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Metal-organic frameworks (MOFs) have emerged as promising candidates for
advanced energy storage systems. However, their practical application is hindered by
intrinsic conductivity limitations. This study introduces a novel in-situ gel-confined
polymerization strategy to fabricate MOFs gel/polyaniline (MOG/PANI) composites
with precisely tunable architectures. Systematic adjustment of PANI content
elucidates critical composition-property relationships, where the optimized
MOG/PANI-3 composite exhibits uniform component distribution and enhanced
interfacial interactions. The developed electrode exhibits an impressive specific
capacitance of 423.8 F g'! at a current density of 1 A g'!. Electrochemical studies
showed that excessive incorporation of PANI induces detrimental aggregation
phenomena that degrade impedance characteristics. The study developed a quasi-
solid-state Li-ion hybrid capacitor using MOG/PANI-3 cathode paired with activated
carbon anode. This configuration achieves an exceptional energy density of 41.3 W h
kg at 900 W kg'!. Furthermore, it maintains 87.3% capacitance retention after 4000
cycles at 5 A g, demonstrating acceptable cycling stability. This gel-confined
synthesis method effectively addresses the poor conductivity issues inherent in
MOFs-based electrode materials. Simultaneously, it creates a flexible platform for
developing multifunctional hybrid materials tailored to next-generation energy storage

systems.
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1 Introduction DOI: 10.1039/D5TA03824C

Supercapacitors, which are advanced energy storage systems with high power
density, serve as important components in energy conversion architectures requiring
rapid response capabilities[1, 2]. These devices are characterized by accelerated
charge-discharge kinetics and remarkable cycling stability, making them attractive
candidates for mitigating contemporary energy challenges[3-5]. Nevertheless, their
practical implementation faces constraints due to comparatively lower energy storage
capacities relative to conventional battery systems. The electrochemical performances
of supercapacitors are primarily determined by the architecture of their electrode
materials[6]. Therefore, it is essential to strategically develop cost-effective and high-
performance electrode materials to facilitate innovations in next-generation energy
storage systems[7, 8]. As an emerging class of porous crystalline materials, metal-
organic frameworks (MOFs) are formed through the coordination bonds between

metal-containing nodes and multifunctional organic linkers. Their distinctive structure

Published on 11 August 2025. Downloaded by Y unnan University on 8/23/2025 5:30:39 PM.

enables excellent material properties, including ultrahigh surface areas, hierarchically
tunable porosity, and designable molecular architectures[9, 10]. These features enable
MOFs to theoretically achieve a substantial electric double-layer capacitance (EDLC),
facilitating efficient ion adsorption and charge storage[11, 12]. Consequently, MOFs
are considered promising candidates for the advancement of high-performance
supercapacitors. Despite their significant potential, MOFs face certain challenges
when used alone. Their application in electrochemical energy storage is limited by

insufficient conductivity, which hinder their ability to fully meet the requirements of
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modern energy storage technologies.

A highly effective strategy to enhance the conductivity of MOF-based
supercapacitors involves systematically designing their structures by fully exploiting
the unique advantages of MOFs, such as exceptional porosity, in conjunction with
conductive polymers renowned for their superior conductivity[13, 14]. Among
various conductive polymers, polyaniline (PANI) exhibits pseudocapacitive properties
through rapid and reversible redox reactions, enabling additional charge storage via
faradaic mechanisms[15, 16]. The integration of EDLC from MOFs and the
pseudocapacitance of PANI significantly boosts overall capacitance and energy
density, thereby enhancing specific capacitance[17]. For example, Wang et al. first
integrated MOF materials (specifically ZIF-67) with PANI via electrochemical
deposition to create a novel hybrid supercapacitor electrode. In this architecture,
PANI chains serve as electron transport bridges interconnecting the MOF crystals and
the external circuit, significantly enhancing overall conductivity and enabling high-
performance flexible quasi-solid-state devices through synergistic effect[18].
Moreover, incorporating PANI into MOFs can make the ultrahigh surface area of
MOFs electrochemically accessible, leading to superior charge transfer performance
in the electrode material[19, 20]. However, achieving this goal is challenging due to
the limitations of the solid-solid interface in the traditional construction strategy for
composite materials. The primary difficulties can be summarized as follows: (i) The
conventional physical mixing techniques, such as solution-phase blending,

ultrasonication, and ball-milling processes, generally result in MOFs/PANI

DOI: 10.1039/D5TA03824C
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composites with inadequate interfacial bonding strength owing to limited ¢lénfical >4
interactions. These ex-situ synthesis methods typically produce composite
architectures where the interfaces are predominantly governed by Van der Waals
forces. This results in inefficient charge/mass transfer and insufficient electron
transfer pathways during electrode operation. (ii) In the case of the in-situ
incorporation strategy, the absence of specific anchoring sites on MOFs complicates
the selective coating of MOFs crystal particles with PANI, often leading to the filling
of other spaces instead. Consequently, the resulting composites exhibit poor
uniformity. For example, Saha et al. PANI nanofibers onto the surface and between
the layers of V-PMOF via an in-situ oxidative polymerization process. However, due
to the lack of effective anchoring sites on the surface of MOF nanosheets, interaction
between V-PMOF and PANI relied solely on electrostatic attraction. This hindered
effective integration, resulting in poor dispersion of the composite material.

Consequently, the V-PMOF@PANI composite achieved only a maximum specific

Published on 11 August 2025. Downloaded by Y unnan University on 8/23/2025 5:30:39 PM.

capacitance of 322 F g! (at 0.5 A g!)[21]. Therefore, taking these factors into
consideration, it is highly imperative to develop a novel synthesis strategy to ensure
that the fabricated MOFs/PANI composites possess both superior interfacial contact
properties and uniformity.

In this study, we developed a novel gel-confined synthesis strategy to incorporate
PANI within colloidal MOFs (as illustrated in Figure 1). Specifically, we chose MIL-
100-Cr as the gel matrix (denoted as MOG). MIL-100-Cr is composed of benzene

tricarboxylic acid ligands coordinated with chromium clusters, exhibiting remarkable
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stability in aqueous, acidic, and thermal environments[22]. More importantly,
100-Cr can undergo a gelation transition through a simple hydrothermal process
without requiring hydrofluoric acid (HF). This colloidal state of MOFs serves as an
intermediate phase between solid and liquid, effectively overcoming the challenge of
poor interfacial contact inherent in traditional solid-state synthesis methods. Due to
the uniform infiltration of the liquid solvent into the colloidal MOFs matrix, aniline
solution can be rapidly and homogeneously dispersed throughout the macroscopically
continuous MOFs phase via liquid-phase diffusion. Subsequently, PANI is generated
via in situ polymerization within the confined spaces of the gel matrix, ensuring the
uniform distribution of the resulting polyaniline. Moreover, the resulting MOFs/PANI
xerogel exhibits a tightly packed, uniform, and dense structure, leveraging the
synergistic benefits of gel-like MOFs and PANI networks. This architecture
outperforms those achieved through conventional ex-situ physical blending
techniques. To assess its potential for use in supercapacitor, different quantities of
PANI were added to explore the impact of PANI content on the structural
characteristics and electrochemical lithium storage capabilities of MOG/PANI
composites. It was determined that a PANI proportion of 10% yields an optimal
configuration for the MOG/PANI architecture. This enhances the rapid charge
transfer property of electrolyte ions at the electrode and boosts the supercapacitor
performance. Additionally, a quasi-solid-state Li-ion hybrid capacitor (QSLHC)
device was constructed, showcasing favorable practical application prospects. Our

research presents a novel methodology for constructing MOFs/polymer hybrids

DO\:Mi?gg/DSTA03824C
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through advanced interface engineering strategies, specifically tailored for'" high=/">"0%%4

performance lithium-ion capacitors that demand concurrent enhancements in both
energy density and power density performances.
2. Experimental section
2.1 Synthesis of MOG/PANI composites

All chemicals and solvents were of commercial analytical quality and were
utilized as received, without undergoing any additional purification processes. First,
the MIL-100-Cr gel (MOG) was synthesized according to previously reported
methods with minor modifications[23]. Under standardized synthesis conditions,
chromium(IIl) nitrate nonahydrate (15 mmol) and 1,3,5-benzenetricarboxylic acid
(H;BTC, 10 mmol) were separately dissolved in anhydrous ethanol (30 mL) with the
aid of magnetic stirring. Subsequently, the two solutions were rapidly combined and
sonicated for 30 minutes to ensure complete mixing. Following thorough mixing, the

solution was transferred into a Teflon-coated stainless steel autoclave and subjected to

Published on 11 August 2025. Downloaded by Y unnan University on 8/23/2025 5:30:39 PM.

a hydrothermal treatment at 120 °C for two hours. Subsequently, the resulting gel was
aged at room temperature for 24 hours. Next, the wet gel underwent three cycles of
solvent exchange (12 hours) with ethanol. The purpose of this step is to clean the as-
synthesized gel to remove the residual trace amounts of reactants that were not fully
reacted during the synthesis process. It was further subjected to a 12-hour solvent
exchange process by immersion in an aniline-ethanol solution. Thereafter, the gel (0.1
g ml'!) was immersed in 60 ml (NH),S,0g solution to induce in-situ polymerization.

The molar ratio of aniline to ammonium persulfate was maintained at 1:1.2. After
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reacting for 12 hours at refrigerated conditions (0 °C), the composite gel was dfied 4t ">

80 °C in an oven to obtain a xerogel. The synthesized hybrid xerogel composites were
assigned the designation MOG/PANI-x (x = 0-5), corresponding to the use of aniline
solutions containing varying weight ratios (0%, 1%, 5%, 10%, 15%, and 20%)
relative to the MOG matrix during the fabrication process. The numerical suffix
systematically indicates the incremental increase in polyaniline precursor
concentration employed in the composite synthesis.
2.2 Characterizations

Material characterization was systematically performed through multiple
analytical techniques. Crystalline phase identification was achieved by X-ray
diffraction (XRD) analysis employing a Bruker D8 Advance diffractometer with Cu
Ka radiation. Molecular vibration patterns were investigated using Fourier-transform
infrared spectroscopy (FTIR) collected on a Nicolet iS10 spectrometer, with spectral
acquisition covering the 500-4000 cm! range. Surface topography examination was
carried out using a Hitachi Regulus-8100 field-emission scanning electron microscope
(SEM) operated under high-vacuum conditions. Chemical state analysis was
complemented by X-ray photoelectron spectroscopy (XPS) measurements performed
on a Shimadzu/Kratos AXIS Ultra DLD X-ray photoelectron spectrometer.
Transmission electron microscopy (TEM) was carried out on Tecnai G2 F30. The N,
adsorption-desorption isotherms were measured using Quantachrome AutosorbiQ-C
at 77 K. Electrical conductivity measurements were carried out at 300 K in ambient

atmosphere by Four-Point Probe Electronic Technology (RTS-8).
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2.3 Electrochemical measurements DOI-101039/DSTADS824C

The electrode fabrication process involved homogenously combining active
material particles with conductive Super P carbon additive and PTFE polymeric
binder in a precisely controlled 8:1:1 mass ratio through mechanical mixing. The
resultant viscous slurry was uniformly coated onto current collector (Ni Foam)
substrates followed by a vacuum oven dehydration protocol at 80 °C for 24 hours to
ensure complete solvent removal. Precise mass loading control achieved active
material deposition quantities of 2.0 + 0.1 mg per electrode. Electrochemical
characterization was conducted using a CHI 660E potentiostat system (Chenhua
Instruments, Shanghai) employing a three-electrode cell architecture with 1 M lithium
sulfate aqueous electrolyte. The electrochemical cell configuration comprised a
platinum mesh auxiliary electrode and saturated calomel reference electrode (SCE)
calibrated against standard redox potentials. A customized electrolytic cell was

employed to ensure a fixed distance (>1 cm) between the working electrode, counter

Published on 11 August 2025. Downloaded by Y unnan University on 8/23/2025 5:30:39 PM.

electrode, and reference electrode, preventing short circuits and measurement errors
during three-electrode testing. Frequency-dependent impedance characteristics were
quantified using electrochemical impedance spectroscopy (EIS), with sinusoidal
perturbations applied from 100 kHz down to 0.1 Hz. The specific capacitances (Cp, F
g!) were calculated from galvanostatic charge-discharge (GCD) tests using the
following formula[24]:

Cop=1xAt/(mxAV) (1)

The symbols are defined as follows: electrode current / (A), discharge time At,
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(s), active material mass m (g), and potential window AV (V).
2.4 Fabrication process of the two-electrode device

The quasi-solid-state energy storage device was constructed using a
MOG/PANI-x composite as the cathode and commercially activated carbon (AC) as
the anode. A polyvinyl alcohol-based electrolyte system (PVA-Li,SO4, 1 M
concentration) served as the ionic conductive medium. During the preparation of the
electrolyte, 2.00 g of PVA powder was first dissolved in 20 mL of deionized water
(Milli-Q grade) to form a homogeneous solution. This solution was then thermally
processed at 90 °C for 120 minutes. After ensuring complete dissolution, the resulting
viscous polymer solution was transferred to the ambient environment. After cooling,
the PVA aqueous solution was dropped into the mold and concentrated to prepare
solid gel films. Subsequently, the cut gel membrane pieces were repeatedly immersed
and exchanged in a 1 M Li,SO, solution for 12 hours. The obtained PVA-Li,SO, gel
film was then sandwiched between nickel foam electrodes coated with cathode and
anode materials to form a sandwich structure. Following this, the quasi-solid-state
device was obtained by introducing the electrode tabs and a plastic encapsulation
shell. The mass ratio between the cathode and anode materials was calculated due to
equation (2)[25]:

m"/m = (C xA4V")/(C" x 4VY) (2)

In this configuration, the cathode and anode materials exhibit distinct specific
capacitance values (denoted as C* and C- respectively). The mass ratio between the

cathodic (m") and anodic (m") active materials was optimized to 0.65 through

DOI: 10.1039/D5TA03824C
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systematic calculation. The mass loading of the positive electrode was set t6'<650/7°"02924¢
mg.
3 Results and discussion
3.1 Characterization of MOG/PANI-x

The MIL-100-Cr based MOG was synthesized by simply mixing a metal salt
solution with a carboxylic acid solution under hydrothermal conditions. The
formation of MOG is driven by coordination interactions, which can be influenced by
crystallization or precipitation processes[26]. Typically, the gelation mechanism
consists of three stages: the initial coordination between metal ions and ligands to
form MOFs chains, the subsequent aggregation of these chains into MOFs particles,
and finally the assembly of MOFs particles into hierarchical MOG structures[27]. In
the early stages, Cr ions coordinate with BTC to generate small MOFs clusters that
continue to grow until all Cr ions are fully coordinated. However, the rapid reduction

of Cr centers disrupts the growth of crystallographic chains, resulting in non-

Published on 11 August 2025. Downloaded by Y unnan University on 8/23/2025 5:30:39 PM.

crystallographic supramolecular gels. Within these gel networks, the solvent
molecules are uniformly encapsulated around solid MOFs supramolecules, creating a
liquid phase that serves as a macroscopically uniform and continuous confinement
environment for the in-situ polymerization of aniline. This process enhances the
uniform dispersion of MOFs and polyaniline molecules under conditions of strong
interfacial interactions. To further investigate the structural changes in MOG/PANI
hybrids as a function of PANI content, XRD analyses were conducted on

MOG/PANI-x samples, with results presented in Figure 2a. Comparative analysis
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indicates that the characteristic peak positions in these patterns are in &Xc¢eéflert/™>™ %%

agreement with the reference data that simulated from MIL-100-Cr (CCDC 648835).
This structural congruence confirms the successful incorporation of MOFs
components into the hybrid matrix[28]. It is worth noting that all patterns display
broadened peaks, which reflect reduced crystallinity of MOG, aligning with
established mechanisms in gelatinous MOF systems documented in previous studies:
1) Physically constrained polymerization processes inducing MOFs cluster formation,
and ii) Nanoscale hetero-aggregation of MOFs building blocks during sol-gel
transition[29]. The X-ray diffraction pattern displays prominent diffraction peaks at
20.6° and 25.7°, which can be ascribed to the (100) and (110) crystallographic planes
of PANI, respectively. This confirms the successful incorporation of PANI into the
MOG matrix [30]. Importantly, increasing PANI loading results in detectable peak
shifts (A® = 0.1-0.3°), suggesting that PANI intercalation influences the
supramolecular organization of the composite via secondary bonding interactions,
particularly m-conjugated interactions between aromatic groups. Figure 2b presents
the FTIR spectra of MOG/PANI-x composites, illustrating the chemical bonding and
interactions within different samples. Infrared spectral analysis of MOG reveals
distinct vibrational signatures within the range of 1403 to 1707 cm!, which can be
chemically attributed to the stretching vibrations of carboxyl groups. Peaks ranging
from 700 to 600 cm! are associated with the Cr-O bond in Cr3 nodes[31]. The
aromatic ring’s C-H and C-C bonds can be identified at approximately 1715 and 1446

cml, respectively. The C-C and C-H stretching vibrations of the benzenoid rings
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occur around 1586 and 1447 cm-!. The IR spectra of the MOG/PANI-x composites’ ™08
also exhibit characteristic bands of PANI, with a minor shift observed. The peak near
1550 cm! is linked to the C=N skeletal vibration within the quinoid ring. The
characteristic v(C-N) stretching mode exhibits a pronounced absorption band centered
at 1304 cm! in the vibrational spectrum. Additionally, the peak at 1130 cm!
corresponds to the C-N* vibration mode, indicating the incorporation of doped
PANI[32]. The spectra of MOG and PANI show characteristic bands that align with
those documented in the literature, confirming the successful synthesis of
MOG/PANI-x composites as all key bands for MOG and PANI are clearly visible.
The surface morphology and hierarchical architecture of MOG/PANI-x were
systematically evaluated through scanning electron microscopy at different
magnifications. As depicted in Figure 3, each sample exhibits a tightly packed and
dense architecture composed of nano particles, with PANI incorporated into the MOG

matrix. In composites containing low levels of PANI, such as MOG/PANI-1 and

Published on 11 August 2025. Downloaded by Y unnan University on 8/23/2025 5:30:39 PM.

MOG/PANI-2, the presence of PANI is scarcely detectable. As the PANI content
increases, isolated PANI regions become visible, indicating excellent compatibility.
PANI remains uniformly distributed within the MOG host without compromising its
compact structure. This homogeneous distribution was further confirmed by EDS
analysis (Figure S1), which detected the chemical elements Cr, C, N, and O and
demonstrated their uniform dispersion throughout the material, highlighting the
favorable structure of MOG/PANI-3. Additionally, it was observed that the

distribution of N elements is relatively sparse, resembling the even scattering of stars
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across the night sky. This indicates that PANI is evenly integrated withit” MEEG'>>™0%84¢

without obvious aggregating. However, when the PANI content rises to 15% and
20%, as seen in MOG/PANI-4 and MOG/PANI-5, excess PANI tends to separate
from the MOG matrix, leading to agglomeration and non-uniform dispersion of
PANI. Based on the morphological findings, MOG/PANI-3 demonstrates the highest
potential for constructing advanced MOG/PANI structures suitable for
electrochemical applications. Therefore, we further conducted morphological analysis
on MOG/PANI-3 through TEM characterization. As shown in Figure S2a and 2b,
PANI exhibits a nanofiber morphology (as indicated by the white arrows in the
figure), and can be uniformly dispersed within the MOF gel matrix. This is
corroborated from the results obtained from the previous SEM characterization. These
findings collectively confirm that the solid-liquid spatial confinement structure within
the MOF gel matrix can facilitate the rapid feeding of aniline and provide sufficient
space for the growth of PANI, which is crucial for the formation of PANI fiber-like
long chains.

Furthermore, to investigate the influence of PANI content on the pore structure
of MOG, we conducted N, adsorption-desorption isotherm measurements on the
series MOG/PANI-x composites. As illustrated in Figure S3a, all isotherms exhibited
characteristics of Type I. The specific surface area (SSA) of MOG/PANI-1, which
contained the lowest PANI content, was measured to be 429.4 m? g!, a value closely
aligned with previously reported data for colloidal MOF materials[23]. With the

gradual increase in PANI content, the SSA of the resulting composites decreased
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progressively. The SSA of MOG/PANI-2, MOG/PANI-3, MOG/PANT4 "dfd/°T0%624¢
MOG/PANI-5 are 393.7, 345.3, 262.9 and 221.0 m? g'!, respectively. This trend can
be attributed to the relatively low SSA of PANI compared to that of the MOF matrix,
effectively diluting the overall surface area of the composite. Moreover, the
incorporation of PANI may partially block the pores of the MOF surface as well as
the interparticle pores inherent in the colloidal structure. Pore size distribution
analysis based on the BJH method (Figure S3b) revealed that, at lower PANI
loadings, the composite retained the original mesoporous range of the MOF matrix (2-
4 nm). However, when the PANI content exceeded 15% (MOG/PANI-4 and
MOG/PANI-5), the pore size distribution shifted gradually toward 2 nm. The
reduction in mesopore volume suggests that excessive PANI loading may lead to the
infiltration of PANI chains into the MOF pores. Considering both the dispersion
uniformity and pore structure characteristics, the analytical results indicate that

MOG/PANI-3 possesses superior potential for electrochemical energy storage.

Published on 11 August 2025. Downloaded by Y unnan University on 8/23/2025 5:30:39 PM.

XPS analysis was strategically employed to characterize the elemental
composition and oxidation states of MOG/PANI-3, motivated by its superior
structural properties. The corresponding wide-scan XPS spectrum is displayed in
Figure S4. The sample’s Cr 2p, O 1s, N 1s, and C 1s components account for 3.26%,
26.59%, 1.26%, and 68.89% atomic percentages, respectively. As shown in Figure 4a,
the Cr 2p core-level spectra consist of two peaks at 2p;, (578.3 eV) and 2p;,, (587.7
eV), which are indicative of Cr’" ions and confirm the successful synthesis of Cr-

MOG][33]. The deconvoluted C 1s spectrum (Figure 4b) showed three predominant
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contributions: the lowest binding energy peak at 284.8 eV was attributed o’
hybridized carbon structures, followed by intermediate (286.4 eV) and high-energy
(288.7 eV) components assigned to oxygen-containing functionalities (C-O-C and
C=0 bonds, respectively)[34]. The deconvolution analysis of the N 1s XPS spectrum
for MOG/PANI-3 (Figure 4c) reveals three chemically distinct nitrogen species. The
primary component observed at 399.8 eV demonstrates characteristic binding energy
of imine-type nitrogen (-NH=). A secondary peak centered at 400.9 eV matches the
electronic environment of amine linkages (-NH-), while the highest energy
component positioned at 402.1 eV indicates the presence of nitrogen atoms in a
cationic state, corresponding to protonated amine species (-N*-)[35]. The quantitative
analysis of the deconvoluted N 1s spectra indicates that the N*/N ratio in the
polyaniline component of the MOG/PANI-3 composite significantly surpasses the
threshold of 0.1. In polyaniline systems, the relative abundance of protonated imine
(N¥) to deprotonated amine (N) units is a critical parameter reflecting the polymer’s
proton doping level. This finding conclusively demonstrates that the in-situ space
confined synthesis strategy achieves optimal doping efficiency in PANI, which is
intrinsically linked to its enhanced charge transport capabilities. The resultant superior
electrical conductivity, achieved through this structural optimization, enables the
formation of continuous charge transport networks within the MOG/PANI composite
structure, wherein the PANI components function as molecular bridges connecting
adjacent MOFs subunits. Furthermore, the oxygen speciation analysis identified two

predominant chemical states through peak fitting: (i) oxygen atoms in carboxyl

0 9/D5TA03824C
spe-
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groups (C=0) at 530.2 £ 0.2 eV and (ii) hydroxyl oxygen (-O-H) species wit
characteristic binding energy of 531.6 £ 0.2 eV[36]. These comprehensive analyses
conclusively demonstrate the development of a high-performance composite system
combining MOG and PANI components through a novel in-situ gel-confined
polymerization process.
3.2 Electrochemical characterizations

To systematically examines the correlation between PANI content variations and
the electrochemical characteristics of MOG/PANI hybrid materials, this study
synthesized a series of electrode materials through in situ polymerization, including
pristine MOG and PANI-incorporated composites (MOG/PANI-1 to 5) with gradient
PANI mass ratios. Figure 5a presents comparative cyclic voltammetry (CV) profiles
recorded at 5 mV s! within a potential window of 0-0.8 V, revealing distinct
capacitive behaviors among the six materials. To ensure the rigorous evaluation of

electrochemical performance, CV and galvanostatic charge-discharge measurements

Published on 11 August 2025. Downloaded by Y unnan University on 8/23/2025 5:30:39 PM.

were conducted on the blank current collector (foam nickel) as a control. As
illustrated in Figure S5, the specific capacitance of the current collector is exceedingly
low and can be considered negligible when compared to that of the MOG/PANI-x
series samples. The cyclic voltammetry curves of all tested samples displayed quasi-
rectangular shapes with negligible redox peaks, revealing typical electric double-layer
capacitive characteristics. Particularly, the MOG/PANI-3 composite showed
significantly expanded CV loop dimensions relative to both pure MOG and other

PANI-modified counterparts, demonstrating its enhanced charge storage capacity and
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optimal charge/discharge efficiency among the series. The CV profiles of MOG fid’>>™?*%4

its polyaniline composites (MOG/PANI-1 to 5) under different scanning speeds are
presented in Figures S6a-c and S7a-b. Notably, all composite electrodes maintain
their original morphological characteristics in CV curves despite scan rate variation,
demonstrating remarkable electrochemical stability and capacitance retention during
rapid charge-discharge processes. This consistent behavior across the material series
confirms the effective integration of PANI components with the MOG matrix, which
synergistically enhances the charge storage kinetics while preserving structural
integrity under varying operational conditions. Systematic galvanostatic analysis (1 A
g'!) reveals distinct charge storage dynamics through the characteristic voltage-time
profiles shown in Figure 5b. The near-ideal linearity and mirror symmetry of
charge/discharge branches confirm surface-controlled capacitive processes as the
primary charge storage mechanism. Notably, the MOG/PANI-3 hybrid electrode
demonstrates the longest charge duration compared to other samples, quantitatively
verifying its enhanced specific capacitance, in full agreement with the CV-derived
capacitance calculations. The galvanostatic charge-discharge (GCD) profiles of MOG
and its PANI-modified composites (MOG/PANI-1 to MOG/PANI-5) were recorded
across current densities of 1-20 A g!, with respective data visualization in Figures
S6d-f and S7c-d. Specific capacitance (C,,) values derived from Equation (1) revealed
distinct electrochemical performance trends. As illustrated in Figure 5c, the
MOG/PANI-3 composite achieved a peak Cy, of 423.8 F gl at 1 A g'!, outperforming

existing MOFs-based electrodes (Table S1). Notably, this material maintained 56.6%
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capacitance retention (240.0 F g') at elevated current density (20 "R 'gHj7/P°10824C

demonstrating superior rate capability compared to other tested materials. In contrast,
control samples displayed inferior performance: pristine MOG showed a capacitance
range of 157.5-20.1 F g! (12.7% retention), while other composites exhibited
intermediate values - MOG/PANI-1 (234.3-120.9 F g, 51.6%), MOG/PANI-2
(411.3-187.5 F g, 45.6%), MOG/PANI-4 (361.3-157.5 F g, 43.6%), and
MOG/PANI-5 (317.5-169.9 F g!, 53.5%). The marked performance gap highlights
MOG/PANI-3’s exceptional electrochemical stability under high-current operation, as
evidenced by its significantly higher retention rate relative to all comparative
materials. The experimental results demonstrate that the introduction of PANI
remarkably improves the electrochemical performance of MOG matrices, particularly
in terms of specific capacitance retention and high-rate charge/discharge
characteristics. This enhancement mechanism mainly stems from the precisely

controlled PANI incorporation level, which synergistically optimizes two critical
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parameters: the charge transfer kinetics within the porous framework and the overall
electronic conduction pathways of the composite material.

To further investigate the impact of PANI incorporation on the electrochemical
impedance characteristics of MOG, EIS curves of composites with varying PANI
contents were systematically evaluated (Figures 5f-g). The impedance behavior of
supercapacitor electrodes is well-established to comprise three principal elements: (i)
equivalent series resistance (Ry); (ii) charge transfer resistance (R.;); and (iii) Warburg

impedance (Zw). Nyquist plot-derived equivalent circuit models are conventionally
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utilized to interpret these parameters: the real-axis intercept (Z’) corresponds’to”
the semicircular arc in high-frequency domains reflects Ry, and the low-frequency
linear slope correlates with Zy. Notably, porous electrodes frequently deviate from
idealized impedance profiles due to frequency dispersion phenomena arising from
structural heterogeneity[37]. To address these complexities, a dual constant phase
element (CPE)-integrated circuit was implemented to model the impedance
characteristics of MOG-PANI-x electrodes (Figure 5h, inset). This approach accounts
for frequency-dependent inhomogeneities in charge distribution and interfacial
kinetics. The comprehensive fitting outcomes across all electrode variants were
systematically presented in Figure 5h. All MOG/PANI-x electrodes exhibit
comparable series resistances (R;). Specifically, these values are 1.09 Q for
MOG/PANI-1, 0.92 Q for MOG/PANI-2, 0.77 Q for MOG/PANI-3, 0.67 Q for
MOG/PANI-4, and 0.63 Q for MOG/PANI-5. These figures are marginally lower
than the resistance of pristine MOG (6.68 Q), suggesting that incorporating PANI can
decrease the equivalent series resistance of MOG component. Additionally, the
electrical conductivity of the compressed pellets of the MOG/PANI-x samples was
measured using the four-point probe method. It was found that the conductivity of
pure MOG is very low (< 10°° S cm™!); an accurate value could not be determined due
to exceeding the instrument's detection limit. The measurable conductivities for
MOG/PANI-2, MOG/PANI-3, MOG/PANI-4, and MOG/PANI-5 were 1.4x10%,
3.2x104, 8.7x104, and 1.1x10-3 S cm!, respectively. This indicates that incorporating

PANI effectively enhances the conductivity of MOG. Although the EIS results are not

ﬁSQ/DSTA03824C
S
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directly comparable with these values due to the influence of the current collé¢tor’dnd ™ *%24¢
conductive additives, both measurements exhibit the same fundamental trend,
demonstrating the electrical conductivity enhancement effect of introducing PANI. In
the high-frequency part of Nyquist plots, the semicircle relates to the charge-transfer
resistance. These were determined to be 5.98 Q for pristine MOG, 4.87 Q for
MOG/PANI-1, 3.07 Q for MOG/PANI-2, 1.62 Q for MOG/PANI-3, 2.06 Q for
MOG/PANI-4, and 3.81 Q for MOG/PANI-5. This indicates that MOG/PANI-3
demonstrates superior charge-accessibility at the electrode-electrolyte interface
compared to other configurations. It is also demonstrated that the electrochemical
impedance properties of all MOFs gels have been significantly enhanced following
the incorporation of PANI. Furthermore, the slope of the line in the low-frequency
region correlates with the ionic diffusion kinetics of the system. The EIS curves show
that all PANI-containing samples exhibit slopes greater than 45° in the low-frequency

range, indicating that the capacitance arises from the synergistic contribution of

Published on 11 August 2025. Downloaded by Y unnan University on 8/23/2025 5:30:39 PM.

pseudocapacitance and electric double-layer capacitance[38]. Moreover, compared to
the pristine MOF material, all composite samples display steeper low-frequency
slopes after PANI addition, signifying lower Warburg impedance. This is due to the
formation of efficient conductive pathways within the composite, facilitating rapid
and efficient transport of both electrons and ions, thereby enhancing the ionic
diffusion kinetics.

To conduct comprehensive performance evaluations, we employed a multivariate

analysis approach using Radar chart visualization (Figure 5i) that simultaneously
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assessed four pivotal supercapacitor metrics: (i) gravimetric capacitance (determires
at 1 A g current density), (ii) current response stability (quantified by capacity
retention at 20 A g!), (iii) interfacial charge-transfer kinetics (expressed as reciprocal
charge-transfer resistance 1/R.), and (iv) bulk conductivity characteristics
(represented by inverse series resistance 1/R;). The comparative analysis reveals that
unmodified MOG demonstrates worst electrochemical responses across all evaluated
parameters. Significantly enhanced multifunctional performance emerges in
MOG/PANI-x hybrid architectures following polyaniline integration, with notable
improvements observed in both charge transport dynamics and conductive network
formation. This synergistic enhancement principally originates from PANI’s dual
functionality as both structural modifier and high-performance conductive medium,
which effectively optimizes electron migration pathways and reduces interfacial
impedance in the composite system. As illustrated in Figure S8, PANI chains can
bridge the isolated MOG skeletons, forming electron pathways between the external
circuit and MOG surfaces. This integration induces a synergistic effect: the in-situ
generated PANI can significantly boost MOG conductivity and intensify interfacial
Faradaic reactions. Consequently, the resulting hybrid electrode architecture
successfully combines the advantages of the inherent porosity derived from the
ordered metal-organic frameworks of MOF and the efficient charge transport network
established by PANI. As a result, there is a notable improvement in specific
capacitance and rate capability. Moreover, it can be intuitively observed that with the

increase in PANI content, the equivalent series resistance of the composite gel

/D5TA03824C
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gradually decreases. Nevertheless, the charge transfer resistance does not exhibif thg/>>™?*%4
same tendency. When the PANI content is relatively low, such as in samples
MOG/PANI-1, MOG/PANI-2 and MOG/PANI-3, the charge transfer resistance
gradually reduces as the PANI content increases. With the continuous increase in
PANI content, the charge transfer resistance of MOG/PANI-4 and MOG/PANI-5
starts to rebound. Considering the results of morphological analysis, this might be
attributed to the excessive PANI causing local agglomeration and significant non-
uniformity in the composite structure, thereby reducing the effective charge transfer
paths. Consequently, the composites with high PANI content possess worse charge
transfer performance compared to those with low PANI content. Influenced by this,
the change of specific capacitance of the composites also presents a similar pattern.
Additionally, the theoretical specific capacitance of PANI is lower than that of MOFs-
based electrode materials. The high content of PANI further dilutes the specific

capacity contribution of MOG, resulting in the maximum specific capacitance of the
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composites occurring at MOG/PANI-3. The rate performance demonstrates a more
complex changing trend, as it is comprehensively affected by various factors,
including the conductivity of the material, charge transfer characteristics, structural
uniformity, and the rate performance of the original PANI and MOG themselves.
Under the combined influence of these factors, the rate performance of the composites
presents four turning points. MOG/PANI-3 exhibits relatively outstanding
performance in all aspects. Therefore, under the combined effect, its rate performance

is also the best. In summary, incorporating PANI substantially improves the energy
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storage properties of the MOG material. Among all samples, MOG/PANI-3 "¢XHiBits' 2> %54

the optimal composite structure and the most favorable composite ratio.
3. 3 Electrochemical studies of the QSLHC device

In order to evaluate practical performance, a quasi-solid-state lithium-ion hybrid
capacitor (QSLHC) incorporating PVA-Li,SO, gel electrolyte was constructed. The
device configuration utilized MOG/PANI-3 composite as cathode material paired
with commercially available activated carbon (AC) as anode, as illustrated in Figure
6a. Figure S9a demonstrates CV curves of AC recorded between -1.0 and 0 V
potential window across scan rates spanning 5-100 mV s, indicative of capacitive
behavior. Complementary GCD curves in Figure S9b display characteristic linear
voltage-time responses with symmetrical triangular shapes, maintaining consistency
with CV observations. The electrochemical measurements revealed that the AC
electrode exhibited a specific capacitance of 228.1 F g'! when subjected to a current
density of 1 A g, as calculated through equation (1). To optimize the device’s
electrochemical properties, the optimal mass ratio between MOG/PANI-3 and AC
was determined as approximately 0.65. This ratio was calculated based on equation
(2). The QSLHC system demonstrated ideal capacitive behavior with symmetrical CV
curves within the 0-1.8 V range, indicating effective charge storage behavior.
Subsequent electrochemical characterization involved recording CV profiles across
varying scan rates (5-100 mV s™') under identical voltage conditions (Figure 6b),
revealing stable performance across different charge/discharge kinetics. No

significant distortion is evident in the curve shapes, demonstrating a satisfactory rate
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capability. Additionally, the GCD curves presented in Figure 6¢ maintaifi” good ™"
symmetry under different current densities, which reflects acceptable electrochemical
reversibility and high Coulombic efficiency. Figure 6d illustrates the relationship
between calculated specific capacitance (Cg,) and current density for the QSLHC
device. The maximum C,, of 91.7 F g'! is obtained at 1 A g!, while a significant
reduction to 23.4 F g'! (25.5% retention) occurs when current density increases to 20
A gl. In addition, the device’s energy density (E) and power density (P) were
obtained using formulas E = C,,(4V)*/7.2 and P = 3600E/4t, respectively. Given that
the mass fraction of the active material in the entire device (comprising the packaging
shell, dual-electrode current collector foam nickel, positive and negative electrode
active materials, PVA gel electrolyte, conductive agent, binder, and tab) accounts for
1.2 wt%, the device-level energy density (Egeice) and power density (Pgeyice) are
determined based on the formulas E4,ce = 1.2% % E and Pjepice = 1.2% % P, which

serve as key references for evaluating the overall device performance. The Ragone

Published on 11 August 2025. Downloaded by Y unnan University on 8/23/2025 5:30:39 PM.

plot in Figure 6e highlights the QSLHC’s energy-storage performance, where the
MOG/PANI-3//AC configuration delivers a peak energy density of 41.3 Wh kg! at
900 W kg!' (Ejevice = 0.496 Wh kg'!; Pyice =10.8 W kg'!). Notably, even under
extreme conditions of 18.0 kW kg'! power density, the system sustains 10.5 Wh kg'!
energy density (Ejeice = 0.126 Wh kgl Pyeice =216 W kg!). These results surpass
those of MOFs-based ASC (Asymmetric Supercapacitor) and SSC (Symmetrical
Supercapacitor) devices, such as HKUST-1/PANI//rGO ASC (6.22 W h kg'!, 374.52

W kgH[39], CoMn-MOF//graphene ASC (17.9 W h kg!, 785.7 W kg1)[40],
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rGO/Ppy/Zn-MOF SSC (19.7 W h kg'!, 1792 W kg1)[41], Ni-MOF@PPy//AC ASE/P>105824¢

(38.5 W h kg'!, 400 W kg)[42], Cu-MOF//Cu-MOF SSC (18.2 W h kg'!, 825 W kg
[43], AC//MOF/PANI ASC (23.2 W h kg, 1600 W kg')[44], ZZCMP-10//AC
ASC (26 W h kg'!, 725 W kg1)[45], Cd-MOF//AC ASC (11.25 W h kg'!, 500 W kg
N[46], Ni-MOF@NiS,//AC ASC (23.5 W h kg, 1400 W kg')[47], and Cu-
BGPD//rGO ASC (15.25 W h kg'!, 850 W kg')[48], etc. Furthermore, the cyclic
durability of the electrochemical system was systematically evaluated through
extended charge-discharge testing. As evidenced by the data in Figure 6f, the
developed QSLHC architecture demonstrates acceptable capacity retention,
preserving 87.3% of its initial capacitance through 4000 continuous GCD tests when
examined at 5 A g'! current density. This performance is credited to the exceptional
incorporation architecture of MOG/PANI-3. The precise layout of the assembled
MOG/PANI-3//AC device is illustrated in the inset of Figure 6f. Following a
complete charging cycle, the QSLHC device demonstrates operational efficacy in
driving timing circuit indicator, thereby validating its feasibility for real-world
implementation. This experimental evidence substantiates that MOG/PANI composite
electrodes exhibit superior electrochemical characteristics, enabling them as
innovative candidates for advanced energy storage systems design.
4. Conclusions

In conclusion, a new in-situ gel-confined polymerization approach has been
introduced for the formation of the MOFs/PANI composite gel structure. By

progressively adjusting the amount of added PANI, it was observed that the
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compositions exhibit varying morphologies and electrochemical characteristics. “Ttg’>>™0*%4
MOG/PANI-3 sample demonstrates uniform distribution and strong interactions
between the MOG matrix and the PANI component. The MOG/PANI-3 composite
demonstrates superior electrochemical performance as an electrode material,
exhibiting a high specific capacitance of 423.8 F g! under 1 A g'!. This optimized
configuration simultaneously maintains an operational potential window of 0.8 V.
Notably, overdosage of PANI during synthesis could induce heterogeneous
aggregation phenomena, which detrimentally affects the electrode’s charge transfer
characteristics by disrupting homogeneous impedance distribution. A proof-of-
concept quasi-solid-state lithium-ion hybrid capacitor was engineered by pairing the
MOG/PANI-3 cathode with activated carbon anode in PVA-Li,SO, gel polymer
electrolyte matrix. The resultant device delivers competitive energy storage
characteristics, achieving 41.3 W h kg! energy density at 900 W kg! power output.

Moreover, the system shows acceptable electrochemical durability with 87.3%

Published on 11 August 2025. Downloaded by Y unnan University on 8/23/2025 5:30:39 PM.

capacitance retention after 4000 galvanostatic cycles at 5 A g!, demonstrating
promising practical applicability. The findings propose a novel methodology for
engineering MOF-based composite architectures. This study highlights new
opportunities in designing complicated multiphase hybrid materials with enhanced
capabilities for next-generation energy storage solutions.
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Figure 1 Schematic illustration of the fabrication process of MOG/PANI composites.
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Figure 2 (a) XRD patterns and (b) FTIR spectra of MOG/PANI-x composites.
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at different scales of (b), (¢) MOG/PANI-1; (d), (¢) MOG/PANI-2; (%), (g)

MOG/PANI-3; (h), (i) MOG/PANI-4; (j), (k) MOG/PANI-S.


https://doi.org/10.1039/d5ta03824c

Page 39 of 42

Published on 11 August 2025. Downloaded by Y unnan University on 8/23/2025 5:30:39 PM.

Journal of Materials Chemistry A

w Article Online

a) Cr2p b) DOI: 1@1q§; D5TA03824C
- Cr 2p,, S by /i
= S ; = /
8 A crin | s [ 4
> O 7587.7 eV ] | >
.a Jg:m %’B [ \ .G
E T "La,,f 7 E
c i, E C=0 288.7 eV A,
= /ﬁ na"‘r.\_m.
592 588 584 580 576 572 294 292 290 288 286 284 282
Binding energy (eV) Binding energy (eV)
C) N 1s d) O1s
3 | 3 |
g / s \
2 > _ 1
B -N- ® O-H5316ev /
S| 402.1 ev ' = x J
M'f“‘;
rmwjmmm""f‘
404 402 400 398 396 536 534 532 530 528 526
Binding energy (eV) Binding energy (eV)

Figure 4 High resolution XPS spectra of MOG/PANI-3: (a) Cr 2p, (b) C 1s, (¢) N Is,

(d) O 1s.
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Figure 5 Electrochemical performance of MOG/PANI-x composites in the three-
electrode cell: (a) comparative CV curves at 5 mV s!; (b) comparative GCD curves at
1 A gl (c) calculated Qy, values at different current density; (d) CV curves of
MOG/PANI-3 at different scan rates; (¢) GCD curves of MOG/PANI-3 at different
current densities; (f) comparative Nyquist plots; (g) the magnified views of Nyquist
plots; (h) electrode impedance fitting results and equivalent circuit diagram (inset); (i)

comparison Radar chart.
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Figure 6 Electrochemical characterization of the as-assembled MOG/PANI-3//AC
QSLHC device: (a) schematic of the device configuration; (b) CV curves with a
voltage window of 1.8 V at different scan rates; (c) GCD curves at different current
densities; (d) Specific capacitance of QSLHC vs current density; (e) Ragone plot
related to energy and power densities; (f) cycling performance over 4000 cycles at 5
A g'!, inset: Photograph of the QSLHC devices, driving a timing circuit indicator after

charged.
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