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Metal—-organic frameworks (MOFs), owing to their distinctive structural properties and customizable
functionalities, have been garnering significant attention in the pursuit of advanced energy storage and
conversion technologies. In this work, a bimetallic MOF, CuNi-PTC, has been synthesized through
a straightforward method. Investigations reveal its potential as a high-performance electrode material for
supercapacitors and as an electrocatalyst for water splitting. The CuNi—-PTC MOF features a large
specific surface area, hierarchical porosity, and strong structural stability, as evidenced by spectroscopic
and electron microscopy analyses. As a supercapacitor electrode material, CuNi—PTC delivers an
impressive specific capacitance of 1066.24 F g~* at a current density of 1 A g%, along with excellent
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Accepted Sth May 2025 cycling stability, retaining 94% of its capacity after 5000 charge—discharge cycles. Additionally, the
electrocatalytic performance of CuNi—PTC for both the hydrogen evolution reaction (HER) and the

DO 10.1039/d5na00300h oxygen evolution reaction (OER) was assessed, showing overpotentials of 212 mV for the HER and
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Introduction

The rapid rise in global energy demand has underscored the
urgent need for alternative energy solutions. Traditional energy
sources, such as fossil fuels, are becoming increasingly unsus-
tainable due to their limited reserves and harmful environ-
mental impacts, including greenhouse gas emissions and
pollution. This growing disparity between supply and demand
has accelerated the search for cleaner and more sustainable
energy options. Renewable energy sources, like solar, wind, and
hydropower, are gaining prominence as promising alternatives
to fossil fuels, as they rely on abundant resources and natural
processes that are far less detrimental to the environment.
However, these energy sources are not without challenges,
particularly their intermittency, as energy generation can fluc-
tuate based on external factors such as weather conditions and
time of day."* As a result, the development of advanced energy
storage systems has become critical to ensuring the reliability of
renewable energy sources.

Energy storage technologies play a vital role in balancing the
energy grid by capturing excess energy generated during periods
of low demand and storing it for use when demand increases or
when renewable energy production is low. This not only stabi-
lizes the power grid system but also ensures a continuous and
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380 mV for the OER at a current density of 10 mA cm™2, along with exceptional long-term durability.

dependable energy supply. Technologies such as super-
capacitors, batteries, and flow batteries are at the forefront of
this effort, each offering distinct advantages.® Supercapacitors,
known for their rapid energy discharge and recharging capa-
bilities, along with their long cycle life, are particularly useful in
applications where quick energy release is necessary.* At the
same time, significant advances are being made in clean energy
production technologies. One of the most promising methods
is water splitting, a process that involves the electrochemical
separation of water into hydrogen and oxygen. This is achieved
through the hydrogen evolution reaction (HER) and the oxygen
evolution reaction (OER), both of which are crucial for the
production of clean hydrogen fuel.® Hydrogen, in turn, can be
used in fuel cells for electricity generation or as a key feedstock
in various industrial applications, making it an essential
component in the transition to a low-carbon economy.® As such,
developing efficient, durable, and cost-effective electrocatalysts
for the HER and OER remains a central focus in the pursuit of
scalable hydrogen production technologies.

The quest to enhance both energy storage and conversion
technologies has led to an intense focus on improving electrode
materials. These materials must exhibit high energy and power
density, superior electrical conductivity, and long-term stability
under operational conditions. Among the most promising
materials being explored are Metal-Organic Frameworks
(MOFs), which offer unique advantages in energy-related
applications due to their highly tunable structures and excep-
tional porosity.”'° MOFs are crystalline materials formed due to
coordination of metal ions or clusters with organic linkers,
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resulting in versatile structures that can be customized for
specific properties, including high surface areas, thermal and
chemical stability, conductivity, and catalytic activity."**> These
characteristics make MOFs ideal candidates for applications in
both energy storage devices, like supercapacitors, and energy
conversion processes, such as water splitting.

Building on the potential of MOFs, recent attention has shif-
ted towards bimetallic frameworks, which incorporate two
different metal centers within the same structure. This dual-
metal approach offers synergistic effects that often surpass the
performance of their monometallic counterparts, by combining
the distinct electronic, catalytic, or structural advantages of each
metal.”® Several bimetallic MOFs have demonstrated enhanced
redox activity and stability in supercapacitive and electrocatalytic
applications, attributed to improved electron transfer dynamics
and optimized active site distribution."* Such frameworks are
particularly appealing for multifunctional applications, where
a single material is expected to operate efficiently in both charge
storage and catalysis.”® The rational design of bimetallic MOFs
thus represents a powerful strategy for advancing next-generation
energy materials.

This study focuses on the synthesis and characterization of
a CuNi-PTC MOF, a bimetallic framework that incorporates
copper (Cu) and nickel (Ni) metal centers, coordinated with
perylene-3,4,9,10-tetracarboxylic dianhydride (PTC) as the
organic linker. The synthesized MOF has been characterized
using various spectroscopic and electron microscopy methods
to evaluate its structure, crystallinity, and morphology.
Following this, CuNi-PTC has been employed as an electrode
material for supercapacitors and electrocatalytic water splitting,
showcasing high specific capacitance, lower overpotential, and
remarkable long-term stability. The combination of Cu and Ni
in the framework is expected to offer enhanced electrochemical
and catalytic performance. Copper, with its excellent conduc-
tivity and catalytic properties, is complemented by nickel, which
is known for its stability and efficiency in catalytic reactions.
The bimetallic nature of this MOF is anticipated to provide
a synergistic effect, improving its overall performance.

Experimental
Materials

All chemicals were used as received, adhering to established
purity standards. Perylene-3,4,9,10-tetracarboxylic dianhydride
(PTC) was sourced from Lancaster Synthesis, while nickel
nitrate (Ni(NOj),-6H,0) and cupric acetate (Cu(OAc),-H,O)
were obtained from Sigma-Aldrich.

Synthesis of CuNi-PTC

The CuNi-PTC MOF was synthesized under solvothermal
conditions using a conventional heating approach with DMF as
the solvent."® Initially, PTC was converted into its potassium salt
(K4PTC) by refluxing it with 4.5 equivalents of KOH for 12 h,
yielding a fluorescent green solution. This solution was slowly
added to acetone, leading to the formation of a yellow precipi-
tate. The precipitate was filtered, thoroughly washed with
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acetone, and dried in a hot air oven to obtain K,PTC." For the
synthesis of CuNi-PTC, aqueous solutions of K,PTC (0.2 mmol
in 2 mL water), Ni(NO3),-6H,0 (0.1 mmol in 2 mL water), and
Cu(OAc),-H,0 (0.1 mmol in 2 mL water) were sonicated sepa-
rately for 30 minutes. These solutions were then combined and
stirred with 11 mL of DMF for 3 hours using a magnetic stirrer.
The mixture was transferred into an autoclave and heated in
a muffle furnace at 180 °C for 24 h. After cooling, the resulting
precipitate was filtered, thoroughly washed with water and
ethanol, and dried to yield a brownish powder of CuNi-PTC.

Characterization techniques

The synthesized MOF, CuNi-PTC, was thoroughly characterized
using a variety of spectroscopic and electron microscopy tech-
niques to confirm its crystallinity and examine its structure,
bonding, and morphology. X-ray diffraction (XRD) was con-
ducted with a Rigaku Smart Lab diffractometer, using Cu Ko
radiation (1 = 0.154 nm), to assess the crystalline properties of
the MOF. Functional group identification was performed
through Fourier transform infrared (FTIR) spectroscopy using
a Shimadzu IR Spirit-L spectrometer. X-ray photoelectron
spectroscopy (XPS) was performed with a PHI VERSAPROBE III
system to analyze bonding characteristics and confirm the
elemental composition of the MOF. Thermal stability was
evaluated via thermogravimetric analysis (TGA) on a Perki-
nElmer analyzer. The Brunauer-Emmett-Teller (BET) method
was employed to determine the surface area and pore size using
a BELSORP-mini II surface area analyzer. Field emission scan-
ning electron microscopy (FESEM), combined with energy-
dispersive X-ray spectroscopy (EDS), was performed with
a Carl Zeiss Supra 55 microscope to investigate the material's
morphology and composition. Additionally, a Zeta-20 KLA
Tencor optical profilometer was used to capture the three-
dimensional profile of the MOF.

Electrochemical analysis

An electrochemical workstation, CHI608E (CH Instruments
Inc., USA), equipped with a three-electrode setup, was employed
for electrochemical studies. Supercapacitor performance was
assessed using a saturated calomel electrode as the reference,
a platinum wire as the counter electrode, and a working elec-
trode consisting of the prepared sample coated on nickel foam.
The electrolyte used was 3 M KOH. The working electrode was
fabricated by drop-casting an aqueous slurry of the sample,
which was prepared by mixing 1 g of the MOF with 0.289 g of
activated carbon, 0.0938 g of PVDF, and 60 uL of NMP, onto Ni
foam, followed by overnight drying. Cyclic voltammetry (CV),
galvanostatic charge-discharge (GCD), and electrochemical
impedance spectroscopy (EIS) were employed at room temper-
ature to assess the supercapacitor behavior of the prepared
sample. The specific capacitance (Cs), energy density (E), and
power density (P) were calculated using eqn (1)-(3), respectively.

I x At (1)

s =

mxV

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Water splitting experiments were performed using an elec-
trochemical cell with a three-electrode configuration,
comprising a working electrode, a calomel reference electrode,
and a platinum wire counter electrode, with 1 M KOH as the
electrolyte. The working electrode was prepared by drop-casting
catalyst ink, which was made by mixing 50 mg of the synthe-
sized MOF, 20 mg of PVDF, 60 pL of ethanol, and 60 pL of water,
onto nickel foam, followed by drying overnight at 60 °C. The
electrochemical analysis involved cyclic voltammetry (CV),
linear sweep voltammetry (LSV), and electrochemical imped-
ance spectroscopy (EIS). LSV was conducted at a scan rate of
5 mV s~ ', and the overpotentials were determined at a current
density of 10 mA cm 2. The potential (V vs. RHE) was calculated
using eqn (4).

E(V vs. RHE) = E + (0.0591 x pH) + 0.241 (4)

Results and discussion

Structural and morphological examination of CuNi-PTC

The X-ray diffraction (XRD) analysis of the synthesized K,PTC
and CuNi-PTC is depicted in Fig. 1a. The XRD pattern for K,PTC
shows distinct diffraction peaks at 26 angles of 6.6°, 13.1°,
26.1°, 30.1°, 32.4°, and 39.2° corresponding to the Miller
indices (hkl) of (001), (110), (202), (122), (204), and (222) planes,
respectively.'®'® CuNi-PTC exhibits peak positions similar to
those of K,PTC, but with differences in intensity and slight
shifts in certain planes, indicating the successful formation of
CuNi-PTC. The sharp and well-defined peaks reflect its crys-
tallinity and the high degree of order in the framework. Addi-
tionally, while some extra reflections are observed, these are
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attributed to reorganization owing to framework formation
leading to new crystalline phases or partial recrystallization
effects, rather than impurity phases. Notably, the characteristic
diffraction peaks of nickel oxide, typically found at 26 values
around 37.3° and 43.3°, and copper oxide centred at 26 values
around 35.6° and 38.3° are absent in the CuNi-PTC pattern.”**
This absence confirms the successful synthesis of CuNi-PTC
without residual nickel oxide or copper oxide phases, ensuring
the purity of the material.

Fig. 1b shows the Fourier Transform Infrared (FTIR) spectra
for CuNi-PTC and K,PTC, offering insights into the bonding
characteristics of these materials. The peaks at 1348 cm™ ' and
1564 cm ™' are attributed to the symmetric and asymmetric
stretching vibrations of the carboxylate group (-COO),
consistent with similar observations in related studies.”” A
significant feature in the CuNi-PTC spectrum is the shift in the
carbonyl (C=0) stretching vibrations, typically found around
1700 ecm™ ", to a lower frequency of 1676 cm™ ', indicating the
coordination of the carboxylate group to the Cu®" and Ni**
ions.”*** This weakens the carbonyl bond, resulting in a reduced
stretching frequency, and confirms the strong interaction
between the carboxylate group of the ligand and the metal
center, validating the metal-ligand binding.

Additionally, the spectra exhibit peaks at 1271 cm ™',
1048 cm™ !, and 817 cm ™ corresponding to C-C stretching, C-O
stretching, and C-H bending vibrations, respectively, within the
ligand's aromatic ring.?* The broad peak around 3450 cm ™" is
attributed to O-H stretching, likely due to the presence of trace
amounts of water during the crystallization process. In the
lower frequency range (400 to 800 cm™ "), distinct peaks provide
further evidence of metal-ligand interactions. Most notably, the
peaks at 454 cm ™, 650 cm ', and 740 cm ™! are associated with
Ni-O and Cu-O stretching vibrations,***” confirming the coor-
dination between Cu®*/Ni** ions and the oxygen atoms of the
ligand in CuNi-PTC.

X-ray photoelectron spectroscopy (XPS) was conducted to
analyze the bonding within the as synthesized CuNi-PTC
framework. Fig. 2a depicts the survey spectrum of CuNi-PTC
showing the presence of peaks centered at 284.9, 531.8, 856.3,
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and 934.9 eV corresponding to C 1s, O 1s, Ni 2p, and Cu 2p with
atomic percentages of 76.7%, 20.6%, 1.67%, and 1.07%,
respectively. Additionally, high-resolution profiles of the
respective elements were further interpreted to corroborate
their bonding environment within the framework. Fig. 2b
shows the high-resolution scan for C 1s. The spectrum shows
peaks around 284 eV and 284.5 eV, which correspond to sp®
carbon (C-C bonds) and sp” carbon (C=C) from aromatic rings
in the PTC ligand of the MOF. Moreover, peaks centered at
284.8 eV and 286.8 €V are attributed to C-O and C=0 linkages
in the PTC linker structure.?® The O 1s spectrum (Fig. 2¢) depicts

4132 | Nanoscale Adv, 2025, 7, 4129-4141
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(a) XPS survey spectrum of CuNi—PTC. High-resolution core spectra of (b) C 1s, (c) O 1s, (d) Ni 2p, and (e) Cu 2p.

two peaks, at 531 eV and 532 eV, owing to the presence of C=0
and C-O linkages in the PTC linker.

The Ni 2p spectrum (Fig. 2d) displays two prominent peaks
corresponding to the 2p;, and 2p,,, spin-orbit levels. The
peaks at 856.1 eV and 873.8 eV are assigned to Ni** 2p;/, and
Ni** 2p,,, respectively. These primary peaks are further
accompanied by characteristic satellite features, with distinct
peaks observed at 861.5 eV and 881.3 eV. A low intensity peak at
876.7 eV is attributed to the presence of trace amounts of
Ni*".2>3% This suggests that, while Ni*" is the dominant oxida-
tion state, there is a degree of oxidation state heterogeneity
within the material. The Ni** species reflect a small but

© 2025 The Author(s). Published by the Royal Society of Chemistry
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significant deviation from the predominant Ni** state, poten-
tially resulting from local structural variations or partial
oxidation, and may influence the overall electronic properties of
the MOF.

The Cu 2p spectrum (Fig. 2e) reveals multiple peaks corre-
sponding to the 2ps, and 2p,,, spin-orbit levels, indicative of
copper's oxidation states. The main peak at 934.9 eV is attrib-
uted to the Cu®" 2p;, transition, suggesting the presence of
Cu(u) species. In contrast, a low intensity peak at 932.3 eV
corresponds to the Cu' 2p;), state. Additionally, a satellite peak
is observed at 943.8 eV, which is a hallmark of the Cu*" oxida-
tion state. The higher energy 2py/, level appears at 954.4 eV,
corresponding to the Cu®* 2py,, transition, with a satellite peak
at 962.2 eV, further reinforcing the presence of Cu”*.3**? This
combination of Cu(1) and Cu(u) states highlights the mixed
oxidation states of copper in the material, which could play
a critical role in defining the MOF's electronic and catalytic
properties. The heterogeneity of copper's oxidation states
suggests varying local environments, possibly influenced by
coordination with the PTC ligands or surrounding Ni metal
nodes.

The FESEM images depict the morphology of CuNi-PTC
comprising Cu and Ni as metal nodes (Fig. 3a and b). The
structure exhibits a combination of distinct plate-like structures
and smoother flake formations, which can be correlated with
the reported characteristics of Cu-PTC and Ni-PTC,

View Article Online
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respectively. The larger, sharper-edged plates observed in the
image are consistent with the morphology typically associated
with Cu MOFs, where the Cu nodes tend to form rigid, plate-like
assemblies. Meanwhile, the smoother, less angular flake-like
structures are likely indicative of the Ni metal nodes, which
have been reported to form more refined and continuous
surfaces in MOFs. This combination of textures highlights the
distinct contributions of both metals to the overall morphology
of the as synthesized MOF, reflecting their individual structural
tendencies within the framework. Fig. S1f depicts the EDS
spectrum of the realized MOF showcasing the distribution of
elements C, O, Cu, and Ni in 68.92, 21.93, 5.56, and 4.19 weight
(wt)%, respectively. Fig. 3c presents a three-dimensional (3D)
surface view of CuNi-PTC, obtained through optical profilom-
etry. This 3D surface profile provides a comprehensive depic-
tion of the material's topography, revealing variations in surface
roughness. The uneven surface, characterized by micro and
nanoscale cavities, enhances ion accessibility to the electrode
material, promoting more efficient ion diffusion and lowering
charge transfer resistance.* The average surface roughness (S,)
and root mean square roughness (S;) for the MOF were
measured at 4.526 um and 5.754 pm, respectively.

The thermogram of the synthesized MOF reveals a multi-step
thermal degradation pattern, indicative of its structural integ-
rity and stability under heat (Fig. 4a). The first stage, exhibiting
approximately 10% weight loss up to 120 °C, corresponds to the

Fig. 3
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(@ and b) FESEM micrographs and (c) 3D surface profile of CuNi—-PTC.
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evaporation of physically adsorbed water or residual solvents
within the porous structure. As the temperature increases to the
range of 150 °C to 200 °C, a more pronounced weight loss of
15.5% is observed, which likely results from the release of
coordinated H,O attached to the framework. Finally, a third
decomposition event occurs between 350 °C and 400 °C, where
a 10% weight loss is attributed to the breakdown of the coor-
dination between the PTC linker and metal nodes, resulting in
the release of volatile components like CO,. Overall, the TGA
profile suggests that the MOF demonstrates moderate thermal
stability, leaving behind a residual mass of 56.95% at 700 °C.

The Brunauer-Emmett-Teller (BET) surface area and pore
volume of the synthesized CuNi-MOF were determined from N,
adsorption-desorption isotherms recorded at 77 K. The
isotherm, shown in Fig. 4b, exhibits characteristics of a type III
isotherm, which is indicative of multilayer adsorption, even at
low relative pressures. The BET method was applied to calculate
the surface area, yielding a value of 28.257 m> g~'. Notably,
a hysteresis loop was observed in the relative pressure range of
0.0 to 1.0, particularly prominent at both low and high pres-
sures. This loop corresponds to Hi-type hysteresis, which is
often linked to uniform pore structures and suggests the
occurrence of capillary condensation within the material's
mesopores.**

Further pore size distribution analysis, conducted using the
Barrett-Joyner-Halenda (BJH) method and presented in
Fig. S2,T indicated a total pore volume of 0.095 cm?® g~*. The
BJH analysis revealed a narrow pore size distribution, primarily
pointing to the presence of micropores and mesopores. The
pore diameter and average pore diameter identified through the
BJH plot were 2.00 nm and 45.55 nm, confirming the material's
classification as mesoporous.

Electrochemical investigation

The CuNi-PTC framework comprises repetitive Cu and Ni metal
nodes interconnected with the organic ligand PTC through
coordination bonds. The rigid planar structure and extended
conjugation of the PTC ligand provide a stable and conductive
backbone, promoting efficient electron transfer. Furthermore,
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the incorporation of both Cu and Ni metal nodes imparts
distinct redox properties, creating a synergistic effect that
enhances the composite's electrocatalytic activity and charge
storage capacity. The bimetallic framework also increases the
density of active sites, further improving electrochemical
performance.

Considering these structural and compositional advantages,
the electrochemical behavior of CuNi-PTC was systematically
investigated using a conventional three-electrode cell configu-
ration. The analysis involved cyclic voltammetry (CV), galvano-
static charge/discharge (GCD) experiments, linear sweep
voltammetry (LSV), and electrochemical impedance spectros-
copy (EIS) to assess its supercapacitive and water-splitting
capabilities.

Importantly, the chemical stability of MOFs in acidic or basic
media is a key determinant of their long-term viability in elec-
trocatalytic systems. MOFs constructed from high-valent metal
ions (e.g., Zr*" and AI**) and hard base ligands like carboxylates
typically exhibit enhanced stability in acidic environments due
to strong metal-ligand interactions.*® Conversely, MOFs incor-
porating divalent transition metals (e.g., Zn*>* and Co”*) with
nitrogen-donor ligands often show greater resistance in basic
media,*® as explained by the hard and soft acids and bases
(HSAB) theory. According to this theory, strong soft acid-soft
base interactions provide chemical robustness under alkaline
conditions.*”

In this context, CuNi-PTC may benefit from the strong
coordination between Cu”*/Ni*" and the tetracarboxylate PTC
ligand, along with structural reinforcement from its bimetallic
nature. This combination is expected to show resilience in
a basic medium as an electrolyte (KOH). This is further sup-
ported by the preserved morphology of the framework after
several charge-discharge cycles in supercapacitance as well as
prolonged electrolysis in water splitting, as discussed in the
further sections.

Supercapacitance investigation

Fig. 5a and S3at present the cyclic voltammograms of CuNi-
PTC measured within the potential window of 0.1-0.5 V at

© 2025 The Author(s). Published by the Royal Society of Chemistry
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varying scan rates, ranging from 200 mV s ' to 10 mV s~ ', and
10 mV s™' to 1 mV s~ ', respectively. Notably, the CV curve
recorded at a scan rate of 10 mV s~ shows two distinct peaks at
0.169 V and 0.282 V, corresponding to cathodic reduction and
anodic oxidation processes. The CV curves feature two
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prominent peaks, indicating that faradaic reactions are occur-
ring within the material, which suggests that CuNi-PTC
exhibits pseudocapacitive behavior due to redox processes
rather than purely electrostatic charge storage, as is typical in
double-layer capacitors. As the scan rate increases, the current
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density rises accordingly, leading to an expansion of the CV
curve area. This can be attributed to the reduced thickness of
the electrolyte diffusion layer at higher scan rates, which facil-
itates faster ion exchange and electron transfer, resulting in an
enhanced current response. Fig. S3bf compares the CV of the
working electrode with bare Ni foam (also at 10 mV s~ "), clearly
demonstrating the negligible redox activity of bare Ni foam.
This comparison highlights the significant role of CuNi-PTC in
contributing to the observed redox behavior.

To further substantiate these findings, the b-value was
calculated from the slope of the log(iy) versus log(v) plot, using
the Randles-Sev¢ik equation (eqn (5)).**

ip=ar (5)

For CuNi-PTC, the calculated b-value was 0.636 (Fig. 5b).
This intermediate value, between 0.5 and 1, suggests that the
charge storage mechanism involves a combination of surface-
controlled capacitive effects and diffusion-limited processes.
This result indicates that CuNi-PTC primarily stores charge
through surface reactions, encompassing both double-layer
capacitance and faradaic (pseudocapacitive) processes. The
material's surface promotes rapid redox reactions, contributing
to its high charge-storage capacity. While the surface-controlled
processes dominate, there is some contribution from ion
intercalation or diffusion into the electrode layers, though this
is less significant compared to the surface capacitive effects.
Additionally, the power law relationship (eqn (6)) was utilized to
analyze the charge storage mechanisms in CuNi-PTC.

1
ip :k1v+k2v5 (6)

In this equation, 7, represents the peak current at a given
potential, and v is the scan rate in V s~*. The terms k,v and k,v"/>
correspond to the contributions from surface capacitive effects
and diffusion-controlled processes, respectively. To further

investigate these contributions, a plot of vll% vs. v'/2 is gener-
ated (at 0.283 V in this case), where the slope and y-intercept
from the linear fit yield the values for k; and k,, respectively.*®
Fig. S4t illustrates the plot of vll% vs. v'/2 at 0.283 V. Fig. 5c
presents a bar chart illustrating the surface current contribu-
tions at various scan rates. At a scan rate of 1 mV s *, the
analysis showed that the diffusive current contributed 93.85%,
while the capacitive contribution accounted for 6.15%. As the
scan rate increased from 1 mv s ' to 200 mV s~ ', the diffusive
current contribution dropped significantly, from 93.85% to
51.89%. This indicates that at lower scan rates, the ions have
sufficient time to diffuse into and out of the electrode, making
diffusion the dominant charge storage mechanism. In contrast,
at higher scan rates, ions do not have enough time to fully
penetrate the material's bulk, resulting in charge storage being
primarily controlled by rapid surface reactions, such as ion
adsorption and fast redox processes occurring at or near the
electrode surface.
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Galvanostatic charge-discharge (GCD) curves are essential
for assessing the specific capacitance of electrode materials, as
they provide valuable information about the material's charge
and discharge performance over time. Fig. 5d displays the GCD
curves of CuNi-PTC recorded at different current densities
within a potential range of 0.1 to 0.4 V. The non-linear shape of
the GCD curves, which deviates from the ideal triangular profile
typical of double-layer capacitors, confirms the pseudocapaci-
tive nature of CuNi-PTC. At a current density of 1 A g~ ', CuNi-
PTC exhibits a specific capacitance of 1066.24 F g™, high-
lighting its exceptional charge storage capacity. Moreover,
CuNi-PTC achieves an energy density of 13.33 W h kg™' and
a power density of 150.03 W kg ', demonstrating its capability
to store substantial energy and deliver it quickly. This combi-
nation makes CuNi-PTC well-suited for applications requiring
both high energy and power densities.

Fig. 5e displays the Nyquist plot from electrochemical
impedance spectroscopy (EIS) measurements, used to evaluate
the charge transfer resistance (R.) of the electrode material. The
plot shows that CuNi-PTC has an R, value of 2.42 Q, indicating
relatively low resistance and high conductivity, which facilitate
efficient electron transfer during redox reactions. Additionally,
long-term stability is a key consideration for the practical use of
the as synthesized MOF as an electrode material. As shown in
Fig. S5,f the material retains 94% of its initial capacitive
performance even after 5000 charge-discharge cycles, demon-
strating excellent cycling stability. This durability is crucial for
the longevity and reliability of energy storage devices.

Thus, the charge storage behavior of CuNi-PTC can be
understood as a hybrid process involving both pseudocapacitive
and diffusion-controlled contributions, which vary with the
scan rate. At lower scan rates, the diffusion-controlled processes
dominate due to the sufficient time for ions to diffuse into the
bulk of the electrode. This is indicative of intercalation or
diffusion-limited redox reactions that occur deep within the
material's structure. However, as the scan rate increases, there
is a shift towards capacitive charge storage, driven by surface
reactions and ion adsorption at the electrode surface. This
transition is characteristic of materials exhibiting pseudocapa-
citance, where the charge storage primarily arises from fast
reversible surface redox reactions. At higher scan rates, an
almost equal balance between fast surface redox reactions and
slower bulk diffusion is observed. This indicates that while the
electrode surface facilitates rapid redox transitions, some ion
access into the porous interior is still retained even at fast
timescales. EIS further supports this, showing that CuNi-PTC
offers low R, indicating rapid electron transfer at the interface,
while the Warburg region suggests that ion diffusion through
the material's pores remains significant at lower scan rates.

To assess the structural integrity and morphological resil-
ience of CuNi-PTC after extensive cycling, FESEM was per-
formed following 5000 charge-discharge cycles. As depicted in
Fig. S6,1 the material retained its characteristic microstructure,
with no significant collapse or fragmentation of the framework.
Only slight surface roughening and minor aggregation were
observed, indicating that the bimetallic CuNi-PTC architecture
remains largely intact under prolonged cycling conditions. This

© 2025 The Author(s). Published by the Royal Society of Chemistry
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preservation of morphology highlights the excellent mechanical
and electrochemical stability of the MOF, making it a promising
candidate for long-term energy storage applications.

To better assess the performance of the CuNi-PTC electrode,
Table S11 presents a comparison with recently reported bime-
tallic Ni-MOF based electrode materials used in super-
capacitors. As is evident, the CuNi-PTC exhibits competitive or
superior performance in terms of specific capacitance, and
long-term stability, emphasizing the synergistic benefits of
incorporating both Cu and Ni metal centers.

Fabrication of an asymmetric supercapacitor device

An asymmetric supercapacitor device was fabricated using
CuNi-PTC (0.25 g) as the current collector, paired with activated
carbon as the counter electrode and 3 M KOH as the electrolyte.
Fig. 6a presents the cyclic voltammograms recorded across
a potential range of 0-1.4 V at scan rates varying from 10 mv s "
to 100 mV s~ '. The CV profiles exhibit a hybrid shape, falling
between a rectangular form (indicative of pure electrical double-
layer capacitance) and well-defined redox peaks (typical of
strong faradaic reactions). Broad peaks and the observed
symmetry around the zero-current axis suggest a pseudocapa-
citive behavior for the electrode material. This behavior arises

—
Q
S
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from the combination of the pseudocapacitive characteristics of
CuNi-PTC and the EDLC-dominant behavior of activated
carbon.

The GCD curves, shown in Fig. 6b, recorded in the same
potential range, display a nearly triangular shape with slight
deviations from linearity, further confirming the pseudocapa-
citive nature of CuNi-PTC. The specific capacitance of CuNi-
PTC in the two-electrode system was determined to be 606 F g~
at a current density of 1 A g~ '. Additionally, the device delivered
an energy density of 142.3 W h kg™ and a power density of
2600 W kg '. EIS measurements (Fig. 6¢) revealed an R of
162.8 Q. Moreover, the device demonstrated excellent cycling
stability, retaining 95% of its initial capacitance after 5000
charge-discharge cycles (Fig. 6d).

Water splitting evaluation

CuNi-PTC was subsequently used as an electrocatalyst for both
the hydrogen evolution reaction (HER) and the oxygen evolution
reaction (OER) in water splitting. Fig. 7a and b show the linear
sweep voltammetry (LSV) curves for the HER and OER, respec-
tively. For HER, the MOF exhibits an overpotential of 212 mV at
a current density of 10 mA ecm™?, indicating its efficiency in
hydrogen production. This relatively low overpotential suggests
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(a) Cyclic voltammograms of CuNi—PTC at various scan rates, (b) GCD curves at different current densities, (c) Nyquist plot and (d) cycling

stability of CuNi—PTC at current density 6 A g~2, using a two-electrode system.
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that CuNi-PTC effectively promotes proton reduction to
hydrogen gas, minimizing energy consumption during the
process. For OER, the MOF shows an overpotential of 380 mV at
the same current density, demonstrating its ability to facilitate
oxygen generation. Although the OER overpotential is higher
than that of the HER, it still reflects good catalytic activity, as
oxygen evolution typically involves greater kinetic challenges
compared to the HER. Additionally, the LSV curve for overall
water splitting, depicted in Fig. S7a,t shows that the overall
reaction required a cell potential of 1.557 V at a current density
of 10 mA em 2.
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Tafel slopes help to clarify the mechanism and kinetics of
hydrogen and oxygen evolution. In a basic medium, the HER
mechanism starts with the Volmer step (eqn (7)), followed by
either the Heyrovsky step (eqn (8)) or the Tafel step (eqn (9)),
where * represents the active site. The corresponding Tafel
slopes for these steps are approximately 120, 40, and 30 mV
dec ™!, respectively.*

*+ H,O+e — H*+ OH™ 7)

*+H,O+e +H* > H,+OH + * (8)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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H* + H* — H, + 2% 9)

The Tafel slope for the HER, measured at 99.58 mV dec ™,

suggests moderately fast reaction kinetics (Fig. 7c). This value
indicates that hydrogen evolution on the synthesized MOF likely
follows the Volmer-Heyrovsky mechanism, where proton
adsorption is followed by an electron transfer step.** A Tafel slope
in this range points to efficient electron transfer and a well-suited
catalytic surface for hydrogen generation. For the OER, the Tafel
slope is 212 mV dec ™, reflecting slower kinetics compared to the
HER (Fig. 7d). This higher value suggests that the OER mecha-
nism involves multiple electron transfer steps with higher energy
barriers, contributing to the slower reaction rate.*?

Additionally, electrochemical impedance spectroscopy (EIS)
was employed to assess the charge transfer resistance (R.) from
the Nyquist plot, which indicates how easily electrons move
across the electrode-electrolyte interface. The R values were
measured at 7.74 Q for the HER and 1.75 Q for the OER (Fig. 7e
and f), suggesting that the CuNi-PTC MOF supports efficient
electron transport at the interface. These low R, values highlight
the material's good electrical conductivity and effective catalytic
surface, ensuring efficient hydrogen and oxygen production.

To assess the electrochemical surface area (ECSA) of the
electrode, non-faradaic CV curves were recorded over a scan
rate range of 100 to 50 mV s * (Fig. S7b1). These curves were
used to generate a linear plot of current density (A/) versus the
scan rate, which allowed for the determination of the double-
layer capacitance (Cgq;) of the electrode material. The ECSA
was calculated using eqn (10), where C, represents the specific
capacitance of a smooth surface with an area of 1 ecm”. The C

value for bare Ni foam is reported as 0.035 mF cm ™ 2.*
C
ECSA = ?‘” (10)

Using this equation, the ECSA of CuNi-PTC was calculated to
be 0.108 cm?, reflecting the effective surface area available for
electrochemical reactions (Fig. 8a). This value provides impor-
tant insights into the electrode's performance during water
splitting. The stability of CuNi-PTC as an electrocatalyst was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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further evaluated through bulk electrolysis over 2 hours
(Fig. 8b). The MOF demonstrated fairly good stability, with
a decrease in current density from 347 mA ¢cm > to 258 mA
cm > The observed decrease in current density can be attrib-
uted to partial structural reorganization of the MOF surface
under prolonged electrochemical conditions, as well as possible
leaching from the electrode. Furthermore, the continuous
evolution of gas bubbles may lead to the temporary blockage of
active catalytic sites, thereby hindering efficient charge transfer.

To evaluate the structural and morphological stability of
CuNi-PTC after prolonged electrochemical operation, post-
catalysis characterization was performed following HER and
OER testing. FESEM images (Fig. S81) show that the MOF
retained its overall morphology, with minor signs of surface
roughening or aggregation. This suggests that the CuNi-PTC
framework is structurally robust and resistant to degradation
under the applied electrochemical conditions.

Conclusion

The synthesis and characterization of the CuNi-PTC MOF were
thoroughly conducted. XRD analysis confirmed its crystalline
structure, while FTIR and XPS confirmed the formation and
bonding characteristics of the MOF. FESEM imaging revealed
a combination of plate and flake-like morphology, and N,
adsorption-desorption isotherms showcased a BET surface area
of 28.25 m*> g '. Electrochemical testing demonstrated that
CuNi-PTC has a high specific capacitance of 1066.24 F g~ ' at
a current density of 1 A g™, along with commendable cycling
stability, retaining 94% of its initial capacitance after 5000
charge-discharge cycles. Furthermore, the catalytic perfor-
mance of CuNi-PTC for both the HER and OER was assessed,
showing overpotentials of 212 mV for the HER and 380 mV for
the OER at a current density of 10 mA cm ™2 and exhibiting good
long-term stability.
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