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Tailored design of an oxygen-rich stable Co-MOF

integrated with MXene nanofibers as an advanced

heterostructure for high-performance ammonium-
ion supercapacitorst

*ab

Ammonium ions (NH4*) are promising non-metallic charge carriers for sustainable and cost-effective

advanced electrochemical energy storage. However, the development of electrode materials with well-

defined structural features to facilitate rapid NH,* diffusion kinetics remains a significant challenge. In

this study, we demonstrate the design of a novel oxygen-rich cobalt-based metal-organic framework

(Co-MOF) showcasing unique (O4—CoN,) coordination geometry. This distinctive structure of Co-MOF

contributes to high stability, abundant active sites, and enhanced electrochemical performance. To
further boost performance, Co-MOF nanoflowers were uniformly integrated with TizC,T, MXene

carbonized nanofibers

(MXCNF),

forming advanced Co-MOF@MXCNF heterostructures. These

heterostructures exhibit a highly porous, nanofibrous morphology, delivering a notable specific

capacitance of 980 F g~ at a current density of 1 A g~ and excellent cycling stability, retaining 91.1%
capacitance after 16 000 cycles. When paired with a porous MXCNF anode, the ammonium-ion hybrid
supercapacitors (AIHSCs) delivered an impressive energy density of 415 mW h kg™' with the
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corresponding power density of 800 mW kg™, retaining 87% of their capacitance after 16 000 cycles.

This study highlights the synergistic advantages of integrating stable MOFs with MXene nanofibers for
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1 Introduction

Advanced supercapacitors (SCs) demonstrate significant
potential for energy storage applications, attributed to their
remarkable power density, long cycling lifespan, and fast
charge/discharge capabilities." The growing global demand for
efficient and sustainable energy storage technologies has
propelled research into hybrid supercapacitors, which combine
an electrode of the battery type with an electrode of the capac-
itor type.>* Nevertheless, the limited energy density of super-
capacitors (SCs) remains a prevailing challenge, often
addressed by innovating hybrid supercapacitors (HSCs).
Metallic cations (Li*, Na*, K, Mg>", and Zn**) acting as charge
carriers are extensively employed in hybrid supercapacitors
(HSCs).* On the other hand, non-metallic ions (e.g., H', NH,",
F, and Cl7) as charge carriers are less explored and present
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remarkable ammonium-ion storage. It establishes a framework for designing high-performance energy
storage materials, paving the way for next-generation sustainable energy storage devices.

distinct advantages, including lower molar mass, smaller
hydrated ionic radii, reduced corrosiveness, and improved
sustainability.>® Among the various ionic species, ammonium
ions (NH,") have emerged as particularly attractive options due
to their small hydration radius (3.31 A), low molar mass (18 g
mol "), abundance, environmental compatibility, and favour-
able electrochemical properties.” Utilizing ammonium ions as
the charge carrier can enhance the performance of super-
capacitors, as they offer rapid ion transport and reversible
intercalation into host materials, leading to significant
improvements in energy density. These distinctive properties
position NH," as an exceptional candidate for next-generation
high-performance HSCs.

Substantial efforts have focused on the development of
optimized electrode material-driven energy storage systems,
with the primary objectives of achieving high capacity or
capacitance and ensuring stable cycling performance.® To date,
vanadium-based oxides (V,05, NH,V,04,, defective VO,, etc.),”*°
Prussian blue analogs (PBAs), including CuHCF, Na-FeHCF,
FeFe(CN)g, etc.,'*** sulfide-based composites (MoS,/PANI),**
MXene-based composites (NH,V,01¢/Ti3C,Ty, PTCDA/Ti3C,T,
MXene, and MXene:CPE (CPE: conjugated oolyelectrolyte)),*>"
MOFs,'®*  and redox-active polymers/COFs, have been
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employed as electrode materials.”® Despite recent advance-
ments, most reported electrode materials still exhibit limited
capacity or capacitance and insufficient structural stability.
Consequently, designing novel cathode materials capable of
reversible NH," storage with enhanced electrochemical perfor-
mance remains an urgent and critical challenge. Oxygen-rich
materials, such as metal oxides (MnO,, MoO;, NH,V,0;,,
defective VO,, etc.)**** and related porous structures (PTCDA,
COFs, redox-active polymers, etc.),>**® have garnered significant
attention as advanced electrode materials for ammonium-ion
energy storage owing to their unique structural and electro-
chemical characteristics. These materials feature oxygen-func-
tionalized surfaces that enhance ion-electrode interactions,
leading to a high density for ammonium ion (NH,") adsorption.
The oxygen-rich environment facilitates surface redox
processes, significantly boosting charge storage capacity and
promoting strong pseudocapacitive behavior. The high porosity
and large surface area inherent to oxygen-rich materials enable
efficient ion diffusion and electrolyte penetration, ensuring fast
charge-discharge kinetics while minimizing transport resis-
tance. Additionally, their tunable pore architectures allow
precise control over ion accessibility and storage dynamics,
providing versatility to meet various energy storage demands.
Notably, these materials demonstrate exceptional cycling
stability, maintaining their structural integrity and electro-
chemical performance over extended use.

Herein, we report the design and synthesis of a new oxygen-
rich Co-MOF with unique (0,~Co-N,) coordination geometry
that enhances the stability of this MOF. Further benefiting from
the structural features of the Co-MOF, versatile Co-
MOF@MXCNF heterostructure electrodes comprising Co-MOF
nanoflowers anchored on Ti;C,T, MXene carbonized nano-
fibers (MXCNF) were systematically constructed through
a combination of electrospinning, carbonization, and hydro-
thermal methods. Notably, the well-aligned MXene nanofibers
served as a highly conductive core, while the uniformly
distributed Co-MOF nanoflowers functioned as the shell layer,
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providing abundant electrochemically active sites, which
encouraged us to develop ammonium-ion hybrid super-
capacitors (AIHSCs) via assembly of Co-MOF@MXCNF as the
cathode and MXCNF as the anode for excellent performance.

2 Results and discussion

In the present work, Co-MOF was synthesized through a hydro-
thermal technique at 90 °C using Co(NO3),-6H,O and 2,2'-
bipyridine-4,4’-dicarboxylic acid (DCBPy) as the ligand (Scheme
1). The resulting block-shaped crystal of Co-MOF was charac-
terized by single-crystal X-ray analysis (SCXRD) to investigate
the spatial structure and coordination sphere.

The single-crystal X-ray diffraction (SC-XRD) studies reveal
the formation of metal-organic frameworks, designated as Co-
MOF, crystallizing in the trigonal crystal system with the P3,21
space group (Table S1f). The asymmetric unit (Fig. Siat)
contains one half-occupied cobalt atom, one half of the DCBPy
ligand, and one coordinated water molecule. The Co atom
exhibits six-coordination in a N,O, environment, involving two
oxygen atoms from monodentate carboxylate groups of DCBPy,
two oxygen atoms from two coordinated water molecules, and
two nitrogen atoms from one unique chelating DCBPy ligand.
The carboxylate groups are almost co-planar with the connected
pyridyl ring and coordinate monodentate to two neighbouring
cobalt ions. A higher-symmetry structure is formed due to this
symmetrical coordination mode and the more balanced coor-
dination environment surrounding the cobalt centre. This
arrangement results in an octahedral coordination geometry, as
illustrated in Fig. 1a.

The DCBPy ligand forms a triangular unit through tris-
chelation with three Co atoms, which interacts with neigh-
boring triangular units to create a unique building block char-
acterized by equilateral triangle geometry (Fig. Sibt). These
building blocks are organized in an inclined fashion, self-
entangling to form an intriguing self-catenated network. As
shown in Fig. 1b, four oxygen atoms are present in pores having

DCBPy - ——
+ 90 °C, 48 h

Co?*

Scheme 1 Schematic representation for the synthesis of Co-MOF.
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a 6.1 A distance that can be used to form hydrogen bonding with
the NH," ions of electrolytes. The detailed structural analysis of
1-D reveals two distinct types of channels running along the c-
axis, marking the first notable structural feature (Fig. 1c). The
channel has a cross-section made up of three Co atoms and
three 4-carboxy pyridine units from three ligands and is linked
to adjacent channels through the sharing of bipyridine moie-
ties. This interlinked channel-by-channel arrangement gener-
ates the overall 3D porous network. Fig. 1d, which shows a pore
size of 4.1 A, shows six oxygens from the H,O molecule coor-
dinated to the cobalt ion, which is responsible for the insertion/
extraction mechanism of NH," ion storage.

The well-arrayed Co-MOF@MXCNF heterostructure, illus-
trated in Scheme 2, was fabricated using a consecutive three-step
procedure. Initially, Ti;C,T, MXene sheets were prepared using
the HF etching and delamination process.’ Further, optimized
electrospinning solution was prepared by dissolving Ti;C,T,y
MXene (20 wt%) and PAN polymer (10 wt%) in DMF. TizC,T,
MXene nanofibers (MXNF) were prepared using the electro-
spinning technique at a flow rate of 1 mL h™" and 18 kV voltage.
After that, the MXNF were stabilized in the air at 280 °C and
carbonized at 800 °C to form stable Ti;C,T, MXene carbonized
nanofibers (MXCNF) leveraging their excellent electrical
conductivity and mechanical flexibility.*® In the last step, Co-
MOF nanoflowers were synthesized on the MXCNF surface via
a hydrothermal method. Further, the synthesis of Co-MOF with
MXCNF heterostructures is a promising strategy for enhancing
the energy storage performance of ammonium-ion asymmetric
supercapacitors. To assess the structural and morphological
characteristics of the synthesized materials, a comprehensive
suite of characterization techniques was employed.
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Fig. 1
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X-ray Diffraction (XRD) analysis was performed to assess the
phase composition and crystallinity of the Co-MOF@MXCNF
heterostructures. The XRD patterns (Fig. 2a) exhibited sharp
peaks characteristic of both the MXene and the Co-MOF, indi-
cating the successful formation of the heterostructures. The
prominent peaks associated with MXene indicate that the
structural integrity of the MXene framework was preserved
throughout the synthesis process. No significant shift in the
(001) peaks was observed between the electrospun fiber mat and
powder form of Ti;C,T, MXene. The (002) peak is centered at 26
of 6.31° and 6.21° for the fibers and powder, respectively.
Notably, the appearance of new diffraction peaks corresponding
to the Co-MOF signifies the successful integration of the Co-
MOF onto the MXene nanofibers. These peaks were indexed to
the specific crystal structure of Co-MOF, further validating the
successful synthesis. The absence of significant peak shifts
suggests that the MOF synthesis did not adversely affect the
MXene structure, which is crucial for maintaining the conduc-
tive properties of the electrode material. In the ATR-FTIR
(Fourier Transform Infrared-Attenuated Total Reflectance)
spectrum, as shown in Fig. S2,f the coordination of the cobalt
atom to the DCBPy linker in Co-MOF is evident from the
emergence of two distinct bands corresponding to the asym-
metric and symmetric stretching vibrations of the coordinated
carboxylate at 1610 cm ' and 1375 cm ', respectively. Addi-
tionally, the C=N stretching vibration of bipyridine at 1550
cm ' confirms chelation through the nitrogen atom.*® The
presence of metal-ligand interactions is further supported by
the appearance of stretching vibrations at 400-600 cm ™,
providing direct evidence of the coordination environment
within the Co-MOF structure.*® In the spectrum of the Co-

(a) Coordination environment. (b) View of interpenetrated 2D sheets along the b-axis. (c) 1D channels along the c-axis. (d) View showing

the decorated cages in the 3D framework. Hydrogen atoms are omitted for clarification.
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Scheme 2 Schematic illustration for the synthesis procedures for Co-MOF@MXCNF.

MOF@MXCNF heterostructure, all characteristic peaks of Co-
MOF remain well-matched with those in the pristine Co-MOF,
confirming its structural retention within the hetero-
structures. Importantly, no significant shifts or disappearance
of functional group vibrations occur, indicating that the
integration of Co-MOF with MXCNF does not alter their
intrinsic chemical structures. Instead, a slight broadening and
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lower intensity of peaks suggest possible interfacial interac-
tions between Co-MOF and MXCNF. This confirms the
successful formation of the heterostructure while preserving
the integrity of Co-MOF.

The surface morphology was primarily examined by
employing Field Emission Scanning Electron Microscopy
(FE-SEM). The morphology of MXene is shown in Fig. S3a and
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Fig. 2 Characterization of Co-MOF@MXCNF. (a) PXRD patterns. FESEM images of (b) MXCNF and (c—e) Co-MOF@MXCNF at high and low
maghnification. (f) TEM image of Co-MOF@MXCNF. (g) HRTEM images of Co-MOF@MXCNF (inset: IFFT image). XPS high-resolution spectra of (h)
Co 2p and (i) Ti 2p. EDS mapping of Co-MOF@MXCNEF: (j) cobalt (Co), (k) oxygen (O), () carbon (C) (red), (m) titanium (Ti), and (n) nitrogen (N)

elements.
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bt exhibiting a sheet-like structure. Fig. 2b confirms the
formation of MXCNF by demonstrating that MXene is fully
immersed in the PAN nanofibers. Fig. S3c and df depict the
morphology of Co-MOF at different magnifications. Fig. 2c-e
reveal a uniform distribution of Co-MOFs on the electrospun
MXene nanofiber surface, confirming the successful in situ
growth of Co-MOF during synthesis. The electrospun MXene
fibers exhibited a distinct fibrous morphology with diameters
ranging from 100 to 200 nm, characteristic of electrospinning
processes. The Co-MOFs were observed as flower-like nano-
structures, which effectively anchored onto the MXene fibers,
thereby creating a highly interconnected network. This
morphology is particularly advantageous for facilitating ion
transport and increasing the performance of the hetero-
structures. The dense aggregation of MOFs on the fiber surface
provides a larger active surface area, which is essential for
improving the interaction with ammonium ions during charge-
discharge processes. To gain insights into the nanoscale
architecture of the synthesized heterostructures, Transmission
Electron Microscopy (TEM) analysis was employed for further
confirmation of the morphology observed in the SEM analysis,
illustrating the intricate arrangement of the flower-like MOF
structures on the MXCNF, as shown in Fig. 2f. High-resolution
TEM images (Fig. 2g) confirmed the presence of Co-MOF on the
MXCNF, illustrating distinct boundaries between the two
materials. The lattice fringes observed in the TEM images cor-
responded to the (100) and (200) planes of the Co-MOF,
demonstrating high crystallinity and confirming the successful
synthesis of the targeted materials. This intimate contact
between the Co-MOF and MXCNF supports efficient charge
transfer and ion diffusion pathways, which are vital for
improving the overall electrochemical performance of the het-
erostructure material.

X-ray photoelectron spectroscopy (XPS) was employed to
examine the electronic states and elemental composition of the
synthesized heterostructures. The XPS spectrum survey
(Fig. S4t) of the Co-MOF@MXCNF heterostructure revealed six
different peaks at binding energies of 284 eV, 400 eV, 458 eV,
530 eV, 687 eV, and 781 eV, attributed to the C 1s, N 1s, Ti 2p, O
1s, F 1s, and Co 2p elements, respectively. Particularly, the
presence of Co 2p and N 1s peaks signifies the characteristic
elements of Co-MOF, whereas the Ti 2p, F 1s and O 1s peaks are
attributed to MXene, verifying the successful synthesis of the
heterostructures. In Fig. 2h, the deconvolution of the Co 2p3,
spectrum revealed a dominant peak at 781.1 eV, accompanied
by a satellite at 785.6 eV. In the Co 2p,,, region, a primary peak
at 797.0 eV was identified, along with a corresponding satellite
at 802.6 eV. The notable satellite peaks at 785.6 eV and 802.6 eV
are characteristic of high-spin Co** ions, confirming the exis-
tence of Co”* in the Co-MOF structure of the heterostructures.*
Deconvoluting the N 1s XPS spectra (Fig. S5at) revealed peaks
for graphitic-nitrogen and pyridinic-nitrogen, with binding
energies of 400.2 eV and 399.5 eV, respectively. The deconvo-
lution of four peaks was seen in the C 1s spectra; these peaks
corresponded to the C-Ti, C-C, C-N, and C=O0 functions, with
their respective binding energies of 281.4 eV, 284.7 eV, 286.2 eV,
and 288.1 eV, respectively (Fig. S5b¥). Three deconvoluted peaks
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were visible in the O 1s spectrum (Fig. S5¢t) for O-Ti, 0>, C-O,
and H,0/OH", with their respective binding energies of
529.6 eV, 531.3 eV, and 533.0 eV. Ti 2p spectra were deconvoluted
into Ti-C, Ti**, Ti*", Ti-0, and satellite peaks, as seen in
Fig. 2i. The Ti 2p,, satellite peaks were located at 454.8 eV, 455.9
eV, 459.2 eV, 461.8 eV, and 464.0 eV, indicative of effective
interaction between the MXene nanofibers and MOFs.*
Collectively, the results confirm the growth of Co-MOF on the
MXene nanofibers, forming Co-MOF@MXCNF heterostructures.
Finally, the chemical composition of the synthesized materials
was examined using energy-dispersive X-ray spectroscopy
(EDX) for elemental mapping. Fig. 1j-n depict the uniform
distribution of cobalt (Co), titanium (Ti), carbon (C), and
nitrogen (N) elements in the Co-MOF@MXCNF heterostructures.
To elucidate the specific surface area and porosity of the Co-
MOF@MXCNF  heterostructures, Brunauer-Emmett-Teller
(BET) surface area and Barrett-Joyner-Halenda (BJH) pore size
distribution analysis was performed (Fig. S6a and bt). The
formation of MOF nanoflowers uniformly anchored onto
the MXCNF framework resulted in a hierarchically porous
three-dimensional (3D) architecture, as confirmed by nitrogen
sorption measurements. The specific surface area of
Co-MOF@MXCNF was determined to be 106.3 m® g™, with an
average pore diameter of 3.8 nm, facilitating rapid ion transport
and enhanced electrolyte accessibility. In contrast, pristine
Co-MOF and MXCNF exhibited lower surface areas of 57.13 and
44.4 m* ¢!, with pore diameters of 3.4 nm and 17.6 nm,
respectively. The notable enhancement in surface area arises
from the effective dispersion of Co-MOF nanoflowers on
MXCNF, which prevents MOF aggregation and introduces
additional porosity. Moreover, the decrease in pore size can be
attributed to the partial infiltration of MOF nanoparticles into
the larger pores of MXCNF, leading to a more uniform and
interconnected mesoporous network. Additionally, the
synergistic effect of the intrinsic porosity MOF and the
conductive MXCNF matrix ensures a high electroactive surface
area, maximizing ammonium-ion storage sites while
maintaining rapid ion diffusion kinetics. The well-integrated
MOF@MXCNF heterostructure thus provides a structurally
robust, high-surface-area platform conducive to efficient ion
intercalation, electrochemical stability, and high-rate charge
storage performance.

3 Electrochemical studies

The Co-MOF@MXCNF heterostructure, exhibiting abundant
redox-active sites and a large specific surface area, is a favorable
candidate for energy storage applications. The electrochemical
characteristics were studied in 2 M (NH,),SO, electrolytes using
a three-electrode system. Cyclic voltammetry (CV) tests were
conducted to assess electrochemical kinetics as shown in
Fig. S7a.t The CV curve of the Co-MOF electrode exhibited
a distinct redox peak pair having a potential range of 0 to 0.8 V.
In comparison, the Co-MOF@MXCNEF electrode displayed redox
peaks with greatly increased current responses, which are
explained by the high utilization efficiency and better electronic
conductivity. On increasing scan rates from 2 to 100 mV s, the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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distinctive CV curves remained consistent, indicating a quick
electrochemical response and superior electrochemical redox
performance of the Co-MOF@MXCNF heterostructure (Fig. 3a).
The redox peaks observed in the CV curves of the MOF@MXCNF
electrode arise due to the intercalation and deintercalation of
ammonium ions (NH,'), leading to reversible redox transi-
tions.**** The redox peaks seen in the CV curves closely corre-
spond to the virtually symmetrical shapes with subtle plateaus
seen in the galvanostatic charge-discharge (GCD) curves of the
Co-MOF@MXCNEF electrode. When compared to the individual
Co-MOF electrode GCD curves (Fig. S7bt), the Co-
MOF@MXCNF electrode exhibits a markedly longer discharge
time, signifying improved capacitance that arises from the
synergistic effects of its two constituent components. The
energy storage capacity of the Co-MOF@MXCNF electrode was
further confirmed by GCD experiments carried out at different
current densities between 0 and 0.8 V (Fig. 3b). The observed
low coulombic efficiency at a low current density of 1 A cm™>
and the large irreversible capacity loss in the Co-MOF@MXCNF
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heterostructures can be attributed to the deep intercalation and
partial trapping of NH," ions within the MOF structure, which
hinders complete deintercalation during discharge, leading to
significantly lower coulombic efficiency. Furthermore, water
molecules from the (NH,4),SO, electrolyte can also intercalate
into the MOF, contributing to structural stabilization but not
directly participating in charge storage.*® Fig. 3c presents the
relationship between specific capacitance and current density
for the synthesized electrodes. Notably, the specific capacitance
of the Co-MOF@MXCNF electrode from the GCD curves reaches
980 F g~ ' at a current density of 1 A g~ . Additionally, as the
current density is increased to 30 A g, the Co-MOF@MXCNF
electrode demonstrates remarkable rate capability, exhibiting
a capacitance retention of 64.5%. The observed high capaci-
tance in our material surpasses that of recently reported elec-
trode materials as shown in Table S2.f This substantial
enhancement in capacitance can largely be attributed to har-
nessing the synergetic effects in Co-MOF@MXCNF. The inte-
grated structure facilitates efficient ion transport, allowing
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Fig.3 Electrochemical performance of Co-MOF@MXCNF: (a) CV curves of the Co-MOF@MXCNF electrode were recorded at various scan rates.
(b) GCD curves of the Co-MOF@MXCNF electrode at different current densities. (c) The specific capacitance of the Co-MOF@MXCNF electrode

vs. current density. (d) EIS. (e) log i plot of current (i) versus scan rate (v)

for the Co-MOF@MXCNF electrode within the 2 to 100 mV s~ scan rate

range. (f) Deconvolution of the CV curve of the Co-MOF electrode at a scan rate of 40 mV s~!into capacitive (pink) and diffusion-controlled
contributions. (g) The variation of normalized capacitive (pink) and diffusion-controlled (blue) contributions as a function of scan rate. (h) Long-
term cycling performance measured at 10 A g~ for 16 000 cycles, with the inset presenting the GCD profiles for the initial and final ten cycles.

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

Chem. Sci., 2025, 16, 8460-8469 | 8465


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc00171d

Open Access Article. Published on 14 April 2025. Downloaded on 7/23/2025 6:17:59 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

rapid ammonium ion intercalation and desorption during
charge and discharge cycles. The Nyquist plots further reveal
negligible resistance, with a low charge transfer resistance (R.)
of 12.7 Q in Co-MOF@MXCNF and 22.3 Q in the Co-MOF
electrodes (Fig. 3d).

To further interpret the storage mechanism of the Co-
MOF@MXCNF heterostructures in the ammonium-comprising
electrolyte, the b-values for the two redox peaks were deter-
mined using eqn (1) and (2).*7?®

i=a’ (1)
logi=1logi+ blogv 2

where a is a constant and b is the slope of the log i versus logv
plot, and i and v stand for the peak current and scan rate,
respectively, in this context. A diffusion-controlled process is
indicated by a b-value of 0.5, whereas a redox reaction governed
by surface interactions is suggested by a b-value of 1.

As illustrated in Fig. 3e, the obtained b-value is 0.71 for the
Co-MOF@MXCNF electrode, suggesting a dominant capacitive
behavior. In the ammonium ion-containing electrolyte, the Co-
MOF@MXCNF electrode exhibits a hybrid mechanism that
combines diffusion and capacitive effects. Using eqn (3), the
contribution ratios of the diffusion-controlled and capacitive
components are then calculated.

i= klv + k2V1/2 (3)

i, v, kv, and k'’ represent the total current, scan rate, diffu-
sion-controlled current, and capacitive-dominated current,
respectively, in this context. At a 20 mV s~ ' scan rate, the
capacitive contribution from the Co-MOF@MXCNF electrode
accounts for 72.4%, as seen in Fig. 3f. Additionally, on
increasing scan rates from 2 to 100 mV s ' (Fig. 3g), the
capacitive contribution rises noticeably, reaching 91.1% at 100
mV s~ . This behavior highlights the enhanced electrochemical
kinetics at higher scan rates.

Furthermore, at a current density of 10 A g, the cycle
stability of the Co-MOF@MXCNF electrode was evaluated
(Fig. 3h). With minimally appreciable coulombic efficiency loss,
the specific capacitance retained 91.2% of its initial value after
16 000 charge/discharge cycles. This performance highlights the
exceptional cycling stability of the Co-MOF@MXCNF electrode,
which surpasses that of most cathode materials already re-
ported. The synthesis of Co-MOF on electrospun MXene nano-
fibers presents a promising approach to enhancing the
performance of ammonium ion hybrid supercapacitors. To
understand the NH," ion storage mechanism, ex situ ATR-FTIR
(Fourier Transform Infrared-Attenuated Total Reflectance)
spectroscopy was recorded to analyze the interactions between
NH," ions and the Co-MOF@MXCNF heterostructure. The
spectrum shown in Fig. S8af provides insights into the inter-
action of NH," with the MOF@MXCNF heterostructure, con-
firming the structural stability and charge storage behavior.
NH," forms strong hydrogen bonds with the oxygen-containing
functional groups of the Co-MOF@MXCNF heterostructure,
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stabilizing the intercalation process and ensuring high revers-
ibility during charge-discharge cycles.*® The spectrum in the
2900-3500 cm ™' region clearly shows peaks corresponding to
the N-H-O and N-H stretching vibrations. During charging,
NH," ions intercalate into Co-MOF@MXCNF, forming
hydrogen bonds with oxygen sites, as evidenced by the N-H
stretching vibration at 3250 cm™’, indicative of hydrogen
bonding interactions. A broad peak centered at 2930 cm
(Fig. S8bT), corresponding to H-bonded N-H, exhibits increased
intensity, further confirming the intercalation process. Upon
discharging, NH," ions partially deintercalate, while a fraction
remains within the structure, as indicated by the persistence of
N-H-O and NH-stretching vibrations in the range of 2900-3500
em~' with low intensity. The incomplete deintercalation
suggests a stabilizing effect of residual NH," ions, similar to
previous observations in multivalent ion storage systems.***!
Further confirmation is provided by the bending vibrations of
6(OH) at 1420 cm ™" and 6(NH) at 1610 cm™ ", which exhibit
a peak shift and intensity variation, suggesting enhanced
hydrogen bonding due to ammonium incorporation. Similarly,
6(NH) and 6(NH) (Fig. S8c and dt) show a distinct shift, indi-
cating strong interactions between NH," and the host frame-
work. After discharging, the peak remains almost the same as in
the initial structure, demonstrating the structural stability of
the host material even after ion intercalation and dein-
tercalation.*»** This behavior underscores the importance of
understanding the electrochemical and structural dynamics of
NH," storage in the Co-MOF@MXCNF electrode.

Finally, a hybrid supercapacitors (HSCs) utilizing ammonium
ions was assembled with a Co-MOF@MXCNF cathode and
MXCNF anode in a 1 M (NH,),SO,/PVA gel electrolyte, as illus-
trated in Fig. 4a. Considering the potential windows of the Co-
MOF@MXCNF electrode (0 to 0.8 V) and the MXCNF electrode
(—0.8 to 0 V), the maximum voltage range achievable is 0 to 1.6 V
for the Co-MOF@MXCNF//MXCNF AIHSCs (Fig. 4b). To ensure
charge balance between the Co-MOF@MXCNF cathode and the
MXCNF anode, the optimal mass ratio was determined tobe 1 : 3.
Fig. 4c exhibits the CV curves of the Co-MOF@MXCNF//MXCNF
asymmetric ion hybrid supercapacitors (AIHSCs) at 5 to 100 mV
s~ " scan rates. Remarkably, even at elevated scan rates, minimal
polarization is observed up to 1.6 V, underscoring the superior
electrochemical reversibility of the Co-MOF@MXCNF//MXCNF
ATHSCs. Additionally, the GCD profiles exhibit distinct plateaus
at current densities from 1 to 15 mA g ', exhibiting closely
matching features in the cyclic voltammetry curves (Fig. 4d). At 1
mA g~ current density, the Co-MOF@MXCNF//MXCNF asym-
metric ion hybrid supercapacitors (AIHSCs) achieve a high
specific capacitance of 116.8 mF g~ . Fig. 3d illustrates the rela-
tionship between capacitance and current density for Co-
MOF@MXCNF//MXCNF AIHSCs. Additionally, when the current
density increases to 10 mA g~ ', the fabricated AIHSCs exhibit
commendable rate capability, retaining 62.2% of their capaci-
tance (Fig. 4e) indicating rapid ion diffusion and charge transfer.
Interestingly, fibrous and nanoflower morphologies of MXene
and Co-MOF greatly improve ammonium ion diffusion, specifi-
cally within the interconnected pore channels, which act as the
primary conduits for ammonium ion insertion and efficient

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 Electrochemical performance of Co-MOF@MXCNF//MXCNF AIHSCs. (a) Schematic illustration of the Co-MOF@MXCNF//MXCNF AHSCs.
(b) CV curves of the Co-MOF@MXCNF cathode and MXCNF, at a scan rate of 100 mV s~ (c) CV profiles at scan rates ranging from 5 to 100 mV
s~1 (d) GCD profiles at various current densities between 2 and 15 mA g~ . (e) Specific capacitances as a function of current density. (f) Ragone
plots comparing the performance of Co MOF@MXCNF//MXCNF AHSCs with that of other reported hybrid supercapacitors (HSCs). (g) Long-term
cycling performance of Co-MOF@MXCNF//MXCNF AHSCs at a current density of 10 mA g~ over 16 000 cycles, with the inset showing GCD
profiles for the initial and final ten cycles, along with a glowing LED demonstration.

diffusion across the layered networks. To investigate the effec-
tiveness of the Co-MOF@MXCNF//MXCNF asymmetric ion
hybrid supercapacitors (AIHSCs), Fig. 4f presents the Ragone
plots in comparison to those of other reported AIHSCs. The
device achieves a maximum energy density of 41.5 mW h kg™ " at
a power density of 800 mW kg™, outperforming many currently
reported AHSCs. Remarkably, even at a power density of 12 000
mW g, the full device retains an energy density of 20.6 mW h
g~'. When compared to other previously reported super-
capacitors (Table S371), such as 6-MnO,//ACC (861.2 pW h
em %),* o-MnO,//(NH,),WO; (1010.1 uW h cm ?),* MnO,/
CNTEF//MoS,@TiN/CNTF (195.1 uW h cm™?),* ACC@VPP//PTCDI
(320 uW h em™?),” Cu-HHB/I2//P-MXene (31.5 mW h cm™?),*
PMO//MnO2 (2.48 mW h cm 3),* MnO,@ACC//WO;@ACC
(508.1 yW h ecm™2),* and h-Ti;C, MXene//MnO, CNTs (394.59
uW h crn’z),*"1 the Co-MOF@MXCNF//MXCNF AIHSCs demon-
strate superior energy and power characteristics. At 10 mA g™*
current density, the longstanding cycling stability of the Co-
MOF@MXCNF//MXCNF AIHSCs was evaluated. Surprisingly, the
devices maintained 87.0% of their original capacitance after 16
000 cycles, and their coulombic efficiency remained close to 90%

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

during the tests (Fig. 4g inset: first ten and last ten GCD cycles).
Furthermore, to demonstrate practical significance, two asym-
metric devices were connected in series and utilized to power a 2
V red light-emitting diode (LED) for five minutes (Fig. 4g, inset).
This application highlights the practical viability of the assem-
bled ATHSCs device, and the compelling electrochemical results
indicate the potential use of Co-MOF@MXCNF//MXCNF for next-
generation electronics.

4 Conclusion

In summary, we designed and synthesized a novel oxygen-rich
Co-MOF featuring a unique coordination geometry, which
ensures high structural stability and abundant active sites for
ammonium-ion storage. By integrating Co-MOF nanoflowers
with MXCNF, we constructed advanced heterostructures that
exhibit exceptional electrochemical properties, including a high
specific capacitance of 980 F ¢ " at 1 A ¢ ' and outstanding
cycling stability, retaining 91.1% of the initial capacitance after
16 000 cycles. When paired with a porous MXCNF anode, the
Co-MOF@MXCNF heterostructures enabled the development of
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ammonium-ion hybrid supercapacitors (AIHSCs) with a high
energy density of 41.5 mW h kg™" and excellent long-standing
performance, retaining 87% capacitance after extensive cycling.
These results demonstrate the synergy of MOF structural
stability and heterostructural integration with MXene for
enhanced ammonium-ion storage. This work highlights the
immense potential of MOF-based materials as cutting-edge
candidates for advanced energy storage applications and
provides a strategic approach for designing high-performance
hybrid supercapacitors, paving the way for sustainable, next-
generation energy storage technologies.

5 Experimental section
5.1 Synthesis of Co-MOF

24.4 mg (0.01 mmol) of 2,2'-bipyridine-4,4’-dicarboxylic acid
(DCBPy) and 58.2 mg (0.02 mmol) of cobalt(i) nitrate hexahy-
drate (Co(NO3),-6H,0) were dissolved in 3 mL DMAc/H,0 (2: 1)
in a 20 mL Teflon-lined autoclave, which was sealed and
maintained at 100 °C for 48 h in an isothermal oven before
cooling to ambient temperature. The resultant Co-MOF crystals
were thoroughly washed with methanol and deionized water
and dried at 80 °C for 12 h under vacuum.

5.2 Preparation of MXCNF mats

By dissolving 1 g of polyacrylonitrile (PAN, MW 150 000) in
dimethylformamide (DMF), the electrospinning solution was
prepared. MXene (Ti;C,T,) was incorporated at 20 wt% relative
to the weight of polyacrylonitrile (PAN). This mixture underwent
10 hours of combined ultrasonic agitation and stirring to make
uniform dispersion and complete dissolution of MXene within
the PAN solution. Electrospinning was then performed under
optimized conditions, applying an 18 kV voltage, a flow rate of 1
mL h™', and a 15 cm distance between the spinneret and
collector to produce a uniform Ti;C,T, MXene/PAN fiber
membrane. The as-spun MXene/PAN membrane was then
subjected to a two-step thermal treatment: initial pre-oxidation
in the air at 250 °C for 2 h to stabilize the fibers, followed by
carbonization under an argon atmosphere at 800 °C for 2 h,
yielding carbonized MXene nanofibers (MXCNF).

5.3 Synthesis of Co-MOF@MXCNF membranes

To prepare Co-MOF@MXCNF membranes, 58.2 mg (0.1 mmol)
of cobalt(u) nitrate hexahydrate (Co(NO3),-6H,0) and 24.4 mg
(0.01 mmol) of 2,2"-bipyridine-4,4’-dicarboxylic acid (DCBPy)
were dissolved in 6 mL DMAc and 3 mL H,O in a 20 mL Teflon-
lined autoclave. A 1 x 2 em® MXCNF membrane was then
immersed in the above solution, which was sealed and main-
tained at 100 °C for 18 h in an isothermal oven before cooling to
ambient temperature. To get rid of any unreacted precursors,
the resulting Co-MOF@MXCF membranes were extensively
cleaned using methanol and deionized water. The Co-MOF
loading on the MXCNF membranes averaged about 2 mg cm ™2,
which suggests uniform coating and sufficient material
coverage.
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