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nitrogen-doped carbon-derived
MOF/COF for supercapacitors

Hani Nasser Abdelhamid, *a Faisal K. Algethami a and Mervat Ibrahim *b

Porous materials, including hybrid materials (e.g., metal–organic frameworks, MOFs) and pure organic

materials (e.g., covalent organic frameworks, COFs), were investigated for electrochemical energy storage.

This study produced a hybrid material composed of UiO-66 MOF and a COF, which was subsequently

carbonized at different temperatures to yield ZrO2-embedded nitrogen-doped carbon for supercapacitor

applications. The materials were analyzed using X-ray diffraction (XRD), X-ray photoelectron spectroscopy

(XPS), Fourier-transform infrared spectroscopy (FT-IR), thermogravimetric analysis (TGA), scanning electron

microscopy (SEM), and transmission electron microscopy (TEM). The results confirmed the synthesis of

UiO-66@COF and the generation of ZrO2@N-doped carbon through post-carbonization. Electrochemical

experiments revealed that the carbonized composite exhibits enhanced capacitance performance

compared with UiO-66 and COF materials. The UiO-66@COF_700 electrode showed a specific

capacitance of 195 F/g at 1 A/g, remarkable rate capability, and stable cycling performance over 5000

cycles. The energy storage mechanism includes both capacitive and diffusion components, with a primary

emphasis on surface contributions following carbonization. The results demonstrate that carbon

composites produced from MOF–COF are effective electrode materials for supercapacitors.
Introduction

The high growth of the global population and the expansion of
the world economy have heightened the need for energy.1,2

Consequently, there is a high demand for effective and
sustainable energy storage solutions to meet growing energy
demand, reduce energy losses, and integrate advanced tech-
nologies.3,4 In the contemporary age of rapid industrial and
scientic progress, the widespread use of portable electronic
devices.5,6 Among several energy storage technologies, super-
capacitors offer high power density and long cycle life.7,8 The
performance depends on the structural and compositional
properties of their electrode.9,10 Thanks to advances in mate-
rials, supercapacitors have seen substantial improvements,
particularly in power density.11,12 Nevertheless, their energy
density is still low relative to batteries and other traditional
energy storage technologies, thereby constraining their broader
practical applicability.13–15 As a result, considerable research has
focused on creating supercapacitors by exploring the perfor-
mance of new materials.16 These materials offer advantages,
including superior electrical conductivity and exceptional cycle
stability. The low availability of active surface sites and the
existence of inactive volume in these electrodes limit their
ce, Imam Mohammad Ibn Saud Islamic
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specic capacitance. This constraint restricts their overall effi-
cacy and practical utility. Conventional electrode materials, e.g.,
carbon materials,17,18 metal oxides,19,20 layered double hydrox-
ides,21 pervoskites,22 ceramics,23 metal chalcogenides,24 and
conductive polymers,25–28 have signicantly advanced super-
capacitor technology. Nonetheless, their widespread commer-
cial use is frequently hindered by several problems, including
energy-intensive synthesis methods and limited stability. To
mitigate these limitations, researchers have focused on devel-
oping improved electrode materials, including hybrid
materials.29–31 These hybrid systems integrate the benets of
multiple material components, thereby facilitating superior
electrical conductivity, enhanced redox activity, and more
effective charge-transport pathways.32,33 Consequently, hybrid
materials have been considered a promising electroactive
component for markedly improving the electrochemical
performance of next-generation supercapacitors.

Metal–organic frameworks (MOFs) are hybrid porous
materials.34–37 They offer high specic surface area, homoge-
neous and adjustable pore diameters, well-dened morphol-
ogies, and surfaces amenable to chemical modication with
functional organic linkers. These features have made MOFs
highly regarded for several applications, establishing them as
promising materials for enhanced supercapacitors.38,39 MOFs
can be used as precursors for the production of exible elec-
trode materials.40 They can produce various functional nano-
structures, including MOF-derived porous carbon/metal oxides
with regulated morphologies, such as yolk–shell spheres41 and
© 2026 The Author(s). Published by the Royal Society of Chemistry
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metal phosphides,42 by heat or chemical transformation. These
structures can be integrated into carbon matrices or
heteroatom-doped carbon nanomaterials to create highly
porous frameworks with enhanced shape and electrochemical
performance.43–45 MOF@MOF-generated Co2P/Ni2P have been
reported for supercapacitors.46 Metal oxides were produced
using MOF derivatization, including ZnO,47 CuO,48 Fe2O3,49,50

ZnSe/CoSe,51 Co2P/Ni2P,46 and Cu(Co–Ni)2S4 nanotubes.52

Furthermore, MOFs enable one-step synthesis of bimetallic
oxides via carbonization of bimetallic MOF precursors, thereby
creating materials with dual or multifunctional characteristics
for various energy applications.53–55 Materials produced from
MOFs have facilitated the advancement of micro-
supercapacitors.56–58 Zirconium-based MOFs (Zr-MOFs) are of
interest because of their exceptional chemical and thermal
stability, arising from robust coordination bonds. Zr-MOFs
exhibit exceptional stability under aqueous conditions and
can be further modied for various applications. They exhibit
large surface area and well-regulated architectures, promoting
superior ion diffusion and higher capacitance, thereby
enhancing charge storage capacity.59 Notwithstanding these
properties, other challenges present, including structural dete-
rioration during cycling, intricate production procedures, and
limited long-term electrochemical stability.60 To address these
limitations, UiO-66-based supercapacitors have been enhanced
by conjugation with materials, such as MoS2,61 and poly-
mers.62,63 The integration of MOFs with advanced materials
such as MXenes has enabled the fabrication of Ni-MOF micro-
belts for supercapacitors,64 while MOF composites combined
with graphene oxide65 have been proposed as effective smart
supercapacitor systems owing to their improved conductivity,
structural stability, and electrochemical activity.

Covalent-organic frameworks (COFs) exhibited unique
structural features, high surface area, tunable porosity, and
ordered frameworks, as well as promising electrochemical
performance.66–68 These characteristics make COFs attractive for
supercapacitors. For example, COFs have been employed as
negative electrode materials in supercapacitors.69 In addition,
their well-dened porous structures and lightweight frame-
works enable the fabrication of exible electrodes for advanced
energy storage devices.70,71 The material performance depends
on several parameters, including the pore shape and the
compact arrangement of counterions within smaller pores.72

Despite these advantages, pristine COF materials generally
exhibit limited specic capacitance due to their relatively low
electrical conductivity. To overcome this limitation, COFs have
been integrated with other functional materials, such as carbon
nanomaterials,73 metals/ionic liquids,74 and MXene-based
structures.75 These hybrid systems enhance electrical conduc-
tivity, provide additional active sites, and improve overall
electrochemical performance. Therefore, further exploration
and integration of COFs with advanced materials could lead to
signicant improvements in their electrochemical properties
and broaden their applications in high-performance energy
storage systems.

A composite material comprising MOF and COF was
synthesized and characterized for potential supercapacitor
© 2026 The Author(s). Published by the Royal Society of Chemistry
applications. A melamine-based COF was integrated with the
UiO-66 MOF and used as a precursor for subsequent carbon-
ization. The structural and morphological properties of the
materials were analyzed using X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), electron microscopy (trans-
mission (TEM) or scanning (SEM)), Fourier transform infrared
spectroscopy (FT-IR), and thermogravimetric analysis (TGA).
The resulting materials were further investigated using cyclic
voltammetry (CV) and galvanostatic charge/discharge (GDC) in
supercapacitor applications.

Experimental
Materials and methods

Melamine and terephthalaldehyde were obtained from Merck
(USA) and Fluka (Germany), respectively. Dimethyl sulfoxide
(DMSO) was obtained from Fisher BioReagents. Di-
methylformamide (DMF), acetic acid (AcOH), 1,4-benzenedi-
carboxylic acid (BDC), polyvinylidene uoride (PVDF), and
ZrOCl2 were obtained from Sigma Aldrich (Germany).

Preparation of COF

The COF material was synthesized by dissolving 313 mg of
melamine and 250 mg terephthalaldehyde in DMSO (15.5 mL).
The resulting mixture was heated at 180 °C for 72 h to facilitate
COF formation, following a previously reported method.76,77 The
product was separated via ltration and subsequently washed
with acetone and THF. Finally, the obtained material was dried
under vacuum at 120 °C to yield the puried COF product.

Synthesis of UiO-66

The solvothermal method was used to synthesize UiO-66.78,79

Equal amounts (750 mg) of ZrOCl2 and BDC were dissolved via
ultrasonication (30 min) in a solvent mixture of acetic acid
(AcOH, 4mL) and DMF (90mL). Themixture was heated at 120 °
C for 24 h. Aer the reaction, the solid product was collected
and rinsed with DMF (3 × 30 mL) and ethanol (3 × 30 mL) to
remove residual solvents and unreacted precursors. Finally, the
sample was dried in an oven overnight at 85 °C.

Synthesis of UiO-66@COF and their carbonization

The UiO-66@COF was prepared by dispersing equal amounts of
UiO-66 and COF (0.2 g each) in ethanol (50 mL) and stirring
continuously for 12 h to ensure uniform mixing and interaction
between the two components. The product was separated by
ltration and washed using water (3 × 30 mL) and ethanol (3 ×

30 mL) to remove residual impurities. The obtained ltrate was
then dried under vacuum at 85 °C overnight to yield the UiO-
66@COF.

Subsequently, the carbonization of the UiO-66@COF
composite was carried out under ambient conditions at 400 °
C, 500 °C, and 700 °C. The resulting carbonized materials were
denoted as UiO66@COF_400, UiO66@COF_500, and UiO66@-
COF_700, respectively. These carbonized composites were
further investigated for their structural and electrochemical
properties.
RSC Adv., 2026, 16, 29758–29774 | 29759
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Characterization

The morphology was evaluated using TEM (JEOL 2100F) and
SEM (Quattro S, Thermo Scientic) images. The crystalline
phase and structural properties of the material were analyzed by
powder XRD using a Phillips PW1700 diffractometer (Cu Ka, 1.5
Å). FT-IR spectroscopy was performed on a Nicolet spectro-
photometer (model 6700). TGA was measured using a TA-60
thermal analyzer (Shimadzu, Japan). XPS analysis was per-
formed using Alpha-K (Thermo Fischer, USA).
Electrochemical measurements

The working electrode was prepared by mixing the materials
with carbon black and PVDF (80 : 10 : 10 (weight percentage)),
then grinding the mixture in a mortar to obtain a homogeneous
powder, and dispersing it in DMF to form a uniform slurry. The
slurry was spread onto a nickel foam (1 × 1.5 cm2) and subse-
quently dried in an oven at 80 °C overnight to ensure proper
adhesion and solvent removal. An Hg/HgO electrode and
a platinum mesh or graphite electrode were used as the refer-
ence and counter electrodes, respectively in an electrolyte of
KOH (6 M). Themeasurements were evaluated using a Corrtest®

150M (Wuhan, China). The capacity (C/g) was calculated using
the following equation (eqn (1)):-

Q ¼

ð
IdV

2�m� n
(1)

The charge-storage mechanism of the supercapacitor elec-
trodes was further analyzed using CV data via the b-value and
Dunn's methods. The b-value was determined using (eqn (2)):

Current (i) = avb (2)
Fig. 1 Schematic representation of the materials synthesis.

29760 | RSC Adv., 2026, 16, 29758–29774
Dunn's method was applied using eqn (3):

i(V) = k1v + k2v
1/2 (3)

where k1v refers to the capacitive contribution, and k2v
1/2

represents the diffusion-controlled contribution.
The Trasatti method can be expressed in terms of the total

charge (Qtotal) and outer-surface charge (Qouter) to distinguish
between surface-accessible and diffusion-controlled charge
storage in supercapacitor electrodes (eqn (4)). The total stored
charge is composed of two contributions:

Qtotal = Qouter + Qinner (4)

where: Qtotal = total charge stored at low scan rate, Qouter =

charge associated with the easily accessible outer surface, and
Qinner = diffusion-controlled inner charge originating from
pores or bulk active sites. Qtotal and Qouter were determined
using eqn (5) and (6):

1

Q
¼ 1

Qtotal

þ k1v
1=2 (5)

Q ¼ Qouter þ k2v
�1=2 (6)

Results and discussion
Materials characterization

Fig. 1 describes the synthesis procedures for UiO-66, COF, and
UiO-66@COF, as well as their carbonization. The COF was
prepared via condensation of melamine and terephthal-
aldehyde in an organic solvent under solvothermal conditions.
The reaction product was separated, thoroughly washed with
organic solvents to remove impurities and unreacted
© 2026 The Author(s). Published by the Royal Society of Chemistry
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precursors, and dried under vacuum to obtain the pure COF
material (Fig. 1). The zirconium-based MOF, UiO-66, was
synthesized via a solvothermal technique, in which a zirconium
precursor and an organic linker were dissolved in an organic
solvent with the addition of a modulating agent. The homoge-
neous solution was placed in an autoclave and heated to
promote crystallization of the framework. The resultant product
was subsequently collected, thoroughly washed with suitable
solvents to eliminate residual reactants, and dried to get the
nal UiO-66 material (Fig. 1). The UiO-66@COF composite was
prepared by dispersing the two components in a solvent and
agitating the mixture for an extended period to ensure optimal
Fig. 2 (a and b) XRD for the material before carbonization, (c) TGA, and

Fig. 3 FT-IR spectra for the materials (a) before and (b) after carbonizat

© 2026 The Author(s). Published by the Royal Society of Chemistry
interaction and uniform distribution. The composite material
was then collected via ltration, rinsed to remove weakly bound
entities, and dried under vacuum. The resultant composite was
subjected to thermal treatment at various temperatures to
produce carbonized materials. The framework acted as
a precursor to produce zirconia particles embedded in nitrogen-
doped carbon, yielding hybrid materials appropriate for
electrochemical applications (Fig. 1). The materials were char-
acterized using XRD (Fig. 2a and b), TGA (Fig. 2c), XRD for
carbonized materials (Fig. 2d), FT-IR (Fig. 3a and b), XPS anal-
ysis (Fig. 4), SEM images (Fig. 5a–d), and TEM images (Fig. 6).
(d) XRD for UiO-66@COF_700.

ion.

RSC Adv., 2026, 16, 29758–29774 | 29761
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Fig. 4 XPS analysis for UiO-66@COF before and after carbonization using (a) survey, (b) Zr 3d, and (c) N 1s.

Fig. 5 SEM images for (a and b) UiO-66@COF_400 and (c and d) UiO-66@COF_700.
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The crystal structure of the produced materials were evalu-
ated via XRD, as seen in Fig. 2a and b. The XRD pattern of UiO-
66 shows sharp diffraction peaks, indicating high crystallinity.
The diffraction pattern generally exhibits pronounced Bragg
reections at low diffraction angles, indicative of the UiO-66
crystal structure. The primary diffraction peaks appear at
approximately 2q = 7.4°, 8.5°, 12.1°, 14.9°, and 17.2°, corre-
sponding to the (111), (200), (220), (222), and (400) planes,
29762 | RSC Adv., 2026, 16, 29758–29774
respectively. The (111) peak at approximately 7.4° is the most
pronounced among these reections and is regarded as the
dening peak of the UiO-66 framework. The presence of these
reections conrms the synthesis of the crystalline UiO-66
structure, characterized by a typical lattice spacing of around
20.7 Å. The XRD pattern of COF exhibits semi-crystalline prop-
erties of the prepared COF (Fig. S1).76
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 TEM images and HR-TEM image for UiO-66@COF_700.
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The XRD pattern of the UiO-66@COF exhibits peaks similar
to those of pristine UiO-66, signifying that the crystalline
structure of the MOF is maintained following its integration
with the COF material. A small deviation of approximately 0.11°
in the diffraction peaks is observed in the composite material
(Fig. 2b). This shi indicates strong interactions between the
COF and UiO-66 crystals, potentially altering the MOF's lattice
environment without compromising its structural integrity. The
diffraction peaks substantiate that the composite retains high
crystallinity. Variations in peak intensity or minor broadening
may occur due to structural aws, such as absent linkers or
clusters within the UiO-66 framework, which are prevalent in
this material type.

The thermal stability and composition of the UiO-66@COF
were evaluated using TGA, as illustrated in Fig. 2c. The TGA
curve indicates several stages of weight loss associated with
© 2026 The Author(s). Published by the Royal Society of Chemistry
distinct heat processes. The initial weight loss of roughly 5%
occurs at around 60 °C and is attributed to the removal of
volatile liquids or physically adsorbed gases conned within the
porous matrix. The subsequent weight loss of approximately
10% in the 60–265 °C range is attributed to the elimination of
physically adsorbed water and residual organic solvents. A
further weight loss of approx. 20% occurring between 265 °C
and 325 °C is attributed to the thermal degradation of the COF
component. Subsequently, another weight loss of about 20%
occurs in the temperature range of 325–480 °C, corresponding
to the decomposition of the UiO-66 framework. The mass losses
of the COF and MOF components suggest that the composite
comprises almost equal amounts of COF and UiO-66, aligning
with the 1 : 1 ratio employed in the synthesis. Upon complete
disintegration, approx. 16% of residual mass remains, corre-
sponding to the creation of zirconium dioxide (ZrO2) from the
zirconium nodes of UiO-66. The remaining amount aligns
closely with the theoretical yield of ZrO2 anticipated from the
decomposition of the MOF structure.

Carbonization tests were conducted at various temperatures
to transform the composite into zirconia embedded in nitrogen-
doped carbon (ZrO2@N-doped carbon), as indicated by the TGA
data. The composite precursor underwent thermal treatment at
400 °C, 500 °C, and 700 °C, yielding materials designated as
UiO-66@COF_400, UiO-66@COF_500, and UiO-66@COF_700,
respectively. Fig. 2d displays the XRD pattern of the carbon-
ized material UiO-66@COF_700. The diffraction pattern
exhibits distinct peaks at 2q values of approximately 17.2°,
24.1°, 28.2°, 31.4°, 34.2°, 35.4°, 40.7°, 50.4°, and 60.0°, corre-
sponding to the (−111), (111), (120), (022), and (131) crystallo-
graphic planes of monoclinic ZrO2. These observations align
well with the standard diffraction data for monoclinic zirconia
(ICDD File no. 37-1484), validating the conversion of the MOF
structure into crystalline ZrO2 aer carbonization.

FT-IR spectroscopy was investigated to examine the chemical
structure of the materials both before and aer carbonization
(Fig. 3). The FT-IR spectra of UiO-66 exhibit distinct absorption
bands at approximately 3400 cm−1, 2920 cm−1, and 2860 cm−1,
which are indicative of O–H and C–H stretching vibrations
(Fig. 3a). The bands at 1598 cm−1 (asymmetric) and 1398 cm−1

(symmetric) refer to carboxylate groups aer coordination.
Peaks identied at 750 cm−1, 660 cm−1, and 475 cm−1 corre-
spond to Zr–O vibrations inside the framework. Conversely, the
COF material displays distinct bands at around 1550 cm−1,
1475 cm−1, and 1340 cm−1, which correspond to C]N and C–N,
and aromatic ring vibrations. The FT-IR spectrum of the UiO-
66@COF composite exhibits the bands of UiO-66, reecting
the structural attributes of the MOF component. Following
carbonization (Fig. 3b), the FT-IR spectra exhibit distinct bands
at approximately 750 cm−1, 670 cm−1, and 560 cm−1, corre-
sponding to the vibrations of ZrO2. The absence of original UiO-
66 bands indicates that the MOF framework has disintegrated
during carbonization, resulting in the formation of ZrO2 within
a nitrogen-doped carbon matrix.

The elemental composition and surface chemical states of
the synthesized materials were analyzed using XPS, as illus-
trated in Fig. 4, which includes the survey spectrum (Fig. 4a), Zr
RSC Adv., 2026, 16, 29758–29774 | 29763
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core-level spectrum (Fig. 4b), and N 1s spectrum (Fig. 4c). The
XPS scan spectrum of UiO-66@COF validated the presence of O,
C, N, Zr, and S elements, signifying the integration of the
framework components. The O 1s spectrum was observed
within the binding energy range of 527.08–538.08 eV, with
a characteristic peak at 532.84 eV, corresponding to an atomic
concentration of 20.1%. The C 1s signal, detected between
280.08 and 293.08 eV, with a prominent peak at 286.85 eV,
exhibited the highest atomic percentage (57.94%), conrming
the carbon-rich composition of the hybrid framework. The N 1s
peak was observed at 399.77 eV, within the range of 391.08–
405.08 eV, accounting for 18.03% of the elemental composition
and ascribed to nitrogen-based COF. The Zr 3p3 peak at
334.12 eV (ranging from 328.08 to 340.08 eV) with an atomic
percentage of 2.16% conrmed the existence of zirconium
nodes derived from the UiO-66 framework. A weak signal of S 2p
signal centered at 164.3 eV (ranging from 160.08 to 169.08 eV)
with an atomic contribution of 1.77%, this element comes from
Fig. 7 CV curves for (a) UiO-66, (b) COF, (c) UiO-66@COF, (d) UiO-66@

29764 | RSC Adv., 2026, 16, 29758–29774
dimethyl sulfoxide (DMSO) that was used during COF
synthesis.76,77

Aer carbonization, the XPS spectrum of UiO-66@COF_700
exhibited notable changes in elemental distribution and
surface chemistry (Fig. 4). The O 1s peak, centered at 532.19 eV
within the binding energy range of 525.08–539.08 eV, exhibited
a high atomic concentration of 37.7%, indicating the develop-
ment of oxygen-containing surface functions aer heat treat-
ment. The C 1s peak at 286.27 eV (ranging from 280.08 to 294.08
eV) accounted for 35.85% of the overall composition, indicating
retention of the carbon structure post-carbonization. Zirconium
species were detected via the Zr 3p3 peak at 334.22 eV (ranging
from 325.08 to 341.08 eV) with an atomic concentration of
11.13%, alongside the Zr 3d3 peak at 183.2 eV (spanning 181 to
185 eV), which contributed an additional 2.78%, thereby con-
rming the preservation of zirconium-related coordination
environments post-thermal treatment. Nitrogen species were
identied via the N KL1 peak at 1108 eV (1104.68–1112.68 eV),
COF_400, (e) UiO-66@COF_500, and (f) UiO-66@COF_700.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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contributing 9.63% at the atomic level, while a weak N 1s signal
at 402.17 eV (400–404 eV) displayed a negligible atomic
percentage of 0.12%. The high-resolution Zr 3d spectra di-
splayed distinct doublet peaks at 182.5 and 185.1 eV for UiO-
66@COF, which correspond to Zr 3d5/2 and Zr 3d3/2, respec-
tively (Fig. 4b). Following carbonization, the Zr3d peaks shied
slightly to 182.5 and 184.7 eV, indicating small changes in the
zirconium coordination environment due to heat treatment.
The deconvoluted N 1s spectra exhibited a signicant peak at
398.8 eV, typically linked to pyridinic nitrogen species, indi-
cating effective nitrogen integration within the carbonized
structure (Fig. 4c).

The morphology and particle size of the produced materials
were examined via SEM (Fig. 5) and TEM (Fig. 6). SEM images of
the carbonized materials, specically UiO-66@COF_400 and
UiO-66@COF_700 (Fig. 5a–d), demonstrate the development of
nanoscale particles of around 25 to 50 nm in size. TEM images
provide additional insight into the structural characteristics of
the carbonized materials (Fig. 6). The TEM images clearly reveal
uniformly distributed nanoparticles embedded in a carbon
matrix. High-resolution TEM images show fringes with an
interplanar spacing of 0.28 nm, corresponding to the
Fig. 8 b-value plot and Dunn method, and capacitative/diffusion contri

© 2026 The Author(s). Published by the Royal Society of Chemistry
monoclinic ZrO2 planes. The heavier nanoparticles signify
crystalline ZrO2, whilst the lighter gray areas denote the
remaining nitrogen-doped carbon produced during the
carbonization of the COF and organic constituents of the MOF.
This hybrid structure, comprising ZrO2 nanoparticles inte-
grated into a conductive carbon matrix, is expected to enhance
the material's electrochemical performance.
Electrochemical application

The electrochemical performance of the synthesized materials
was examined by CV, b-value analysis, Dunn's method, and
GCDC tests. These investigations yield critical insights into the
charge storage mechanism, electrochemical kinetics, and
capacitive characteristics of the electrode materials.

Fig. 7 displays the CV curves of UiO-66, COF, UiO-66@COF,
and the carbonized composites (UiO-66@COF_400, UiO-
66@COF_500, and UiO-66@COF_700). The curves exhibit
quasi-rectangular shapes with discernible redox peaks, indi-
cating the presence of electric double-layer capacitance (EDLC)
and pseudocapacitive characteristics. The UiO-66@COF
composite exhibits a pair of distinct redox peaks at 0.51 V and
0.30 V. The peaks indicate the occurrence of reversible faradaic
bution for (a–c) UiO-66, (d–f) COF, and (g–i) UiO-66@COF.

RSC Adv., 2026, 16, 29758–29774 | 29765
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reactions at the electrode surface, linked to electroactive func-
tional groups and metal centers within the composite structure.
The presence of these redox peaks veries that the charge
storage mechanism includes pseudocapacitive processes and
electrostatic charge accumulation. Compared with UiO-66 and
COF materials, the UiO-66@COF composite and its carbonized
derivatives exhibit larger enclosed CV areas, indicating
improved charge storage capacity (Fig. 7). The enhancement is
due to the synergistic interaction between the MOF and COF
structures, as well as to the increased conductivity following
carbonization. The carbonized materials, especially UiO-
66@COF_700, exhibit enhanced electrochemical responses
owing to the presence of zirconium dioxide nanoparticles
integrated within a nitrogen-doped carbon matrix, thereby
enhancing electrical conductivity and increasing the number of
electroactive sites.

To enhance comprehension of charge storage kinetics, the
correlation between peak current and scan rate was included
(Fig. 8 and 9). The b-value derived from this investigation
elucidates the predominant charge-storage mechanism. A b-
value near 1 signies a surface-controlled capacitive
Fig. 9 b-value plot and Dunnmethod, and capacitative/diffusion contrib
66@COF_700.

29766 | RSC Adv., 2026, 16, 29758–29774
mechanism. The computed b-values indicate that COF is
roughly 0.72, UiO-66 is about 0.80, and UiO-66@COF exhibits
a high value of around 0.81 (Fig. 10a). The carbonized materials
exhibit b-values of around 0.69, 0.75, and 0.76 for UiO-
66@COF_400, UiO-66@COF_500, and UiO-66@COF_700,
respectively (Fig. 10a). These data demonstrate that all mate-
rials exhibit hybrid capacitive and diffusion-controlled
processes. The high b-value noted for the UiO-66@COF
composite implies that the conjunction of MOF and COF
improves surface-controlled electrochemical reactions, whereas
the reduced values for the carbonized samples suggest that ion
diffusion within the porous carbon matrix also plays a crucial
role in the overall charge storage mechanism.

Dunn's approach was then used to determine the capacitive
and diffusion contributions to the total current (Fig. 10b). COF
exhibits predominantly capacitive behavior, with almost
99.99% of the current arising from surface-controlled mecha-
nisms and a small contribution from diffusion. Conversely,
UiO-66 exhibits primarily diffusion-controlled characteristics,
with approximately 81% of the charge storage attributed to ion
diffusion within the porous framework and only 19% to
ution for (a–c) UiO-66@COF_400, (d–f) UiO-66@COF_500, (g–i) UiO-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 (a) b-values for different materials and (b) capacitative/diffu-
sion contribution for different materials.
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capacitive mechanisms. The UiO-66@COF composite exhibits
a substantial diffusion-controlled contribution of around 92%,
indicating that ion transport within the linked porous frame-
work is pivotal to the charge storage process. The charge storage
mechanism undergoes a signicant transformation post-
carbonization. UiO-66@COF_400 demonstrates roughly 39%
capacitive contribution and 61% diffusion contribution,
whereas UiO-66@COF_500 displays about 31% capacitive
contribution and 69% diffusion contribution. Conversely, UiO-
66@COF_700 exhibits a predominantly capacitive character-
istic, with an estimated 91% capacitive contribution and only
9% diffusion-controlled contribution. The transition to capaci-
tive behavior is due to the development of a conductive
nitrogen-doped carbon network during carbonization, which
improves electron transport and facilitates quick surface-
controlled charge storage (Fig. 10b).

The Trasatti approach is frequently used in supercapacitor
investigation to distinguish between surface-controlled capaci-
tive charge storage (i.e., capacitance, as shown in the Dunn
method above) and diffusion-controlled contributions, based
on the scan-rate dependence of capacitance derived from CV
measurements (Fig. 11). At low scan rates, electrolyte ions can
completely penetrate both the external surface and the internal
porous structure of the electrode, yielding the total capacitance
(Qtotal). Conversely, at high scan rates, only the readily acces-
sible outer surface contributes, corresponding to the surface
capacitance. In contrast to b-value analysis and Dunn's method
© 2026 The Author(s). Published by the Royal Society of Chemistry
(Fig. 8–10), which assess electrochemical kinetics based on
current values, the Trasatti method emphasizes ion accessibility
and the distribution of capacitance within the electrode archi-
tecture (Fig. 11). As a result, these approaches may produce
varying trends in porous or pseudocapacitive materials.
However, we perfom the analysis to support the analysis of b-
value and Dunn method, vide supra. In carbonized UiO-
66@COF-derived electrodes, carbonization enhances conduc-
tivity, increases accessible active sites, and improves electrolyte
penetration, resulting in high capacitive contributions from
Trasatti or Dunn analysis, despite a slight decrease in the b-
value due to small diffusion limitations within microporous
domains. However, Fig. 11 shows a similar trend of the mate-
rials, ensuring the high capacitance (surface) contribution over
diffusion contribution. These methods ensure that the mate-
rials exhibit pseudocapacitance with small contributions of
EDLC.

Fig. 12 displays the GCDC curves for all materials. The curves
exhibit nearly symmetric triangular shapes, indicating high
electrochemical reversibility and effective charge–discharge
mechanisms. The specic capacitance values were calculated at
various current densities (Fig. 13a). At 1 A g−1, COF demon-
strates a specic capacitance of around 116 F g−1, whereas UiO-
66 has a slightly lower value of about 107 F g−1 (Fig. 13b). The
UiO-66@COF composite exhibits a high capacitance of 149 F
g−1, indicating that the integration of MOF and COF structures
improves electrochemical performance (Fig. 13b). Post-
carbonization, the capacitance exhibits further enhancement,
with UiO-66@COF_400, UiO-66@COF_500, and UiO-
66@COF_700 demonstrating values of around 164 F g−1, 180
F g−1, and 195 F g−1, respectively (Fig. 13b). The high capaci-
tance of UiO-66@COF_700 is ascribed to enhanced electrical
conductivity and the incorporation of ZrO2 within a conductive
nitrogen-doped carbon matrix. The specic capacitance of UiO-
66@COF_700 decreased from approximately 195 F g−1 at 1 F g−1

to roughly 153 F g−1 at 10 F g−1, around 102 F g−1 at 30 F g−1,
and about 70 F g−1 at 50 F g−1 (Fig. 13a). Notwithstanding this
reduction, the material retains a comparatively high capaci-
tance at increased current densities, indicating commendable
rate capability.

The cycling of UiO-66@COF_700 was assessed across 5000
cycles at 10 A g−1, as illustrated in Fig. 13c. Thematerial exhibits
exceptional cycling stability, with no loss of capacitance during
cycling. The exceptional stability is due to the resilient archi-
tecture of ZrO2 nanoparticles integrated into the nitrogen-
doped carbon matrix, which inhibits structural deterioration
over successive charge–discharge cycles. The results indicate
that the carbonized UiO-66@COF composites exhibit markedly
enhanced electrochemical performance compared with the
pristine materials. Among the analyzed samples, UiO-
66@COF_700 exhibits superior performance owing to its
optimized conductive carbon network, improved surface-
controlled charge storage characteristics, and stable hybrid
structure, rendering it a suitable electrode material for
a supercapacitor.

Table 1 compares the electrochemical performance of the
developed material with reported MOF- and COF-based
RSC Adv., 2026, 16, 29758–29774 | 29767

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra03271k


Fig. 11 Trasatti approach for (a) UiO-66, (b) COF, (c) UiO-66@COF, (d) UiO-66@COF_400, (e) UiO-66@COF_500, and (f) UiO-66@COF_700.
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electrode materials.80 Among these materials, the zirconium-
based MOF UiO-66 has attracted considerable attention due to
its structure composed of zirconia-based clusters and BDC
29768 | RSC Adv., 2026, 16, 29758–29774
organic linkers, where Zr6O4(OH)4 oxoclusters are coordinated
with twelve BDC ligands to form a highly stable framework with
high thermal stability and chemical resistance arising from
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 GCDC for (a) UiO-66, (b) COF, (c) UiO-66@COF, (d) UiO-66@COF_400, (e) UiO-66@COF_500, and (f) UiO-66@COF_700.
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strong Zr–O bonds. Previous studies have shown that synthesis
conditions signicantly inuence the morphology, crystallinity,
and conductivity of UiO-66, which directly affect its electro-
chemical performance; for example, controlling the pH and
using acetic acid as a modulating and capping agent can tune
the structure, while carbonization and acid treatment improve
conductivity and create additional pores, leading to enhanced
capacitance values of about 117.7 F/g and good cycling stability
with approximately 84.5% capacitance retention aer 7000
cycles.63 Conductive carbon materials such as graphene oxide
nanoribbons (GONRs) or functionalized carbon nanotubes
(FCNTs) enhance electrical conductivity, increase surface area,
and provide interconnected conductive networks, resulting in
higher capacitance and cycling stability over 10 000 cycles.81

Similarly, covalently attaching amine-functionalized UiO-66
(UiO-66-NH2) to graphene acid produces a hybrid structure
© 2026 The Author(s). Published by the Royal Society of Chemistry
with hierarchical porosity and an interconnected conductive
network, delivering a high capacitance of up to 651 F/g and
maintaining 88% aer 10 000 cycles.82 MOF-derived nano-
porous carbons have also been widely studied, with carbons
synthesized using MOF-5 templates exhibiting high surface
areas and stable capacitive behavior, with capacitance values
above 100 F/g when carbonized at higher temperatures,
although insufficient carbonization can result in poor conduc-
tivity and reduced capacitance despite large surface areas.44 In
addition, MOF-derived metal oxides, such as Fe2O3 obtained
from Fe-MOF templates, exhibit promising electrochemical
performance due to their tunable morphology and high surface
area, delivering high capacitance and excellent cycling stability
in asymmetric supercapacitors.50 Other advanced MOF systems,
including Mn3(HHTP)2 combined with ionic liquid electrolytes,
have shown improved ion accessibility, reduced interfacial
RSC Adv., 2026, 16, 29758–29774 | 29769
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Fig. 13 Specific capacitance versus (a) current densities and (b)
different materials, and (c) cycling for 5000 cycles at 10 A g−1 for UiO-
66@COF_700.
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resistance, and enhanced energy density with stable cycling
performance.83 Similarly, COF-based composites combined
with GO provide hierarchical porosity, improved ion-transport
pathways, and additional redox-active sites, thereby enabling
capacitance values as high as 238.39 F/g for supercapacitor
electrodes.73 Overall, these studies demonstrate that the
electrochemical performance of MOF- and COF-based materials
can be signicantly enhanced through strategies such as
structural optimization, hybridization with conductive carbon
materials, and controlled carbonization processes, which
improve conductivity, increase accessible surface area, facilitate
ion diffusion, and introduce additional redox-active sites for
advanced energy storage applications.
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Conclusions

This study effectively synthesized a UiO-66@COF hybrid
composite and transformed it into ZrO2-embedded N-doped
carbon by controlled carbonization. The structural amalgam-
ation of MOF and COF frameworks yields a hierarchical porous
architecture rich in electroactive sites, while the carbonization
procedure markedly improves electrical conductivity. The UiO-
66@COF_700 sample demonstrated superior performance
among the produced materials, achieving a specic capacitance
of roughly 195 F/g at 1 A/g, commendable rate capability, and
exceptional cycling stability over 5000 cycles. Kinetic studies
indicated that the charge-storage mechanism comprises both
capacitive and diffusion-controlled processes, with surface-
controlled behavior prevailing post-carbonization. The
enhanced electrochemical performance is due to the interac-
tion between ZrO2 nanoparticles and the conductive nitrogen-
doped carbon matrix, which promotes rapid electron trans-
port and efficient ion diffusion. These ndings indicate that
MOF–COF-derived carbon composites are promising options
for supercapacitor electrodes, offering the potential to develop
high-performance energy storage materials.
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