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The growing demand for reliable and high-performance energy storage devices obliges the development of
novel materials that can merge high energy density with rapid charge—discharge capability. Hybrid
supercapacitors offer this balance, while MOFs are recognized as promising electrode candidates due to
their high surface area and tuneable structure. In this study, a Zn-MOF/Sn-MOF composite framework
was synthesized and characterized thoroughly. Electrochemical analysis using CV, GCD, and EIS in both
three- and two-electrode assemblies demonstrated that the composite exhibits significantly better
performance than the individual pristine MOFs. The Zn-MOF/Sn-MOF//AC device exhibited a specific

capacity of 356 C g™t at 0.6 A g~%. Correspondingly, the maximum energy and power densities of 79.2
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Accepted 30th March 2026 g~ an g . respectively, were achieved. Moreover, the semi-empirical modelling
navigation provided insights into the charge storage mechanism, confirming a synergistic effect in the

DOI: 10.1039/d6ra01103a composite. These findings highlight the potential of Sn-MOF/Zn-MOF as a high-performance electrode

rsc.li/rsc-advances material for bridging the gap between batteries and supercapacitors.
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Introduction

The advancements of the modern world have increased energy
consumption and demand. Conventional energy resources such
as natural gas, coal and oil are finite, and they also pose great
environmental risks. The alarming levels of pollution index and
global warming indicate that these energy resources are
unsustainable for long-term use.' The focus of today's world
has shifted towards alternative renewable energy options such
as hydropower, solar or wind energies. These alternatives are
not only abundant but also clean and environmentally
friendly.*® However, their output fluctuates as they are much
dependent on the time of the day and weather. To maintain the
parity between supply and demand, the development of
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a balanced and efficient energy storage system is inevitable.”*
Electrochemical energy storage devices (EESDs) such as
rechargeable batteries (RBs) and electrochemical super-
capacitors (ESCs) are the most established systems that could
facilitate the transition from conventional to more efficient
non-conventional resources.”™ The non-faradaic electrostatic
energy storage mechanism of ESCs enables exceptionally rapid
charge-discharge cycles, high power density and remarkable
cyclic stability.****

In contrast, RBs offer high energy density but with a shorter
life and slower kinetics. Therefore, an efficient energy storage
system is required that offers both high energy and high power
densities.”*® Among ESCs and RBs, neither technology meets
the increasing need for devices that show both properties
simultaneously. Hybrid supercapacitors bridge the gaps
between these two systems by integrating capacitor-type non-
faradaic electrodes with faradaic battery-type electrodes.'”*®
These hybrid systems offer both high energy density without
compromising power density and cyclic stability.'*** Their
performance such as durability, ionic mobility and charge
storage capacity mainly depend on the choice of electrode
material. For the fabrication of HSCs, different materials have
been investigated including phosphates, sulphides, transition-
metal oxides and conducting polymers.

In recent decades, metal-organic frameworks (MOFs) have
received notable attention because of their well-defined
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crystalline networks, large surface areas and tuneable pore
structures. Derived from the coordination bonding between
metals and organic molecules, MOFs offer continuous electro-
lyte diffusion channels and abundant active sites.”*** These
characteristics make them highly suitable for applications such
as environmental remediation and energy storage
applications.> However, metal alloys are being used as self-
supporting porous electrodes.”® Untreated pristine MOFs have
limited mechanical strength and poor electrical
conductivity.”*** Hence, MOFs are often interlinked with poly-
mers or conductive carbon supports to form composite struc-
tures, thereby overcoming these limitations through synergistic
effects.>*> Sn-MOFs offer rich redox activity and high charge
storage due to their multiple oxidation states.** Zn-based MOFs
typically offer high surface areas and accessible porosity for
rapid ion diffusion.** Hence, combining the rich redox activity
of Sn-MOFs with the high surface area and fast ion-transport
pathways of Zn-MOFs can enable more efficient charge
storage can be realized.

Recently, MOF-MOF composite architectures have attracted
considerable attention as the incorporation of two distinct
MOFs can combine the benefits of their complementary pore
structures, redox-active sites, and metal centers within a single
framework.* Such rational combinations can enhance charge
transport, ion diffusion, and electrochemical activity, making
these composites highly promising for advanced energy storage
devices.***®* Moreover, MOF-MOF composite structures can
exhibit long-term stability compared to their individual parent
MOFs.*” Such composites could enable efficient, stepwise
charge transfer through synergistic interactions, resulting in
enhanced charge transport and overall performance.* In hybrid
supercapacitors, rationally engineered MOF-MOF composites
could offer improved electrolyte interaction and structural
durability during prolonged cycling, which highlight their
potential integration in high-performance energy storage
applications.*

In this work, Sn-MOF/Zn-MOF were synthesized through
a solvothermal method, and its structural and morphological
characterizations were conducted through XRD and SEM, which
offered insights into their crystallinity and grain size distribu-
tion, respectively. The electrochemical characteristics of the
MOF/MOF composite were examined using cyclic voltammetry
(CV), galvanostatic charge discharge (GCD) and electrochemical
impedance spectroscopy (EIS) analyses. Furthermore, the
capacitive- and diffusive-controlled contributions of the hybrid
device were evaluated through linear and quadratic model
fittings.

Material synthesis and electrode preparation

Zinc nitrate hexahydrate (Zn(NOj),-6H,0), tin chloride di-
hydrate (SnCl,-2H,0), benzene tetracarboxylic acid (BTCA), di-
methylformamide (DMF), and deionized water (DI) were used in
the solvothermal synthesis of Sn-MOF and Zn-MOF. To
synthesize Sn-MOF, a tin chloride solution (0.6 M) was prepared
in DI water and BTCA (0.3 M) was dissolved in a DMF solution.
Both solutions were then mixed to achieve a homogeneous
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mixture. The prepared solutions were poured into a Teflon-
lined container and sealed properly. This was heated up to
140 °C for 18 h, and the obtained material was centrifuged to
collect the desired product, which was dried later. In a similar
way, Zn-MOF was prepared by dissolving zinc chloride (0.6 M) in
DI water and BTCA (0.3 M) in a DMF solution. Both these
solutions were subsequently mixed. The resulting mixture was
transferred to a Teflon-lined vessel and tightly sealed. It was
heated at 140 °C for 18 h, and the resulting product was
collected by centrifugation, washed thoroughly with ethanol
and DI water, and dried in an oven. For electrode fabrication,
a slurry was prepared by mixing 80% active material, 10%
acetylene black, and 10% polyvinylidene fluoride (PVDF)
binder, with PVDF first dissolved in N-methyl-2-pyrrolidone
(NMP). The slurry was mixed overnight using a stirrer to attain
a homogeneous mixture. The prepared mixture was deposited
on a nickel foam (current collector) and dried for 6 h at 75 °C in
an oven. A schematic of the preparation of Sn-MOF, Zn-MOF
and Sn-MOF/Zn-MOF is illustrated in Fig. 1.

Results and discussion

The crystallinity of the synthesized MOFs was determined
through the powder XRD technique. The XRD graph for both
MOFs is displayed in Fig. 1(b), in which Zn-MOF shows well-
defined and intense peaks. The main diffraction peaks are
indexed to the crystallographic planes of (111), (201), (211),
(112), (202), (013), (212), (113), (121), (022), (123), (222), (105),
(131), and (224), in agreement with the JCPDS card 96-220-2688.
Sn-MOF has broad peaks corresponding to the planes of (004),
(203), (006), and (311), consistent with the JCPS card 96-221-
9867. Debye-Scherrer calculations were employed to estimate
the crystallite size from the XRD data, revealing average crys-
tallite sizes of 4.01 nm for the Sn-MOF and 13.81 nm for Zn-
MOF. The surface morphology was examined by scanning
electron microscopy, revealing that Sn-MOF exhibited a gran-
ular morphology, whereas Zn-MOF presented crystalline struc-
tures distributed over the surface, as shown in Fig. 1(c and d).
The electrochemical measurements (CV, GCD, and EIS) were
performed using a potentiostat in a half-cell assembly, where
platinum and Hg/HgO were used as the counter and reference
electrodes, respectively. The best-performing electrode
(Sn-MOF/Zn-MOF) was further investigated in a two-electrode
assembly. 1 M KOH aqueous electrolyte was employed in the
subsequent electrochemical testing. Cyclic voltammetry (CV)
was conducted to evaluate the charge storage behaviour and
redox activity of the electrode materials. Fig. 2 summarises the
CV profiles of Sn-MOF, Zn-MOF and the Sn-MOF/Zn-MOF
composite. Fig. 2(a) shows the plot of current as a function of
voltage for Sn-MOF at various scan rates (3 mV s~ ' to 50 mV
s~ ). Similarly, the CV profiles of Zn-MOF were recorded at same
scan rates, as shown in Fig. 2(b). The existence of distinct redox
peaks in both Sn-MOF and Zn-MOF indicated that charge
storage was primarily governed by faradaic redox reactions. The
CV profile of the Sn-MOF/Zn-MOF composite is displayed in
Fig. 2(c). The attained peaks were relatively broader than those
of the pristine materials. It suggested the synergistic interaction

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(a) Schematic of the synthesis route for Sn-MOF and Zn-MOF. (b) X-ray diffraction patterns confirming the crystalline structures of Sn-

MOF and Zn-MOF. (c—d) Surface morphology images of Sn-MOF and Zn-MOF.

of the two metal centres, paving the way towards faster charge
kinetics and enhanced ion-diffusion pathways. With varying the
scan rates, the characteristic peak shape remained intact.
However, the peak positions were shifted slightly, which might
be due to internal polarization. At higher scan rates, the
composite material retained its CV profile. A comparison of the

CV profiles at 3 mV s~ is shown in Fig. 2(d). For the evaluation
of the charge storage behaviour, galvanostatic charge-discharge
(GCD) measurements were carried out. Fig. 3(a and b) show the
GCD curves for Sn-MOF and Zn-MOF at various current densi-
ties. The GCD curves for the Sn-MOF/Zn-MOF composite
material are shown in Fig. 3(c). A comparison of the GCD curves
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Fig. 2 Cyclic voltammetry curves of (a) Sn-MOF, (b) Zn-MOF, and (c) Sn-MOF/Zn-MOF composite. (d) Comparative CV curves of all samples

recorded at a scan rate of 3 mV s L.
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Fig. 3 Galvanostatic charge—discharge (GCD) profiles of (a) Sn-MOF, (b) Zn-MOF, and the (c) Sn-MOF/Zn-MOF composite. (d) Comparison of
the GCD curves for all samples measured at a current density of 1.5 A g~*. (e) Comparison of their specific capacities.

was carried out at 1.5 A g~ ' for Sn-MOF, Zn-MOF and Sn-MOF/
Zn-MOF. A clear difference could be observed for all three
electrodes. Sn-MOF showed a moderate charge-discharge
duration with a slightly sloped plateau, indicating its limited
charge storage capability. In comparison, Zn-MOF delivered
a longer charge-discharge time than Sn-MOF, demonstrating
that it has a more efficient redox activity and higher capacity.
The Sn-MOF/Zn-MOF composite electrode exhibited an
extended discharge time, confirming its improved efficiency
and superior charge storage performance at 1.5 A g, as shown
in Fig. 3(d). The trends in specific capacity at different current
densities for all three electrodes (Sn-MOF, Zn-MOF and the Sn-
MOF/Zn-MOF composite) are recorded in Fig. 3(e). The specific
capacity of individual pristine MOFs was evaluated; it was 286 C
g~' for Sn-MOF and 324 C g~ ' for Zn-MOF. However, the Sn-
MOF/Zn-MOF composite delivered an improved specific
capacity of 476 C g ' at 1.5 A g, highlighting its improved
performance. It further demonstrated the effective utilization of
active sites arising from the synergistic interaction between the

20298 | RSC Adv, 2026, 16, 20295-20303

two metal centres and improved electron transport. Specific
capacity was calculated using the following equation.

0, - (i)An
m

where Qg indicates the specific capacity, I refer to the current, m
is the mass, and At indicates the discharge time. Electro-
chemical impedance spectroscopy (EIS) was conducted over
a frequency range of 0.01 Hz to 100 kHz to determine the
resistive and diffusive contributions within the electrode
system. Fig. 4(a-c) show the Bode plots, which depict imped-
ance as a function of frequency for Sn-MOF, Zn-MOF and the
Sn-MOF/Zn-MOF composite, respectively. Fig. 4(d) presents the
Nyquist plots for pristine MOFs and the composite electrode,
exhibiting the difference in their electrochemical behaviour. Zn-
MOF presented an ESR value of 0.26 Q, while Sn-MOF presented
a slightly higher ESR of 0.45 Q. The Sn-MOF/Zn-MOF composite
exhibited an ESR of 0.31 Q, which was an intermediate value
between the two pristine MOFs. This suggested that the
composite might partially inherit the favourable conductivity of

(1)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Electrochemical impedance spectroscopy (EIS) results showing Bode plots of (a) Sn-MOF, (b) Zn-MOF, and (c) Sn-MOF/Zn-MOF

composite, and (d) Nyquist plots of all these samples.

Zn-MOF while benefitting from the structural features intro-
duced by Sn-MOF. This optimized resistance balance facilitates
improved electrochemical performance by promoting efficient
ion diffusion and enhanced redox activity.

A two-electrode configuration was employed to evaluate the
performance of a real device. The Sn-MOF/Zn-MOF composite
was used as the positive electrode, while the activated carbon
(AC) served as the negative electrode, as shown in Fig. 5(a). The
electrochemical performance of the device was tested ina 1 M
KOH electrolyte solution. Fig. 5(b) presents the comparative CV
behavior of the capacitive activated carbon electrode and the
battery-type composite electrode at a scan rate of 10 mV s~ . The
hybrid device Sn-MOF/Zn-MOF//AC was further evaluated at
different scan rates (3 mV s~ ' to 100 mV s ') to determine its
overall CV profile, as shown in Fig. 5(c). The prepared composite
material retained its characteristics CV peak shape at higher

scan rates. To examine the energy capability and charge storage
properties of the device, the GCD profile of the assembled
device at different current densities (0.6 Ag " to 5 A g~ ') was
evaluated, as shown in Fig. 6(a). The trend of the specific
capacity as a function of current density is presented in Fig. 6(b)
to evaluate the device performance. The lower current density
provides adequate time for ion diffusion into the electrode,
enabling full involvement in redox processes and yielding
a maximum specific capacity of 356 C g~ " at 0.6 A g~ . The
energy and power densities of the device are presented in
Fig. 6(c). The maximum value of energy density was 79.2 Wh
kg~ " and that of power density was 4000 W kg~ *. The energy and
power densities were calculated using the following equations.
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Fig.5 (a) Schematic of the fabricated device. (b) CV comparison of the AC and Sn-MOF/Zn-MOF electrodes. (c) CV response of the assembled
device.
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Here, E represent the specific energy density, Qy is the specific
capacity, AV is the potential window in which the device is
tested, P is the specific power density, and At is the discharge
time. Fig. 6(d) illustrates the Ragone plot, showing the rela-
tionship between the energy density and power density of the
hybrid device. The Nyquist plot of the assembled device shows
the typical features associated with the efficient energy transfer
observed at higher frequency regions. A small real-axis intercept
indicates low ESR and good electrode-electrolyte—collector
interaction. The low-frequency inclined line reflects ion diffu-
sion through the porous network. The steepness of this line
indicated the presence of well-developed diffusion pathways
and enhanced ion mobility inside the device architecture. The
Nyquist profiles suggest that the assembled device exhibits low
resistance, contributing efficiently to its strong electrochemical
performance, as presented in Fig. 6(e). Fig. 6(f) depicts the
cycling stability performance of the hybrid device, indicating
the capacity retention after continuous electrochemical cycling.
The capacitive and diffusive contributions of the hybrid device

20300 | RSC Adv, 2026, 16, 20295-20303

were estimated by fitting the linear model and quadratic model
using the CV profile at the scan rates of 10 mV s™! 40 mvV s,
and 100 mV s ', as shown in Fig. 7(a-c), respectively. The
electrodes reflected a dominant diffusion-controlled contribu-
tion at lower scan rates because of the availability of ample time
to access the deep active sites within the material. The diffusive
contribution decreased with increasing scan rate while at
higher scan rates, the capacitive contribution dominated due to
limited time for ion diffusion into the material. This trend
highlighted the electrode’s fast response capability and indi-
cated that the composite structure effectively supported both
diffusion-driven and surface-controlled charge storage
depending upon the operating conditions. The quadratic model
reliably describes the current response across provided scan
rates by capturing both the linear and non-linear components
associated with redox behaviour and ion transport within the
electrode. The strong agreement between the experimental
curves and fitting profile offered by the quadratic model
confirmed the suitability of the model in describing the elec-
trode kinetics well at different scan rates. Fig. 7(d) illustrates
a bar chart showing the percentage contributions of capacitive
and diffusive-controlled processes obtained using the linear

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.7 (a—c) CV analysis of the device using linear and quadratic fitting. (d) Capacitive and diffusive contributions obtained from the linear model.

(e) Capacitive and diffusive contributions obtained from the quadratic model.

model. The capacitive contribution increases with scan rate,
while the diffusion-controlled contribution becomes more
dominant at lower scan rates. At a lower scan rate, the attained
capacitive and diffusive contributions were 13% and 87%,
respectively. Similarly, at the highest scan rate, the obtained
capacitive and diffusive contributions were found to be 40%
and 60%, respectively. Fig. 7(e) illustrates a bar chart showing
the percentage contributions of capacitive and diffusive-
controlled processes obtained by employing the quadratic
model. The diffusive contribution can be observed to reduce
with increasing scan rates, which indicated that the electrodes
stored charges through quick surface reactions as ions might
not have gotten enough time to diffuse efficiently. On the other
hand, capacitive contributions increased with increasing scan
rates, which indicated the transition in the charge storage
mechanism. The overall performance of the device governed by
the combined action of capacitive- and diffusion-controlled
processes clearly indicated the simultaneous involvement of
both faradaic and non-faradaic reactions.

Conclusion

In this study, Sn-MOF, Zn-MOF and an Sn-MOF/Zn-MOF
composite material were successfully synthesised and charac-
terized. A systematic analysis was performed employing XRD,
SEM and electrochemical evaluations. Both three electrodes
and two electrodes configurations were employed to access
electrochemical behavior using CV, GCD, and EIS techniques.
In the half-cell assembly, the composite material exhibited the
highest specific capacity of 476 C g~ ' at 1.5 A g, highlighting
the mutual effect produced by the MOF/MOF combination.
Based on this promising performance, the composite material
was employed in a hybrid device assembly (Sn-MOF/Zn-MOF//

© 2026 The Author(s). Published by the Royal Society of Chemistry

AC), which demonstrated a maximum energy density of 79.2
Wh kg~ and a power density of 4000 W kg~ *. Semi-empirical
modelling approaches further supported the experimental
findings to provide a deep insight into the charge storage
mechanism. Overall, the interfacial synergy of Sn-MOF/Zn-MOF
makes it a highly promising electrode material candidate for
advanced energy storage applications, offering a balance
between supercapacitor and battery performances.
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