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Metal—-organic frameworks (MOFs) have attracted considerable attention for energy-related applications
due to their exceptional tailorability, high surface area, and outstanding porosity. However, their
widespread deployment in energy storage has been significantly hindered by inherent issues such as low
electronic conductivity, chemical instability, and challenging morphological control. In a groundbreaking
study, our joint groups first demonstrated the use of V,CT, MXenes as a metallic precursor for creating
two-dimensional (2D) MOF nanosheets, opening avenues for diverse device applications. Building upon
this advancement, we report the synthesis of a conductive tetrathiafulvalene-based 2D MOF that is
successfully deployed for supercapattery applications. Our findings reveal that the V,CT,-TMOF (T =
4,4'.4" 4" -([2,2'-bi(1,3-dithiolylidene)]-4,4',5,5' - tetray|)tetrabenzoic acid), synthesized directly from V,CT,
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performances with very remarkable long-term cycling stability and high specific capacity. This work

DOI: 10.1039/d5ta06224a presents a novel approach to developing advanced MOF-based electrode materials by leveraging the
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Introduction

The pursuit of efficient energy storage solutions has become
increasingly critical in the context of escalating global energy
demands. In this regard, metal-organic frameworks (MOFs),
formed through the self-assembly of metal ions and organic
linkers, have emerged as outstanding candidates for various
energy-related applications due to their exceptional custom-
izable structures, high surface area, and inherent tunable
porosity.>* Nevertheless, the practical application of MOFs is
often limited by intrinsic challenges such as their typically low
electronic conductivity and poor chemical stability.** In
contrast, MXenes, a fast-growing family of two-dimensional
(2D) materials, offer excellent electrical conductivity stemming
from their highly occupied energy states at the Fermi level and
metal-like free charge electron density.” Since their discovery,
MXenes have garnered substantial interest due to their

“Functional Materials Design, Discovery and Development Research Group (FMD3),
Division of Physical Science and Engineering (PSE), King Abdullah University of
Science and Technology (KAUST), Thuwal 23955-6900, Kingdom of Saudi Arabia.
E-mail: mohamed.eddaoudi@kaust.edu.sa

*Center for Renewable Energy and Storage Technologies (CREST), King Abdullah
University of Science and Technology, Thuwal, 23955-6900, Saudi Arabia. E-mail:
husam.alshareef@kaust.edu.sa

‘Materials Science and Engineering, Division of Physical Science and Engineering
(PSE), King Abdullah University of Science and Technology (KAUST), Thuwal, 23955-
6900, Saudi Arabia

This journal is © The Royal Society of Chemistry 2025

unique attributes of MXenes precursors.

combination of uniquely tunable and superior properties,
which are associated with their versatile surface chemistry.>®
MXenes have shown considerable promise in environmental
and energy applications.”"* MXenes are typically produced by
exfoliating their parent carbide or nitride ceramics, known as
MAX phases. Upon chemical etching, the resulting 2D layered
structure of MXenes adheres to the general formula M,,,1X,, Ty,
where T, represents the suite of surface functional groups, such
as -0, -OH, -F, and -Cl. These surface terminal groups (T,)
function as strong electron acceptors, owing to the high work
functions and high electron affinity of MXenes. These surface
characteristics facilitate the synthesis of MXene-based hybrids,
promoting the deprotonation of organic ligands, thereby
enabling effective coordination and bridging with underlying
metal centres. Meanwhile, these protonated ligands can readily
access the abundant reactive sites on the atomically thin and
structurally accessible surfaces of the MXene nanosheets,
potentially accelerating the coordination process while
preserving the underlying layered structure.™

In a pioneering study by our groups, Wu et al'? (2019)
successfully demonstrated the synthesis of precisely thickness-
controlled vanadium porphyrin framework (V-PMOF) nano-
sheets via using tetrakis(4-carboxyphenyl)porphyrin (H,-TCPP)
as an organic linker, and V,CT, MXenes as a metal precursor.
This seminal work unveiled a previously unexplored and highly
effective strategy for the nanoscale construction of derived-MOF
architectures directly from MXenes.
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Despite these advancements, expanding the diversity of
organic ligands in the chemical transformation synthesis of
MXene-derived MOFs remains a key challenge. The rational
design and synthesis of novel MOFs incorporating diverse
ligands, along with the exploration of more sophisticated
fabrication strategies, continue to pose significant challenges in
achieving the desired functionalities."'* Building upon earlier
studies, Tan et al.** developed MOF@MXene heterostructures
by partially transforming V,CT, MXenes into MOFs. This
approach provided a pathway to integrate conductive MXenes
within the MOF. Subsequently, using a metal-ion-assisted
transformation strategy, Zhao et al.'® pioneered the synthesis
of three-dimensional catechol-based TiCu-HHTP MOFs
featuring non-interpenetrating SrSi, (srs) topologies, employing
a metal-ion-assisted transformation strategy. These MOFs were
derived from Ti;C,T, MXene precursors using Cu>" ions as
coordinating agents. The transformation process involves
a synergistic mechanism comprising electron transfer from
Ti;C,T, to electrostatically adsorbed Cu®" ions to initiate redox
reactions, rupture of Ti-C bonds leading to the release of Ti*'
ions, and subsequent chelation coordination of Ti*'/Cu®" with
HHTP to form the 3D MOF structure.

Despite these very few advancements,”™ the synthesis of
MOFs from MXenes and their applications across diverse fields
remain relatively underexplored. Nevertheless, this approach
represents a significant advancement, as MXenes, when used as
a metal precursor, not only enhance conductivity but also
enable the precise control of morphology, resulting in nano-
sized particles that offer superior properties compared to
traditional microcrystalline MOF particles.*

Here, in this study, we focus on synthesizing a MXene-
derived MOF incorporating a conductive core based on
a H,TTF linker (4,4’,4",4"-([2,2'-bi(1,3-dithiolylidene)]-4,4',5,5'-
tetrayl)tetrabenzoic acid) and V,CT, MXenes as a metal
precursor. TTF is a well-known sulfur-rich, m-conjugated
organic molecule whose derivatives have been widely employed
in designing conductive MOFs, owing to the favourable w-m
stacking interactions among TTF moieties."** Despite these
promising features, the application of conductive TTF-based
MOFs in hybrid energy storage systems such as super-
capatteries remains relatively unexplored. Moreover, many re-
ported TTF-based MOFs suffer from limited electrical
conductivity compared to other high-conducting materials,
which negatively impacts their electrochemical performance.*
To address this challenge, oxidation of TTF into TTF"" radical
cations, most commonly achieved through cation doping such
as iodine doping, has been demonstrated in the literature to
enhance the conductivity of TTF derivatives and thereby
improve their electrochemical behavior.>***

Following the meticulous synthesis and comprehensive
physicochemical characterization, the V,CT,-based TTF MOF
(V,CT,-TMOF) has been identified as a highly promising
candidate for advanced supercapattery applications. Super-
capatteries have garnered significant attention due to their
unique ability to combine the high energy density of batteries
with the high-power density and rapid charge-discharge capa-
bility of supercapacitors, alongside excellent long-term cycling
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stability.*** In recent years, progress in nanostructured mate-
rial synthesis and innovations in device engineering have
accelerated the development of supercapattery technology.””>°
Hence, a hybrid supercapattery, which merges the rapid power
delivery of supercapacitors with the high energy storage
capacity of batteries, is widely regarded as an ideal energy
storage system.***> Substantial research efforts have been
dedicated to the development of such hybrid devices, aiming to
harness the complementary advantages of both technologies
through strategic material and structural design.

Herein, we successfully constructed the desired V,CT,-
TMOF, which was found to exhibit a robust and densely packed
architecture. Notably, the electrochemical performance of our
materials has outperformed that of previously reported TTF-
based MOFs, even without additional doping or post-synthetic
modification. Furthermore, we present a comprehensive anal-
ysis of the pseudocapacitive behaviour and charge storage
mechanism of the 2D layered V,CT,-TMOF, which intrinsically
possesses a high, well-defined surface area and favourable
structural features for enhanced electrochemical performance.
In the context of an asymmetric cell design, where activated
carbon serves as the anode, we discovered that the V,CT,-TMOF
significantly outperforms as the cathode, demonstrating excel-
lent pseudocapacitive performance. Specifically, the V,CT,-
TMOF-based electrode exhibited dominant pseudocapacitive
behaviour, retaining an impressive 91% of its initial capaci-
tance after 30 000 galvanostatic cycles at 5 A g~ *. Additionally, it
achieved a gravimetric capacity of 480 C g~ at a current density
of 1 A g7', displaying both high capacity and impressive
electrochemical stability, positioning it as a highly competitive
material for advanced energy storage.

Experimental section
Synthesis of MOFs

Synthesis of V,CT, MXenes from V,AIC. V,CT, MXene
synthesis was commenced by adding 1 g of V,AIC MAX phase
powder to 20 mL of hydrofluoric acid (HF, 48% Sigma-
Aldrich).*>** The resulting heterogeneous solution was gently
stirred for 24 hours at 35 °C to ensure complete and selective
exfoliation of the aluminium (Al) layers. Following the etching
process, the resultant acidic solution was subjected to several
rounds of centrifugation and decantation using deionized (DI)
water until a neutral pH of ~6 was achieved. For delamination,
10 mL of 1 M tetramethylammonium hydroxide (TMAOH) was
subsequently added to the MXene suspension and stirred for 4
hours at room temperature (RT) to allow for efficient interca-
lation. Afterward, the suspension of delaminated MZXene
nanosheets was washed thoroughly using DI water before
undergoing a solvent exchange using N,N-dimethylformamide
(DMF). The obtained solution has a gravimetric weight of 1 mg
mL ™%

Synthesis of the V,CT,-TMOF. To synthesize the V,CT,-
TMOF directly from delaminated MXene solution, 30 mL of
a V,CT, MXene suspension (1 mg mL™') in N,N-di-
methylformamide (DMF) was initially sonicated for 5 min to
ensure uniform dispersion and prevent agglomeration.

This journal is © The Royal Society of Chemistry 2025
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Subsequently, 68 mg of the H,TTF linker was added gradually to
the reaction mixture under continuous stirring. After 30
minutes, 5 mL of glacial acetic acid was added to facilitate the
protonation and coordination, and the solution was thoroughly
mixed before being transferred to a 50 mL Teflon-lined auto-
clave. The sealed autoclave was then subjected to solvothermal
heating for 24 hours at 180 °C. Following the reaction, the
autoclave was allowed to cool naturally to room temperature to
ensure controlled crystallization. The resulting brownish-
orange product was then meticulously collected through
centrifugation at 7000 rpm, followed by thorough washing with
fresh DMF to remove unreacted species. For comprehensive
solvent exchange and purification, the product was subse-
quently immersed in methanol for 24 hours, ensuring the
complete removal of residual solvents and unreacted compo-
nents. The final highly purified V,CT,-TMOF material was ob-
tained by vacuum-assisted filtration at room temperature.

Synthesis of the VOSO,-TMOF. The synthesis of the VOSO,-
TMOF followed conditions identical to those described for the
V,CT,-TMOF, with the sole modification of the metal precursor
solution. Briefly, 30 mg of vanadium(wv) oxysulfate (VOSO,) was
precisely dissolved in 30 mL of DMF and continuously stirred
after adding the H,TTF linker. Before being subjected to sol-
vothermal reaction at 180 °C, 5 mL of glacial acetic acid was
added. The resulting brownish-orange precipitate was washed
thoroughly and solvent exchanged using methanol, mirroring
the purification steps for the MXene-derived MOF.

Electrode material synthesis

The electrochemical experiment employed a two-reaction setup,
one of which is a three-electrode analysis to know the material's
electrochemical behaviour, and the other is a full cell super-
capattery device by executing an asymmetric cell using activated
carbon as the anode.** Normally, the preparation of the elec-
trode material was executed by adding 37.5 mg of V,CT,-TMOF
as an active material, 10 mg of Super P carbon as a conducting
agent, and 2.5 mg of PVDF polymer as a binder in a ratio of 75 :
20: 5, respectively. All these are thoroughly mixed for 1 hour by
grinding in an agate mortar and sealed as the V,CT,-TMOF EM
(electrode material) for further use. Similarly, VOSO,-TMOF and
activated carbon (AC) electrode materials were also prepared
and stored for comparison of the electrochemical activities. 3 M
KOH is used as an electrolyte for further studies, and nickel
foam is used as a current collector. 3 mg of this electrode
material was made into a paste using N-methyl-2-pyrrolidone
(NMP) solvent and cast on a nickel foam substrate of 2 x 4
cm” dimensions.

Results and discussion
Material evolution and characterization

The synthesis begins by producing a suspension of highly
delaminated, mono- to few-layered stacks of V,CT, MXene
flakes in DMF. Furthermore, for the synthesis of the MOF, this
MXene solution is used as the metal precursor solution (Fig. 1).
The possibility of using V,CT, MXenes as a metal source to

This journal is © The Royal Society of Chemistry 2025
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synthesize new MOFs was assessed via the solvothermal reac-
tion with the H,TTF linker, which was explored and confirmed
by PXRD (Fig. 2a). Initially, the successful synthesis of V,CT,
MXenes was confirmed using a combination of PXRD and SEM
measurements. Fig. S1 and S2 depict the corresponding PXRD
patterns and SEM of the parent V,AIC MAX phase and etched
V,CT, MXenes. The observed diffraction peaks and sheet-like
morphology after etching and delamination are consistent
with the standard pattern obtained for V,CT, from the litera-
ture.****%” The obtained V,CT, was then employed as the
definitive metal precursor for the targeted MOF, and for
comparison, we have used VOSO, as a metal precursor under
the same conditions to produce the MOF solvothermally. The
V,CT, MXenes and other soluble metal salt VOSO,-derived MOF
powders show excellent agreement with the simulated result,
suggesting the universality of V,CT, MXenes as a metal source
in MOF synthesis. Notably, the FWHM of the VOSO,-TMOF is
slightly narrower than that of the V,CT,-TMOF, which is due to
the larger size of the crystals and may exhibit higher crystallinity
compared to nanosheets. However, moderate crystallinity with
defect-rich structures is often more advantageous, as it
enhances pseudocapacitance while maintaining structural
stability. Thus, tailoring crystallinity is crucial and beneficial to
ensure structural integrity and controlled defects to maximize
active sites and ion accessibility. This is highly consistent with
our electrochemical properties of both MOFs. The porosity of
the V,CT,-TMOF and VOSO,-TMOF was investigated, and they
both exhibit type-I N, sorption isotherms (Fig. 2b, S3, and S4).
The experimental Brunauer-Emmett-Teller (BET) surface area
is 971 m> ¢, indicating the complete conversion of MXenes to
MOFs. The theoretical (0.50 cm® g~ ') pore volume well agreed
with experimental pore volumes (0.44 cm® g~ ') for the V,CT,-
TMOF. The average pore sizes are found to be ~6.4 A and ~9.7
A, which is in good agreement with the theoretical crystal
structure with two pore channels of average pore sizes 6.7 A and
(9-10.7) A (Fig. S3).

SEM and TEM images are provided in Fig. 2c-f to reveal the
materials’ morphology. Unlike the VOSO,-TMOF (Fig. S7), the
MXene-derived MOF, having a nice 2D sheet morphology, was
visible. When V,CT, nanosheets are converted to the V,CT,~
TMOF, morphology control from MXenes is retained in this
method and is the major highlight of MXene-derived MOFs.
This process enables the realization of the MXene effect on the
morphology of the MOF synthesis. Generally, conventional
MOFs designed by coordination reactions between inorganic
metal precursors, such as metal sulphates, chlorides, etc., and
organic ligands in polar solvents usually have limited control
over the morphology of MOFs with the required dimensionality.
While MXenes are used as a metal precursor, the protonated
ligands may find sufficient attack sites on the atomically thin
MXene surface, which could facilitate the reaction without
compromising the underlying 2D architecture of MXenes."

During the first investigation of a MXene-derived MOF, our
group showed that MXenes can be used as a metal source in the
synthesis of MOFs with controlled morphologies. In this work,
the synthesis of the V,CT,-TMOF with a 2D nanosheet
morphology was achieved for the first time. These MOFs with

J. Mater. Chem. A
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Crystal Structure of V,CT,-TMOF
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Fig. 1 Schematic representation of the synthesis scheme of the V,CT,

the 2D sheet morphology enable good ion diffusion channel
growth and are efficient for providing better electrochemical
performance. To understand the difference in MXene-derived
MOFs as well as metal salt-derived MOFs, we have compared
their performance electrochemically. The V,CT,-TMOF can
benefit from better electrochemical performance due to its high
surface area and good bulk electrical conductivity of 3.8 x
107° S em ™', measured using the 4-point probe technique,
compared to the VOSO,-TMOF (3.4 x 10 ® S cm '), which has
slightly lower electrical conductivity. Accordingly, this MXene-
derived thin nanosheet can act as a conductive network
during electrochemical application and lead to higher electro-
chemical properties. Nonetheless, while our measurements
confirm the slightly higher intrinsic conductivity of the V,CT,-
TMOF (3.8 x 10" °S ecm ") compared to the VOSO,-TMOF (3.4 x
10°° S em ™), we agree that the primary advantage lies in the
morphological effect on the overall electrode architecture. In
fact, our claim that the ‘thin nanosheet can act as a conductive
network’ refers to its role within the composite electrode. The
2D morphology of the V,CT,-TMOF facilitates a much more

J. Mater. Chem. A

-TMOF and its structure.

efficient percolating network with the Super P carbon additive.
Such planar sheets allow for surface-to-surface contacts,
creating continuous electron pathways with reduced tortuosity.
This is in stark contrast to the point-to-point contacts formed
between the zero-dimensional nanoparticles of the VOSO,-
TMOF, which would result in higher inter-particle and charge-
transfer resistances. Therefore, even with similar intrinsic
conductivities, the 2D architecture of the MXene-derived MOF is
critical for ensuring rapid electron transport throughout the
entire electrode volume, enabling superior rate capability and
higher utilization of the active material.

To assess the stability of MOFs, we have measured PXRD
after sorption analysis (Fig. S5), and the diffraction planes
remain unaffected before and after sorption, affirming the
higher stability of the material. To elucidate the thermal
stability, thermal gravimetric analysis (TGA) was conducted at
a heating rate of 5 °C min~" to 800 °C min~* with N, flow for
both synthesized MOFs. The TGA curves (Fig. S6) confirm that
both materials are thermally stable until 400 °C with no
significant weight loss, providing good stability. This thin

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Characterization studies of the V,CT,-TMOF: (a) X-ray diffraction patterns of the simulated V-TMOF (black), V,CT, MXene (red), VoCT,-
TMOF (blue), and VOSO4-TMOF (green); (b) N, adsorption—desorption isotherm of the V,CT,-TMOF; (c and d) SEM images of the V,CT,-TMO;,
(e—g) TEM images of the V,CT,-TMOF and (h) corresponding SAED pattern.

nanosheet can act as a conductive network during electro-
chemical application compared to the nanoparticle resulting
from the VOSO,-TMOF. The morphological analysis reveals that
the nanosheets are stacked parallel to each other, which enables
a higher specific surface area, potentially leading to a larger
electrolyte-accessible area, additional electroactive sites, and
facile electron transmission, all of which are beneficial for
energy storage applications.

Electrochemical characterization of the V,CT,-TMOF and its
mechanism

Innovative energy storage systems such as supercapatteries,
taking advantage of advanced materials design, could manage

This journal is © The Royal Society of Chemistry 2025

the escalating energy demands of real-world scenarios. Because
of their high power density, quick charge and discharge rate,
and extended lifespan, supercapatteries are among the most
promising power sources for human needs.***° Out of this
interest, MOF's large specific surface areas and profusion of
redox-active sites have drawn increased interest in energy
storage.>**** The three main techniques for evaluating the
performance of electrode materials for supercapattery applica-
tions are cyclic voltammetry (CV), galvanostatic charge-
discharge (GCD), and cycling stability. Depending on the
material's nature, each material will exhibit distinct character-
istics in the electrochemical mechanism.

J. Mater. Chem. A
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To thoroughly assess the behaviour of the V,CT,-TMOF,
initially, a three-electrode setup is executed and assessed in 3 M
KOH electrolyte. The presence of both materials’ pseudo-
behaviour is profound in the CV and GCD curves (Fig. 3a and
b) of electrodes coated with the V,CT,-TMOF and VOSO,-TMOF
in the potential window of —0.2 to 0.6 V vs. Hg/HgO. To nullify
the contribution from the current collector, we have run bare
nickel form GCD and CV, which is portrayed along with the
materials. Both V-TTF MOFs show distinct redox peaks in the
CV as a part of the pseudocapacitance origin. While increasing
the scan rate from 5 to 100 mV s~ *, the redox nature persists and
peak currents increase gradually, indicating good reversibility
and fast ion diffusion pathways, which lead to greater storage
capacity (Fig. S8a and c). In agreement with the CV analysis, the
battery-type redox behaviour is further corroborated by the
plateaus observed in the GCD curves.

By evaluating the CV and GCD profiles, it is evident that the
MXene-derived MOF exhibits a higher electrochemically active
surface area and prolonged charge-discharge times, thus
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indicating its superior performance among the two studied
MOFs. Despite sharing the same material composition, this
enhancement is primarily attributed to their morphological
differences. Electrochemically, we have unequivocally demon-
strated that the 2D nanosheet morphology of the V,CT,-TMOF
derived from MXenes provides a higher charge storage ability
compared to the nanoparticle morphology of the VOSO,-TMOF.
Consequently, the synthesis strategy of MOFs using MXenes as
a precursor is much more appealing for energy-related appli-
cations than conventional MOFs. The higher capacity value of
the V,CT,-TMOF at 1 A g~ current density is 480 C g ' (640 F
¢~ '), whereas for the VOSO,-TMOF, it is 395 C g * (526 F g~ 1).
This is superior to the capacitance performance of TTF-based
supercapatteries. From the literature, all the studies related to
TTF-based supercapatteries are modified with cation doping
after material synthesis to mitigate the conductivity issues of
the synthesized MOF.”*** But for the first time, our novel
MXene-derived TTF MOF has higher conductivity and good
electrochemical behaviour, compared to pristine MXenes
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Fig.3 Electrochemical characterization of the V,CT,-TMOF and its mechanism. (a and b) Comparative CV and GCD profiles of the V,CT,-TMOF
(blue), VOSO4-TMOF (red), and bare nickel foam current collector (yellow). (c and d) CV and GCD profiles of activated carbon as the anode. (e and
f) Trasatti analysis plots to find the capacitive contribution of the V,CT,-TMOF and (g) non-faradaic mechanism of the V,CT,-TMOF as the
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themselves. All the capacity values are calculated and tabulated
in Table S1. To fabricate an asymmetric supercapattery device,
we have chosen activated carbon (AC) as an anode, and its
electrochemical performance is measured within the potential
range of —0.8 to 0.2 V vs. Hg/HgO, and the AC shows a rectan-
gular plateau, promising its electrochemical double-layer
charge (EDLC) storage mechanism (Fig. 3¢ and d). Typically,
battery materials show distinct faradaic redox peaks in their CV
curves, whereas EDLC materials exhibit a rectangular profile
devoid of redox peaks.”” The specific capacity calculated for
activated carbon is 225 Fg ', 212Fg *,180F g *,and 165Fg '
at current densities of 0.5, 1, 5, and 10 A g~ * (Fig. S8b and d).
Trasatti analysis*>** was employed to quantitatively deconvolve
the capacitance of the V,CT,-TMOF, specifically assessing the
scan rate dependence of its electrochemical response (Fig. 3e
and f). From the analysis, it was found that 70% of the total
current was made up of pseudocapacitive contribution, with the
capacitive effect gradually increasing at higher scan rates.
According to Trasatti's analysis, the majority of charge
storage mechanisms rely on the outer surface pseudo-
capacitance of the total charge, which is in line with the
mechanism of the H,TTF moiety in the synthesized V,CT,~
TMOF (Fig. 3g). H,TTF molecules are conjugated organic
compounds with exceptional redox characteristics. They will
undertake two consecutive one-electron redox processes,
demonstrating good thermodynamic and electrochemical
stability.** Here, H,TTF undergoes two single-electron reac-
tions. During the first redox reaction, H,TTF releases one elec-
tron, yielding a carbon radical (TTF'*), which can be further

View Article Online
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oxidized to afford TTF*". In contrast, for supercapatteries,
unlike a bulk non-faradaic mechanism like that of a battery, we
cannot expect a pronounced diffusion-controlled process.
Instead, a fast surface pseudo-reaction can be available in the
charge storage mechanism.

Supercapattery device performance of the V,CT,-TMOF

Using the V,CT,-TMOF as the positive electrode and AC as the
negative electrode, a hybrid supercapattery device was fabri-
cated (Fig. 4a). The positive electrode displays a reversible redox
reaction like that of a battery, while the process in the negative
electrode is based on the EDLC behaviour concept with elec-
trostatic charge storage. The charge on the positive and negative
electrodes must be balanced to fabricate a fully functional
hybrid energy storage device. The optimal mass loading of
anode and cathode materials was calculated using the following
formulae:,**

g+ = Q+ X my 1)
qg-=0_ xm_ (2)
m, Q0
m 0, (3)

where the charges held on the positive and negative electrodes
are denoted by the symbols g, and g_, respectively, and masses
and specific capacities are denoted by m., Q,, m_, and Q_.
The CV and CD profiles (Fig. 4b and S9) of the constructed
asymmetric supercapattery at various cell potentials ranging
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from 1 to 1.6 V are given to fully understand the stability of the
device over higher potentials. Without any electrolyte decom-
position, the device clearly demonstrates that a maximum cell
potential of 1.6 V may be achieved in an aqueous KOH elec-
trolyte. Therefore, the cell potential was set at 1.6 V for subse-
quent experiments. The device CV and GCD profiles at various
scan rates and current densities are displayed in Fig. 4c and d.
The plateau shows a quasi-rectangular shape, indicating the
predominant capacitive character of the device.** It retains its
shape as the scan rate is increased, which is evidence of the
device's high-rate capacity. In Fig. 4e and f, the performance of
the device is summarized as a device capacity vs. current density
plot and a Ragone plot after calculating specific energy and
power densities. The device showed a greater specific capacity of
888 Cg ' (525 Fg ') at 1 Ag ' current density, which is well in
agreement with three electrode measurements. Total capaci-
tance of the device is calculated as follows: 222, 185, 170, and
144 Cg "at1,2,3,and 5 A g, respectively. When the current
density gradually increases, the device capacity remains quite
stable, 65% of the initial capacitance (144 C g "), indicating the
high-capacity retention of the hybrid device. The V,CT,-TMOF//
AC hybrid device produced 1264 W kg~ of specific power and
a remarkably high specific energy of 50 Wh kg™ '. The specific
energy density of 32 Wh kg™ was sustained even at a high
specific power density of 2504 W kg~ '. The obtained specific
energy and specific power of the V,CT,-TMOF//AC super-
capattery device are displayed in detail in Table S2. Here, V,CT,-
TMOF pseudocapacitance linked to reversible intercalation and
de-intercalation of electrolyte ions contributes to the capaci-
tance's superior performance in this system, along with acti-
vated carbon's EDLC mechanism on the other electrode. It is
evident from the literature®**>** (Table 1) that the V,CT,-TMOF
hybrid device has equivalent performance to the cation-doped
TTF-based systems and has superior performance to pristine
TTF supercapattery systems.

Long cycling analysis and comparison of results

For real-time applications, cycling stability is a crucial prereq-
uisite for electrode materials. Because of volumetric changes
caused by the ongoing redox reaction on the surface of EM and
the possibility of MOF structure destruction for long-term
usage, they can generally lose stability. So, the primary
problem with this kind of battery-type electrode material is its
poor cycle stability.*® But here, this 2D multilayer morphology
can help reduce the volumetric fluctuations during the cycling
process. The long-term cycling stability of the supercapattery
device up to 30000 cycles at a current density of 5 A g " is
available in Fig. 5a. Additionally, the device's GCD profile at
some initial and final cycles on reaching 30000 cycles is di-
splayed in Fig. S10. A 91% capacity retention with 100%
coulombic retention, even after 30000 consecutive cycles of
charging and discharging, could be a great advantage of this
material. From the literature, it is visible that no such system
surpasses 10 000 cycles with higher stability (Table 1).
Additionally, electrochemical impedance spectroscopy (EIS)
studies were carried out in the 10 mHz to 100 kHz frequency

This journal is © The Royal Society of Chemistry 2025
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(a) Cycling stability of the V,CT,-T//AC supercapattery device up to 30 000 cycles with coulombic efficiency and capacitance retention. (b

and c) EIS-Nyquist plots before and after cycling analysis with an enlarged view of the lower frequency region.

range. A Nyquist plot was drawn to explore the EIS data. The
Nyquist plot of the supercapattery before and after 30 000 cycles
is shown in Fig. 5b and c. Before cycling, the solution resistance
(Rs) of the V,CT,-T//AC hybrid device was 0.8 Q and 1.2 Q,
respectively. Similarly, before and after 30 000 cycles, the charge
transfer resistance (R.;) also has a negligible difference, only
indicating that the device's resistivity changes are well aligned
with the 91% capacitance retention after the cycling. When
MXene-derived TTF-based MOFs were employed for energy
storage, the results were promising and among the best. The
construction of a supercapattery device for practical uses was
prompted by this higher performance. The key and impactful
findings of this work can be concisely summarized as follows:

(i) On continuation of our group discovery on MXene-derived
MOF synthesis, here we have developed a new V,CT,-TMOF with
precisely controlled 2D morphology, demonstrating a signifi-
cant advancement in MOF synthesis strategies. (ii) The devel-
oped synthesis strategy shows that the inherent metallic
properties and 2D architecture of V,CT, MXene nanosheets
contribute significantly to the enhanced electrical conductivity
of the new MOF and its distinct 2D morphology, providing
a clear and distinct advantage over the conventionally sol-
vothermally synthesized VOSO,-TMOF, facilitating rapid elec-
tron transport both in-plane (along the MOF sheets) and out-of-

This journal is © The Royal Society of Chemistry 2025

plane (between the stacked sheets), thereby promoting efficient
charge transfer. (iii) This unique and optimized morphology
provides a high specific surface-to-volume ratio and excellent
diffusion pathways, which are critical and indispensable for
efficient and rapid energy storage mechanisms. Furthermore,
the selective incorporation of a redox-active TTF moiety as
a structural linker improves the overall device capacity through
a straightforward non-faradaic pseudocapacitive charge storage
mechanism involving the reversible redox transitions of the TTF
units.

Conclusions

We have successfully demonstrated a highly efficient and
exceptionally stable V,CT,-TMOF-based supercapattery, pow-
ered by an optimized electrode nanoarchitecture developed
through an improved and advanced method that utilizes V,CT,
MXenes as a direct MOF precursor. This innovative approach
not only significantly broadens the scope of applicable MXene
metal precursors but also substantially expands the range of
suitable organic ligands, thereby offering broad applicability for
the controlled synthesis of MOFs with tailorable morphology
and enhanced properties. The synergetic transformation
mechanism involves a continuous chelation between in situ
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generated V** ions and H,TTF ligands, followed by a slow
rupture of the V-C bonds, which gradually release V** ions into
the reaction solution. This controlled, slow-release process
underpins the morphology-driven synthesis of stable 2D nano-
sheets of MOFs, ultimately leading to a higher electrochemical
surface area and enhanced redox activity, both of which are
pivotal for the superior performance of the supercapattery
device.

Notably, the carefully designed 2D MOF structure inherently
enhances pseudocapacitive behavior, thereby boosting the
overall electrochemical performance and specific capacity. Due
to their continuous 2D sheet structure, V,CT,-TMOFs exhibit
a substantially improved electrolyte-accessible surface area and
superior intrinsic conductivity. Compared to conventionally
synthesized VOSO,-TMOFs and previously reported TTF-based
MOFs, the optimized V,CT,-TMOF demonstrates a remarkable
specific capacity of 480 C g~ ' in KOH electrolyte at a current
density of 1 A g~". Its performance is particularly noteworthy,
demonstrating superior rate capability and exceptional long-
term cycling stability over an unprecedented 30000 cycles.
Moreover, the assembled supercapattery device delivers
a significantly enhanced energy density of 50 Wh kg™ ' at
a higher power density of 2504 W kg™, showcasing its excellent
practical applicability. This work not only establishes a high-
performance platform for advanced electrochemical energy
storage but also offers invaluable mechanistic insights and
rational guidance for designing next-generation energy storage
systems through innovative MXene-derived MOF synthesis
strategies.
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