recorded as 94.8 F g ' and the
composites of CNT and GO showed 129.6 and 233.8 F g,
respectively. Ce-BTC-MOF was also reported to form a CeO,/rGO
composite when exposed to a sulfidation process, yielding
a Ce0,/rGO/CeS, nanocomposite. The increased conductive
performance was confirmed by cyclic voltammetry (CV),
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chronopotentiometry (CP) and electrochemical impedance
spectroscopy (EIS). In 3 M KOH electrolyte, the CeO,/rGO/CeS,
composite has a capacitance of 720 F g~ ' with E; and P, values
of 23.5 Wh kg ' and 2917.2 W kg™, respectively, at 2.5 A g~ *.2¢
Hong et al. also reported the use of Ce-MOF/CNT composites as
separators for coating materials in lithium sulphur batteries
(LIB). When exposed to a high sulphur loading, the composite
showed brilliant conducting attributes with better capacity
retention results. A specific capacity of 1021.8 mA h g~* was
achieved which gradually decreased to 838.8 mA h g~ after 800
cycles.” Ping Wen et al also investigated a rGO/CMOF-5
composite, which achieved an impressive capacitance of 312 F
g ' at 0.5 A g " in basic electrolyte and an excellent capacitive
retention of 89% even after 5000 GCD cycles.”® A regular
supercapacitor based on a rGO/CMOF-5 hybrid exhibited an Ej
of 17.2Wh kg " at a Ps of 250 W kg™ ". M0oO;/rGO demonstrated
a specific energy of 55 W h kg™, a specific density 400 of W kg "
with a cycling stability of 87.5% after 6000 cycles.>® Ni-doped
MOFs with rGO demonstrated a specific capacitance of 758 F
g~', compared with the original MOF which showed capaci-
tance of 100 F g, attributed to the integration of the rGO. A
specific energy of 37.8 W h kg~ ' and specific power of 227 W
kg ' was recorded.** A Ni/Co-MOF/rGO composite exhibits
a specific capacitance of 958 F g~ at 1 A g~ with a capacitance
retention of 109% even after 5000 GCD cycles. The study
revealed enhanced electron transport and inhibition of MOF
accumulation due to the rGO network.*® These findings
demonstrate that this hybrid approach leads to novel ideas for
the consumption of old carbon substances whilst achieving
excellent outcomes in energy storage devices.”®

In continuation of our earlier reported work which focused
on the incorporation of nitrogen-based linkers in Ce-PTA-MOF
to enhance the electrochemical properties, this work has
explored the effect of conductive material to unlock the
extraordinary electrode potential of MOFs. A number of
conductive materials, such as polyaniline (PANI) and polypyrole
(PPY), along with graphene oxide (GO), carbon nanotubes
(CNTs) etc. are being used today to improve the performance of
synthesized materials. However, PANI, PPY and GO show
limited electrical conductivity.*> CNTs are a cylindrical/tubular
shaped material with excellent mechanical stretching and
high conductivity along the tube axis. In conversely, rGO has
a flat, sheetlike 2D structure which provides excellent
conductivity®® and a large surface area for adsorption and
reaction processes.** Owing to its large surface area, rGO was
targeted to prepared MOF composites. The addition of rGO to
Ce-PTA MOF improved the charge transfer kinetics. Composites
of Ce-PTA-MOF were prepared by adding rGO in different ratios
(1:1/CG 100, 1:2/CG-200, 1:3/CG-300) to optimize the elec-
trochemical performance, as an excessive amount of rGO leads
to aggregation which reduces the effective surface area and ion
diffusion.*® Ce-PTA-MOF provides redox active sites and rGO
improves the conductivity and the synergistic effect.***” Elec-
troanalytical techniques including CV, GCD and EIS were
applied to understand the electrochemical performance. In
a three-electrode set up with 6 M KOH electrolyte, CG-200 was
confirmed to improve the electrochemical performance
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showing a specific capacity of 689.56 C g *. This compelled us
to demonstrate its practical application in a hybrid super-
capacitor assembly against activated carbon (AC). The device
showed Es and Ps values of 74 W h kg ' and 434 W kg,
respectively, with a coulombic efficiency of 99% even after 5000
GCD cycles. The extraordinary electrochemical performance
underscores the high potential of the prepared composite for
futuristic hybrid supercapacitors.

2. Synthesis and experimental

2.1. Chemicals

All the chemicals, such as reduced-graphene oxide, N-methyl-2-
pyrrolidone, polyvinylidene fluoride, potassium hydroxide,
ethanol and activated carbon were procured from Sigma-
Aldrich and further used without purification.

2.2.
MOF)

Synthesis of cerium-metal organic frameworks (Ce-PTA-

Ce-PTA-MOF was synthesized by adopting our reported
method.*®

2.3. Synthesis of Ce-PTA-MOF@rGO electrodes

4.5 mg of Ce-PTA MOF were mixed with different ratios of rGO
(1:1, 1:2 and 1:3) in three separate vials. 0.5 mg of a poly-
vinylidene fluoride (PVDF) binder was added to the composite
mixture and N-methyl-2-pyrrolidone (NMP) solvent was poured
over the mixture. The mixture was stirred for 6 h at room
temperature to make a homogeneous slurry. Meanwhile,
a nickel foam (NF) was conditioned by subsequent rinsing with
1 M HNOjs, water and ethanol. Three electrodes, Ce-PTA@rGO-
100 (CG-100), Ce-PTA@rGO-200 (CG-200) and Ce-PTA@rGO-300
(CG-300), were prepared by adopting drop casting techniques.
The as-prepared electrodes were dried at 70 °C for 6 h for
electrochemical characterization (Fig. 1). For CG-100 (1: 1), 6.0
=+ 0.2 mg was deposited on the electrode whereas 9.0 £ 0.2 mg
and 12.0 £ 0.2 mg were deposited for CG-200 (1: 2) and CG-300
(1:3), respectively.

The ASC device was assembled using Ce-PTA@rGO as the
positive electrode and activated carbon (AC) as the negative
electrode with 6 M KOH aqueous solution as the electrolyte. For
the two electrode assembly, a slurry of AC was prepared
according to eqn (1) (ref. 39) and drop casted by following the
same procedure mentioned above. The mass of carbon was
estimated to be double the mass of the active material of the
positive electrode.

my Cs. X AV_ (1)

m-_ Qs

Qs represents the specific capacity of the anode, m denotes the
active mass of both electrodes and AV corresponds to the
operating voltage window. The ratio of masses between the
positive and negative electrodes was 1: 2.

The value of b differentiates between diffusion-controlled
current and a surface-controlled capacitive process and can be
calculated from the slope of a plot between log of peak current
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(1) and log of scan rate (v). Eqn (2) and (3) represent the relation
between the b value and peak current:*

i=a’ (2)
log(i) = log(a) + blog(v) (3)

‘a’ and ‘D’ are adjustable constants, ‘7’ denotes the peak current
whereas 9’ corresponds to the scan rate. Dunn's equation (eqn
(4)) can be utilized to investigate the kinetic mechanisms to
differentiate between capacitive and diffusive processes.”*

(V) = kv + kov'? (4)

Here, k;v denotes the fast surface capacitive effect, k72
represents the diffusion controlled reaction, ‘7’ is the peak
current and V corresponds to the scan rate. From the CV profile,
the specific capacity (Qs) and specific capacitance (Cs) were
calculated using eqn (5) and (6). For a non-symmetric GCD
curve due to a quasi-reversible faradaic reaction, the ratio of the
faradaic reaction charge/voltage does not remain constant and
changes with time. Hence, eqn (7)-(10) were used to determined
Cs, Qs, Es and Pg.*

[ [;dv
y =2— = 5
Q=27 (5)
1[0 dv
C,=2-—2" 6
’ m V2 ()
.
I[;dv
Q\_Z}’l_1 V2 (7)
.
I[;dv
=2, (8)
!
I [f;dv
E=03% ©)
P 20 (10

2.4. Crystallographic data collection and refinement

The diffraction experiments were performed at 296 K and the
procedures involved in the analysis were: data collection:
COLLECT,* cell refinement: DENZO/SCALEPACK,* and data
reduction: DENZO/SCALEPACK. The program(s) used for the
molecular graphics were as follows: the Mercury program.* The
software used to prepare material for publication: WinGX.** All
non-hydrogen atoms were refined with anisotropic parameters.

3. Result and discussion
3.1. Structural characterization

3.1.1. Description of structures. The asymmetric unit of the
Cu-PTA-MOF consists of two Ce(m) ions, three coordinated
water molecules, two non-coordinated water molecules, one

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Synthesis of the Ce-PTA-MOF@rGO electrodes.

ammonia molecule and two pyridine-2,4,6-tricarboxylic (PTA)
ligands (Fig. 2A). A schematic polyhedral view of the 3D prop-
agation along the 001 direction of the Ce-3D polymer is shown
in Fig. 2B and C, while a polyhedral view showing a spherical
pore of dimensions 2.7 x 2.3 nm is shown in Fig. 2D. Details of
the crystal structures are given in Table S1.1 The coordination
bond lengths are reported in Table S27 and the hydrogen-bond
parameters are provided in Table S3.t

3.1.2. Thermogravimetric analysis (TGA) and Fourier-
transform infrared (FTIR) spectroscopy. The confirmation of
the structure was also carried out using TGA and FTIR spec-
troscopy, details of which are provided in the ESI (Fig. S1 and

s2).

3.2. Electrochemical characterization

Electrochemical testing was performed utilizing the electro-
chemical workstations OrigaFlex-OGF01A and OrigaFlex-
OGFEIS. The as-prepared electrodes of Ce-PTA-MOF, CG-100,
CG-200 and CG-300 were used as the working electrodes
(cathode) in a three electrode assembly with platinum wire as
a counter electrode and Hg/HgO as the reference electrode in an
electrolyte of 6 M KOH.

3.2.1. Half-cell electrochemical analysis

3.2.1.1 Cyclic voltammetry (CV). In electroanalytical chem-
istry, CV is a very important technique which is simple and
inexpensive. It provides information about the thermodynamics
and kinetics of redox processes.*” It is very helpful in the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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quantitative study of various complex chemical setups like the
modification of electrodes with specific deposits.*® The inherent
electrochemical properties of CG-100, CG-200, and CG-300 were
investigated using cyclic voltammetry (CV) at various scan rates
(5, 10, 20, 30, 40, and 50 mV s~ ) within a potential window of
0V to 0.5 V (Fig. 3a to c). The CV peaks of all the curves shifted
towards a higher potential during the forward scan and to
a lower potential scan during the backward scan. The shapes of
the CV curves also become broader. The voltammograms ob-
tained at a fast scan rate turned out to be complicated due to
solution resistance attributed to ohmic drop (IR), sluggish
charge transfer reaction rates, capacitive currents and instru-
ment delay. At lower scan rates, the potential shift is not
significant but it becomes more and more prominent at higher
scan rates.”” At higher scan rates, the electroactive species do
not have enough time to intercalate in the pores of the material
which creates a concentration gradient around the electrode,
resulting in peak potential shift. Furthermore, a higher capac-
itive current also distorts the voltammogram, and the electron
transfer kinetics do not keep up with the applied potential;
therefore, a shift in the peak potential is generally observed. At
a scan rate of 5 mV s~ ' (Fig. 3a to c), a significant increase in
current was observed after 0.3 V, which reached a maximum
around 0.4 V and then deceased steadily before reaching 0.45 V.
A sharp increase in the current after 0.45 V was also detected
and was attributed to side reactions, commonly attributed to
oxygen-evolution. It was observed that an increase in the scan

RSC Adv, 2025, 15, 18142-18157 | 18145
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(A)

(B)

3
Fm

(A) The asymmetric unit of the Ce-3D polymer, colour of atoms: magenta: cerium, blue: nitrogen, red: oxygen, black: carbon, white:

hydrogen. (B and C) Schematic polyhedral view of 3D propagation along the 001 direction in the Ce-3D polymer. (D) Polyhedral view showing

a spherical pore.

rate shifted the peak current towards higher potential due to IR-
drop, sluggish charge transfer reaction rates, capacitive
currents and instrument delay. At a higher scan rate of 50 mVv

! the peak current was shifted around 0.45 V and decreased
to 0.5 V. If a higher scan rate was applied, the potential window
would have moved further toward higher potential. It is very
tricky to select a suitable potential window for cyclic voltam-
metry. A potential window from 0 V to 0.5 V was selected only to
show the complete CV curve at higher scan rates. However, for
the purpose of GCD analysis, a 0.4 V potential was selected to
avoid problems associated with higher scan rates and current
density. It is suggested that the CV curve at lower scan rates
should be studied to select the potential used in the GCD
analysis. The shape retention of a CV peak refers to the
consistency over multiple cycles or repeated measurements. As
the scan rate increased, the peaks became broader, thus
showing the increase in the capacitive contribution. A
comparison of the CV curves for all the samples at 10 mV s *
scan rate confirmed that CG-200 had the highest charge storage
area (Fig. 3d). A plot of the square root of the scan rate against
the peak current has a regression coefficient of 0.9, illustrating

18146 | RSC Adv, 2025, 15, 18142-18157

the reversibility of the oxidation/reduction reaction (Fig. 3e).
Comparison of the specific capacities of CG-100, CG-200 and
CG-300 illustrated that CG-200 exhibited the maximum value of
687.8 C g ! (Fig. 3f).

In addition, the b value was determined to differentiate
between diffusion-controlled current and a surface-controlled
capacitive process. The b value helps to understand the nature
of the material such that a b value near 1 signifies a capacitor-
like material, a value nearing 0.5 denotes a battery-like nature,
whilst a b value around 0.8 corresponds to a pseudocapacitive
nature. The power-law relationships were used to get the
b values for CG-100, CG-300 and CG-200 (Fig. S3a, bt and 4a).
CG-100 showed a b value of 0.74 (oxidation) and 0.76 (reduction)
and for CG-300 it was recorded as 0.59 (oxidation) and 0.63
(reduction). CG-200 demonstrated a b value of 0.58 for the
oxidation peak current and 0.60 for the reduction peak current
which signified the predominance of battery-like behavior. The
predominance of pseudocapacitive behavior is due to reversible
faradaic redox reactions mainly because of the Ce**/Ce*" couple
and the pyridine and carboxylic functional groups of PTA at the
interface of the electrode-electrolyte.*®** Additionally, the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 (a) CV curves of CG-100 (b) CG-200 and (c) CG-300 at different scan rates. (d) Comparison of CV curves at 50 mV s X scan rate. (e) Values
of the regression coefficients for CG-100, CG-200 and CG-300. (f) Relative specific capacity plots for CG-100, CG-200 and CG-300.

oxygen-containing functional groups in the rGO contribute to
improving the conductivity and the redox reactions.” The Ce-
PTA@rGO composite stores charge through redox reactions
and electric double-layer capacitance (EDLC). The redox reac-
tion of Ce*/Ce®” in the MOF* provides the faradaic

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

contributions, as shown in eqn (11), and all the non-faradic
reactions are associated with the rGO component, as per eqn

(12).

Cet+e™ o Ce*

(11)
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g = CepLc X V (12)

The diffusive and surface-controlled contributions can be
estimated through Dunn's method.**** The high conductivity of
rGO ensures fast electron and ionic transport whereas the
porous structure and high surface area of the Ce-PTA MOF
facilitates ion adsorption. Cerium metal centers contribute
additional charge storage leading to a higher specific energy
density. The composites of Ce-PTA with rGO have enhanced
electrochemical properties due to a synergistic effect.>

In Fig. S4a,T the % capacitive/diffusive contributions of CG-
100 are displayed in a bar graph. The diffusive contributions are
mostly higher than the capacitive contributions in CG-300
(Fig. S4dt). The column plot for CG-200 (Fig. 4b) clearly
displays the diffusive contributions. The contributions of the
Faradaic/non-Faradaic and the overall current in the CV curves
of CG-100, CG-300 and CG-200 at 10 mV s~ are presented in
Fig. S4b-cf and at 50 mV s~ in Fig. S4c, d and f.1

3.2.1.2 Galvanostatic charge-discharge (GCD). To determine
the energy storage capability, power capacity, efficiency of
a device, and the cycle life, the electrode material behavior
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experimental CV curves of CG-200 at 10 mV s~ * and (d) at 50 mV s~ .
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needs to be examined by applying a constant current as
a function of time while recording the voltage during charging
and discharging conditions. CG-100, CG-200 and CG-300 were
subjected to charging-discharging at discrete current densities
ranging from 1 to 7 Ag~" (Fig. 5a to c). For all the composites, an
increase voltage during charging gave a non-linear region or
plateaus, which was also observed on current reversal. This in
agreement with the CV measurements, and CG-200 showed
predominantly battery-like properties as evaluated by the shape
of the graph and the discharge time at various current densities.
The specific capacities of CG-100, CG-200 and CG-300 were
368.6, 689.56 and 229.46 C g ', respectively. These results
showed that CG-200 has the best energy storage outcomes.
3.2.1.3 Electrochemical impedance spectroscopy (EIS). To
uncover the conductivity of the electrode materials, a superior
electrochemical technique, EIS, was used to differentiate the
physical, electrical and electrochemical processes. These time-
dependent processes are significant parameters for the evalua-
tion of the variable resistance processes of boundary conduc-
tivities, charging/discharging, kinetics of charge transfer
reactions and capacitive/diffusive nature of a material. The

CG-200 [ ] Diffusive Contribution

120 4
Il Capacitive Contribution

(b)

-

o

o
'

©
o
i

719 | | 676 | | 644 | | 618

78.3

(=2
o
A

83.6

»
o
A

Percentage Contribution (%)

Scan Rate mV/s

0.15
CG-200

(d)

0.10 °

==« = Experimental /
[ Diffusive Contribution Iy o J
I capacitive Contribution / /

At 50mV/s

g
°
a

Current (A)
°
8

-0.05 ~. s

-0.10 T T T T T

0.0 0.1 0.2 0.3 0.4 0.5
Potential (V) vs Hg/HgO

(a) Plot of b values for CG-200. (b) Capacitive/diffusive contribution chart for CG-200. (c) Comparison of diffusive, capacitive and
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Nyquist plot between the real part of the impedance (Z,) and
imaginary part of the impedance (Z;) in an alternative current
frequency range from 0.1 Hz to 100 kHz yielded an EIS plot with
the equivalent circuit fitting for CG-100, CG-200 and CG-300
(Fig. 6a). The high frequency region corresponds the real part

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

of the impedance (Z) and where the curve intercepts the
abscissa (real axis) in the Nyquist plot indicates the equivalent
series resistance (ESR). The ESR is crucial value for batteries and
capacitors as it reflects energy losses due to two types of resis-
tance, ie., solution resistance and any resistance between the
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electrode and the current collector interfaces or other elements.
The R, is found in the mid or high frequency region and the
form of the semi-circle which corresponds to the imaginary part
of the impedance reflects the resistance to charge transfer at the
electrode/electrolyte interface in an electrochemical reaction.
Here, the higher the R the slower the charge transfer process.
Moreover, the line at a 45° angle in the high frequency region
shows the Warburg resistance (Z,) due to mass transport
restrictions, specifically for ion diffusion in the electrolyte. The
ESR value in the case of CG-100 was 0.8 Q, for CG-200 it was
0.5 Q@ and for CG-300 it was 0.7 Q, showing that CG-100 has the
highest ohmic and contact resistance and that CG-200 has the
lowest. Similarly the bigger semi-circle diameter of CG-100
shows that it has the highest R, value of 38.13 Q, while the

18150 | RSC Adv, 2025, 15, 18142-18157

Log Frequency (Hz)

(a) EIS results for CG-100, CG-200 and CG-300. (b) Bode phase angle plot for the electrodes of CG-100 (c) CG-200 and (d) CG-300.

semi-circle of CG-300 showed a R of 15 Q and CG-200 exhibited
the lowest R, value of 11.2 Q having the smallest semi-circle.
Also, CG-100 displayed higher Warburg resistance with the
highest extended line at an almost 60° angle, indicating that
CG-200 showed the most positive outcomes in the analysis.
Bode phase angle plots for the electrodes of CG-100, CG-200 and
CG-300 are shown in Fig. 6b to d.

rGO showed a strong synergistic interaction with Ce-PTA-
MOF through m-m interactions which improved the electrical
conductivity by forming a continuous conductive network,
which not only prevented agglomeration of the MOF but also
helped to maintain the accessible surface area.**®” The
composite of Ce-PTA-MOF and rGO with a 1 : 2 ratio showed the
best performance as the structural integrity was maintained, the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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various potential windows. (d) CV curves of CG-200//AC. (e) Diffusive
rates. (f) Diffusive, capacitive and experimental CV curves at 50 mV s

conductivity enhanced by efficient ion transport, and the
stability was improved, thus helping to achieving a high energy
storage capacity."

3.2.2. Hybrid supercapacitor assembly. The remarkable
properties of CG-200 compelled us to develop a real device CG-

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

(a) Design of the CG-200//AC hybrid assembly. (b) CV of CG-200 and AC in a three-electrode set up. (c) CV profiles of CG-200//AC in

and capacitive percentage contributions of CG-200//AC at various scan

-1

200//AC comprised of activated carbon (AC) as the negative
electrode and Ce-PTA@rGO (CG-200) as the positive electrode,
separated by filter paper dipped in 1 M KOH electrolyte (Fig. 7a).
The CV profile of the AC electrode exhibits a rectangular
capacitive shape, while the CV profile of the Ce-PTA@rGO
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density. (d) Plot depicting the specific energy and specific power of the hybrid device.

composite shows battery-type characteristics with broad redox
peaks (Fig. 7b). The potential window for the hybrid device was
estimated from the CV curves of the AC and CG-200 electrodes
in a three-electrode set up which was also confirmed by running
the hybrid device at different voltages (Fig. 7c). The shape of the
CV curves at different potential sweep rates ranging from 10 to
50 mV s~ confirmed the pseudocapacitive nature of the device
(Fig. 7d). The value of the regression parameter was recorded as
0.99 which verified the reversibility of the device (Fig. S6At). The
b value of 0.87 for the oxidation peak and 0.88 for the reduction
peak (Fig. S6Bt) also established the predominance of capaci-
tive behavior in the hybrid device. Dunn's method was also used

18152 | RSC Adv,, 2025, 15, 18142-18157

to adjudge the nature of device and a pronounced capacitive
part was found. Fig. 7e illustrates how well the device performed
as it shows a continuous increase in the capacitive contribution
with increasing scan rate. The diffusive contribution (in blue)
and capacitive contribution (in green) at 50 mV s~ ' are with the
experimental value (dashed black line) in Fig. 7f. Ineffective
redox reactions or a high incidence of the EDLC at high scan
rates are the main causes of the increase in the capacitive
contribution. These results confirm that the assembled device
exhibits a dominantly pseudocapacitive nature, arising from the
synergistic effects of both surface capacitive and diffusion-
controlled processes.""*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The practical applicability of the hybrid device was assessed
through GCD at various current densities ranging from 0.5 to
3.5 A g, as shown in Fig. 8a. The asymmetry in the galvano-
static curves suggested the concurrence of both faradaic and
non-faradaic reactions, denoting the combination of both
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diffusive and capacitive components. The impressive specific
capacity and specific capacitance of the device was quantified
using the formulas for non-symmetrical curves yielding 380.83
C g ' and 272 F g, respectively, at a current density of
0.5 A g ', as shown in Fig. 8b and c. The increased current
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(a) EIS illustration of hybrid device before and after stability test. Bode phase angle plot for the CG-200 device (b) before stability test and

(c) after stability test. (d) Cyclic stability plot of the CG-200//AC device for 5000 GCD cycles. (e) Capacity retention of the device after 5000
cycles. (f) Ragone plot showing a comparison of the present work with previously reported MOFs materials.
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Table 1 A comparison of current study with recently reported MOFs
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Specific energy Specific power

Material Electrolyte Current density A g~ Whkg™h Wkg™h Ref.
Ce0,/rGO/CeS, 3 M KOH 2.5 23.5 2917 26
rGO/CMOF-5 6 M KOH 2.0 17.2 250 28

rGO/MnO; H,S0, 2.0 55 400 29

Ni-doped MOF/rGO 1 M KOH — 37.8 227 30
Ni-MOF/rGO-300 6 M KOH 1.0 17 750 31
Ce-MOF/rGO 3 M KOH — 60 450 59

Ce-PTA 6 M KOH 1.0 26.75 5760 Previous work
Ce-PTA@rGO 6 M KOH 0.5 74 434 This work

densities decreased the capacities due to the potentially inad-
equate interaction time of the ions with the electrode. Using
eqn (9) and (10), the specific energy (E;) and specific power (Ps)
were calculated and plotted against the current density (Fig. 8d).
The device showed an impressive specific energy of 74 W h kg™
at 0.5 A g~ ' and a specific power of 3080.62 Wkg ' at3.5Ag "

The performance of the hybrid supercapacitor is closely
associated with its conductivity, which can be gauged using EIS.
Before and after running 5000 GCD cycles, EIS plots and their
corresponding Randle's circuits were obtained (Fig. 9a). This
revealed better results after the stability test. A small semi-circle
(Rer of 4.47 Q), reduced Z, line, and lower ESR (0.83 Q) were
recorded after running the stability test. The Bode phase angle
plot for the device before and after the stability test is shown in
Fig. 9b and c. Furthermore, the CG-200//AC device showed
a coulombic efficiency of 99% even after 5000 GCD cycles
(Fig. 9d). The capacity retention was 87.24% after 5000 charge-
discharge cycles (Fig. 9¢). A comparison of the present work
with previously reported MOFs materials is also given in the
Ragone plot in Fig. 9f.

4. Conclusions

Ce-PTA-MOF was synthesized from pyridine-2,4,6-tricarboxylic
and was structurally characterized. No doubt, the use of heter-
oatomic linkers in the MOFs enhances its electrochemical
properties yet the full potential of this unique class of MOFs has
not been successfully unlocked. In continuation of our previous
work,*® the process of tweaking the electrochemical perfor-
mance of Ce-PTA-MOF with highly conductive rGO has been
targeted in the present research. Different percentages of rGO
were amalgamated with Ce-PTA-MOF (CG-100, GC-200 and CG-
300), and their electrochemical properties were analyzed in
a three-electrode assembly using various electroanalytical tools
including CV, GCD and EIS. CG-200 showed the best perfor-
mance with a specific capacity of 689.56 C g~ * at 0.5 A g™
Hence, a device consisting of CG-200 and AC was fabricated to
construct a hybrid supercapacitor (CG-200//AC). Dunn's meth-
odology was employed to validate the pseudocapacitive nature
of the device. The device showed a specific capacity, specific
energy and specific power of 380.83 C ¢!, 74 W h kg™ ! and
434W kg™, respectively, at 0.5 A g~ with a coulombic efficiency
of 99%, even after 5000 GCD cycles, thus underscoring the
composite as potential candidate for use as an energy storage

18154 | RSC Adv, 2025, 15, 18142-18157

device. Table 1 shows a comparison of the current study with
recently reported materials.
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