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ABSTRACT
Herein, we report the charge storage and plastic properties of the redox-active, bimetallic metal phosphonate framework of
[Cu(2,2′-bpy)VO(O3PC6H5)2]. The flexible crystals of [Cu(2,2′-bpy)VO(O3PC6H5)2] combine high energy storage with mechanical
flexibility on the same platform, which is an unusual and significant property that is not observed in traditional rigid layered
electrode materials. In contrast to RuO2, graphene, or MXenes, which prefer concentrated acidic or basic electrolytes to operate
effectively as electrodes, [Cu(2,2′-bpy)VO(O3PC6H5)2] operates between pHvalues of 4 and 10while reaching a specific capacitance
of about 140 F/g in H3PO4 at pH 4 and in NaOH at pH 10 at 1 mV/s. It also demonstrates high chemical and electrochemical
stability between pH 2 and 12 and in lithium hexafluorophosphate for extended periods. The use of [Cu(2,2′-bpy)VO(O3PC6H5)2]
as electrodes eliminates the need for harsh chemical environments, generating more sustainable and environmentally friendly
energy storage solutions, and [Cu(2,2′-bpy)VO(O3PC6H5)2] can be synthesized in water at mild temperatures. The combination
of chemical stability, mechanical flexibility of [Cu(2,2′-bpy)VO(O3PC6H5)2], and compatibility with mild electrolytes makes
[Cu(2,2′-bpy)VO(O3PC6H5)2] a more sustainable alternative to conventional metal oxides, MXenes, and carbon-based electrodes
in next-generation supercapacitors and battery technologies.
1 Introduction

The current material landscape in supercapacitor and battery
electrodes includes a diverse range of materials such as MXenes,
graphene, carbon nanotubes, activated carbon, metal oxides,
conductive polymers, and recently, metal-organic frameworks
(MOFs) [1–6]. Each of these material types delivers advantages
This is an open access article under the terms of the Creative Commons Attribution License, which perm
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and limitations in the form of variables such as energy density,
power density, electrical conductivity, cycle life, and cost [1–6].
Additionally, structural diversity limitations hinder their further
development for improved charge holding. For example, MXenes
and graphene provide very high electrical conductivity [7–9]. Still,
compared to MOFs, metal oxides, or coordination polymers, they
offer very limited structural diversity for optimizing their surface
its use, distribution and reproduction in any medium, provided the original work is properly
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areas to store electrical energy [10–12]. Despite their stability
in various electrolytes, the covalent modifications on graphene
and activated carbon are known to be difficult, providing limited
structural diversity for further optimizations compared to MOFs
or metal-organic solids [13]. MXenes or RuO2 electrodes usually
function under extremely acidic and basic aqueous electrolytes
such as 3 m H2SO4 or 6 m KOH, while their charge storage is
diminished in neutral electrolytes [14–17], and they are still very
expensive, requiring high-temperature synthesis [13].

A plethora of electrode materials exists, offering diversity
in dimensionality, sustainability, performance metrics, and
synthesis-related costs. MXenes are an emerging and diverse 2D
material family that enables plentiful applications for electro-
chemical energy storage and beyond [18, 19]. Yet, the MXene
precursor, MAX-phases, typically requires high-temperature syn-
thesis at or above 1000◦C, and MXene synthesis involves etching,
often involving toxic compounds such as hydrofluoric acid, which
limits their sustainable synthesis [20–23]. Despite metal oxides
providing high pseudocapacitance, the weaker stability of these
materials in water, acids, bases, and aqueous electrolytes is
problematic for their further optimization for long-term use
[24, 25]. Metal oxides also have limited structural diversity
compared to MOFs and coordination polymers [26]. Among
other electrode materials, MOFs provide the largest structural
diversity andwell-established synthetic routes to optimize surface
area and energy storage properties [26]. Still, MOFs are known
to be insulators, with a very limited number of conductive
unconventional MOFs in the literature [27, 28].

We have recently reported a new family of MOF semiconductors
based on phosphonic acid linkers, which provide high stability
in acids, bases, and electrolytes and offer potentially the richest
structural diversity compared to conventional MOFs [29–32].
A few examples of phosphonate-MOFs have been reported
to be very stable electrode materials for Li-ion batteries [31,
33]. We have recently reported the semiconducting properties
of Cu/V/phosphonate systems. They exhibit large structural
diversity, attributed to their wide range of coordination modes,
protonation states, and metal oxide oligomerization patterns
[34–36]. This structural versatility makes metal/phosphonate
systems especially attractive for developing multifunctional,
flexible conductive materials. Similarly, independent vanadium
oxide moieties are also well-known conductors [37]. In this
work, we wanted to study our previously reported organic–
inorganic hybrid crystals of [Cu(2,2′-bpy)VO(O3PC6H5)2]. The
Cu(II)/V(IV)/oxide chain is surrounded by π-stacked polyaro-
matic groups (2,2’-bipyridines and phenylphosphonic acids).
Such structures hypothetically combine the redox properties of
metal oxides and graphene on the same platform, plus improved
stability through high-affinity metal phosphonate bonds that are
generally resistant to hydrolysis in the presence of acids and
bases [30, 38].

Hypothetically, semiconducting flexible crystalline materials
would be an exciting class of material that combines mechanical
adaptability with electronic functionality [39–41]. Embedding
electrical conductivity into such crystals could enable new device
architectures, particularly in flexible electronics and energy
storage.While most existing flexible crystals rely on weak van der
Waals interactions or labile coordination bonds with halogens to
2 of 12
achieve flexibility, these approaches often compromise structural
integrity or functional performance. To the best of our knowledge,
semiconducting behaviour has not been reported yet in flexible
crystals [40, 41]. However, achieving a combination of flexibility,
mechanical stability, and conducting properties is critical for
advancing the design of energy storage devices. Also, again
to the best of our knowledge, there are no bimetallic/organic
hybrid flexible crystals in the literature with Tauc plots within
the semiconducting regime. Herein, we report such crystals of
[Cu(2,2′-bpy)VO(O3PC6H5)2] separated and exfoliated into long
crystalline sheets, which can be flexed to make a complete loop,
as can be seen in Videos S1–S4. We previously reported the
crystal structure and antiferromagnetic properties of [Cu(2,2′-
bpy)VO(O3PC6H5)2] [42]. Due to its unique flexibility and our
recent findings about the electrically conductive behavior of
Cu/V-phosphonates, wewanted to explore this organic/inorganic
hybrid compound that combines aromatic moieties surrounding
the redox-active bimetallic phosphonate chains and its applica-
tion in Li-ion batteries and supercapacitors.

2 Results

2.1 Mechanical Flexibility of
[Cu(2,2′-bpy)VO(O3PC6H5)2]

We previously reported the crystal structure and antiferro-
magnetic properties of [Cu(2,2′-bpy)VO(O3PC6H5)2], which was
synthesized hydrothermally in water as a single-phase product
above 180◦C, and the mechanical properties have not yet been
studied [42]. It crystallizes in the monoclinic P21/c and contains a
rod-shaped chain constructed from corner-sharing of vanadium
and copper square pyramids and phosphorus tetrahedra along the
crystallographic a-axis. Crystals of [Cu(2,2′-bpy)VO(O3PC6H5)2]
exhibited complete mechanical flexibility, deforming easily when
handled with a metal needle and retaining their deformed shape
even after the removal of stress (Figure S1 and Video S1). As seen
in Figure 1, face indexing from single-crystal X-ray diffractograms
confirmed that the side faces correspond to (001)/(001̄) and
(010)/(01̄0), whereas the top face was identified as (100)/(1̄00),
providing a precise determination of the bendable facets.

To gain deeper insight into this behavior, the crystals were
examined under a microscope by applying mechanical stress
using a pair of forceps and a metal needle in a three-point
geometry. Crystals separated and exfoliated into long crystalline
sheets, exhibiting remarkable reversible flexibility, even forming
a complete loop and returning to their original shape upon stress
removal when stressed perpendicular to the CP chains, specifi-
cally on the crystallographic face (001)/(001̄), as seen in Video S2.
Whereas in the case of thicker crystals, they easily surpassed the
elastic limit and entered the plastic deformation regime, stressed
upon the same crystallographic face. In contrast, when crystals
were stressed along the (010)/(01̄0) and (100)/(1̄00) faces, brittle
fracture was observed (Videos S3 and S4 This plastic bending
behavior arises from the presence of a slip plane parallel to (001̄)
in the crystal structure. When a mechanical force is applied
perpendicular to this slip plane, long-range molecular movement
occurs, leading to plastic deformation [43, 44]. In thin crystals,
however, the applied stress results only in short-range molecular
movement, preventing plastic deformation and allowing the
Advanced Functional Materials, 2026
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FIGURE 1 Mechanical properties of [Cu(2,2′-bpy)VO(O3PC6H5)2] single crystals. (a, b) Optical microscope images of three-point bending
experiments performed on single crystals over the (001) crystallographic face: (a) thin and (b) thick crystals. The bending of the thin crystal is fully
reversible (a, i–v), whereas the thicker crystal undergoes plastic deformation (b, i–vi). (c) Crystal packing in [Cu(2,2′-bpy)VO(O3PC6H5)2]. (i) Structure
of the covalently bonded coordination polymer chain along the crystallographic a-axis. (ii) Crystal packing as viewed along the (100), (010), and (001)
faces. Blue dotted lines show a potential slip plane.
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crystals to recover their original form once the stress is released.
Similar elastic reversible bending and irreversible plastic bending
have been recently observed in metal halogen coordination
polymers [39, 45]. However, the thickness-dependent flexibility
of these systems remains unexplored. In contrast, such behavior
is well-documented in molecular organic crystals, but to the best
of our knowledge, [Cu(2,2′-bpy)VO(O3PC6H5)2] is the first metal-
organic solid crystal generating such elastic behavior [46] Atomic
force microscopy (AFM) force distance curves were used to study
the mechanical properties and elastic recovery of crystals with
different thicknesses (tbulk > tneedle > tsheet), as shown in Figure
S2. The elastic modulus increased with thickness, with values of
2.75±0.09 GPa for bulk crystals, 2.03±0.05 and 2.20±0.04 GPa for
needle-shaped crystals, and 1.79±0.05 GPa for sheet-like crystals
(Figure S3 and Table S1). Analysis of the retract curves showed
that thinner structures experience less plastic deformation com-
Advanced Functional Materials, 2026

iv
pared to elastic deformation. As a result, the elastic recovery
increased significantly as the crystal thickness decreased. This
trend agreeswellwith the qualitative observations fromour three-
point bending experiments, confirming the superior flexibility
and reversible deformation of thinner crystals.

2.2 Band Gap

Direct and indirect band gaps of thematerial have been estimated
by a Tauc plot generated from the diffuse reflectance spectra
(Figure S4) [47, 48]. The compound has an optical band gap in
the range between 1.75 and 2.50 eV, which clearly classifies this
compound as semiconducting. Despite the low band gap, wewere
not able to measure electrical conductivity in the single crystals
of [Cu(2,2′-bpy)VO(O3PC6H5)2], which is due to the difficulty
3 of 12
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FIGURE 2 A) Cyclic voltammograms of [Cu(2,2′-bpy)VO(O3PC6H5)2] at different pH values.
B) Cyclic voltammograms of [Cu(2,2′-bpy)VO(O3PC6H5)2] at different scan rates. C) Electrochemical impedance spectra of [Cu(2,2′-bpy)VO(O3PC6H5)2]
at different pH values. D) Galvanostatic cycling with potential limitation at 100 mA/g for 1200 cycles of [Cu(2,2′-bpy)VO(O3PC6H5)2] in organic
electrolyte LiPF6 1 m in EC:DMC (1:1 by volume) vs. Li+/Li as reference and counter-electrode.
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of measuring the electric conductivity in isolated rod-shaped
structure of [Cu(2,2′-bpy)VO(O3PC6H5)2], and also due to the
twinned crystal structure that can be cracked and exfoliated,
which generate limited contact within the crystal.

2.3 Electrochemical Stability and Energy Storage

The material was tested in different aqueous environments at
pH 4, 7, and 10. Cyclic voltammograms shown in Figure 2A
corroborate the preliminary observations about the chemical
stability of [Cu(2,2′-bpy)VO(O3PC6H5)2] along with reversible
redox peaks, which decay in intensity in different scan rates,
shown in Figure 2B. Given the presence of two electroactive
metallic centers within the compound, potential shifts observed
with increasing scan rates and varying pH suggest a strong
correlation between reaction kinetics and ionic interactions in
the electrolyte [49]. Moreover, this also suggests that the mate-
rial is electrochemically active not only in the metallic center,
as other structural groups directly impact diffusion kinetics,
highlighting the versatility of the synthesized material [50].
Furthermore, there are slight deviations between environments,
with a small difference from alkaline to acidic, further reinforcing
the chemical stability of the material.

At neutral pH, slower reversible redox kinetics and lower specific
capacitance indicate a shift toward diffusion-dominated charge
storage over capacitive mechanisms. As seen in Figure 2A,B, the
4 of 12
specific capacitance for the electrodes in aqueous H3PO4 (pH 4)
and aqueous NaOH (pH 10) electrolytes reaches approximately
140 F/g at a low scan rate of 1 mV/s, indicating efficient
charge storage due to enhanced ion accessibility and Faradaic
contributions under these conditions. MXenes and carbon-based
electrodes usually require very concentrated acidic, aqueous 3 m
H2SO4 and aqueous basic electrolytes 6 mKOH to provide similar
capacitance values [15, 51, 52].

Complementary to the preliminary electrochemical analysis, the
electrochemical impedance spectra shown in Figure 2C suggest
that the system kinetics are directly associated with the elec-
trolyte, as investigated with an equivalent circuit in the inset. At
high frequencies, the material shows a partial semi-circle in the
Nyquist plot, indicating a Faradaic reaction between electrode
and electrolyte, with a charge transfer resistance value of 9.91 Ω at
pH 4, 1.64 Ω at pH 7, and 2.53 Ω at pH 10, as observed in the redox
peaks. At low frequencies, there is a combination of diffusional
and capacitive behavior, with the presence of a second charge
transfer resistance, which suggests charge intercalation into the
inner electroactive sites of the material. This further supports the
observation of reactive chemical groups occluded in the near-
surface volume of the material. The fit of the Nyquist plots can
be found in Table S2.

To better understand the energy storage process, in addition
to using [Cu(2,2′-bpy)VO(O3PC6H5)2] as the working electrode
and activated carbon as the counter electrode, we also prepared
Advanced Functional Materials, 2026
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FIGURE 3 Cyclic voltammograms for comparison of electrochemical behavior between [Cu(2,2′-bpy)VO(O3PC6H5)2]and Ti3C2Tx MXene at
5 mV/s in A) pH 4, B) pH 7, and C) pH 10. Comparison at 100 mV/s in D) pH 4, E) pH 7, and F) pH 10.
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two-electrode cells with Ti3C2TX. As seen in Figure 3A–C, the
cyclic voltammograms at 5 mV/s and 100 mV/s display a quasi-
rectangular shape in the different electrolytes, highlighting the
pseudocapacitive behaviour of [Cu(2,2′-bpy)VO(O3PC6H5)2], as
suggested by the EIS spectra of the electrodes. In comparisonwith
MXene under the same conditions, [Cu(2,2′-bpy)VO(O3PC6H5)2]
shows comparable values of specific capacitance in the used
electrolyte conditions at pH 4, 7, and 10. Table S3 summarizes
the specific capacitance of the known MOFs in the literature
in different electrolyte conditions for comparison. As each of
the MOFs reported in the literature was studied in a different
electrolyte system, it was not possible to fully compare their
capacitance values. [Cu(2,2′-bpy)VO(O3PC6H5)2] operates in a
large pH range compared to the MOFs in the literature, which
indicates its advantage, as it can be used under a variety of
electrolyte conditions in a dynamic pH range.

The b-value analysis in the different electrolyte conditions was
performed, indicating a significant diffusional contribution as the
scan rate increases, as shown in Figure S5A–C [53, 54]. Using a
high specific current of 1 A/g, we conducted extended galvano-
static charge/discharge cycling (Figure S5D–F). Overall, after an
initial decrease, the performance was stable at a low amplitude.
After 10 000 cycles, the structural integrity of the electrodes was
investigated again by Raman spectroscopy, XRD, and SEM-EDX
(Figure S6). The diffractograms shown in Figure S6A indicate the
characterizing reflectance around 18◦2θ, a characteristic signal
of the pristine phosphonate [Cu(2,2′-bpy)VO(O3PC6H5)2] even
after cycling in different electrolytes at pH 7 and 10, which
is in alignment with Raman spectroscopy (Figure S6B). The
Advanced Functional Materials, 2026
electron micrographs shown in Figure S6C–G further support
the stability of the [Cu(2,2′-bpy)VO(O3PC6H5)2] as crystals are
visible and intact. Due to the potential formation of extensive
EEI at pH 4, it was not possible obtain a reasonable X-ray
diffractogram, although some crystals are visible in Figure S6E.
The EDX mapping shown in Figures S7 and S8 indicates a
homogenous distribution of elemental composition of [Cu(2,2′-
bpy)VO(O3PC6H5)2] in the prepared electrodes.

The electrochemical performance in an organic environment was
also investigated in a lithium-ion battery system using a lithium
hexafluorophosphate electrolyte (Figure 3D). The electrochemi-
cal stability of the material is once again highlighted, with the
maintenance of operation after 1000 cycles of GCPL at 100 mA/g
and an increase in capacity until a plateau is reached at 32mAh/g.
Although the charge storage of [Cu(2,2′-bpy)VO(O3PC6H5)2] is
limited when operated as a lithium-ion battery, the prolonged
chemical stability and the structural versatility of metal phospho-
nates are significant indicators that they can be used to develop
the next-generation long-lasting lithium-ion battery electrodes.

Figure S9A,B shows the cyclic voltammetry in LiPF6 1 m
electrolyte that indicates a quasi-reversible diffusion-controlled
mechanism, suggesting an intercalation mechanism, typical of
battery-type materials. The sequential peaks suggest two one-
electron redox reactions from distinct metallic centers. The first
peak at 1.75 V vs. Li+/Li is associated with the oxidation of V(IV)

to V(V), while the peak around 2.5 V vs. Li+/Li relates to the
oxidation of Cu(I) to Cu(II) [55–57]. As for the reduction peaks
at 1.5 and 0.5 V vs. Li+/Li, they correspond to the reduction
5 of 12
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of Cu(II) to Cu(I) and V(V) to V(IV), respectively [57]. These
redox reactions suggest a two-step process involving Cu and V
redox couples with potential hysteresis due to possible structural
changes and kinetic limitations during the Li+ insertion in
the [Cu(2,2′-bpy)VO(O3PC6H5)2] framework, suggested by the
galvanostatic charge-discharge pattern in 1,200 cycles, shown
in Figure S9D [58]. Furthermore, there is no indication of an
electrochemical contribution of the 2,2’-bipyridine ligand since
it does not undergo redox reactions in this potential window,
suggesting that it acts as a structural scaffold [42]. Still, the
redox potential displacements may indicate that the electronic
delocalization of the ligand impacts the diffusion kinetics.

The theoretical capacity of the [Cu(2,2′-bpy)VO(O3PC6H5)2]
is 89 mAh/g, considering a two-electron transfer mechanism
between Cu2+ ↔ Cu+ and between V5+

↔ V4+. During gal-
vanostatic cycling with potential limitation, although the specific
capacity is relatively low, the increase within each cycle is
highlighted. This could indicate that the material requires an
activation step to allow more electroactive sites to undergo redox
reactions, which would be related to the mechanical stress of the
Li+ intercalation of each cycle. To put in perspective, Table S3
compares the specific capacity of ourmaterial with other reported
MOF/phosphonates.

2.4 Chemical Stability

Metal oxides are known for their high thermal stability but often
exhibit limited chemical stability, especially in the presence of
acids, bases, and aqueous electrolytes [59].While transitionmetal
phosphonates are known to be insoluble in water, a compre-
hensive study of their solubility constants has not been reported
in the literature [38]. However, related copper phosphonates are
employed as anticorrosion agents, such as protecting archeolog-
ical sites from water and acid rain damage [60]. Phosphonates
exhibit a very strong metal binding affinity; for example, the
structurally analogous phosphonates demonstrate 4.5 orders of
magnitude higher metal binding affinity compared to isostruc-
tural carboxylate ligands [61]. Furthermore, phosphates form
insoluble copper salts with reported solubility product constants
around 10−37 [62]. This suggests the use of semiconducting phos-
phonates in electrochemical applications to improve the stability
of Li-ion batteries or supercapacitors and limit the hydrolysis in
the presence of an aqueous environment. This inherent stability
of metal phosphonates is also important when employing a
wide range of electrolytes to optimize charge storage potential.
Therefore, in this work, we investigated the chemical stability of
[Cu(2,2′-bpy)VO(O3PC6H5)2] in acidic (HCl), basic (NaOH), and
organic solvents. For this purpose, 15 mg of crystals of [Cu(2,2′-
bpy)VO(O3PC6H5)2] were weighed into sample vials and stirred
rigorously in 10 mL of the respective medium for one week at
room temperature. Subsequently, the samples were re-analyzed
using X-ray diffraction (Figure S10A,B) after one week of rigorous
stirring. As seen in Figure S10A,B, [Cu(2,2′-bpy)VO(O3PC6H5)2]
crystals, after rigorously stirring between pH 2 and 12, retain their
characteristic diffraction reflections, indicating high structural
integrity within this pH range for one week. No new peaks have
been observed within this pH range, suggesting that phase purity
is retained after one week.
6 of 12
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As can be seen in the scanning electron micrographs (Figure 4),
despite vigorous stirring, the crystal edges remain sharp, suggest-
ing there is no or very minimal dissolution between pH 2 and
12 after one week. At pH 1, the crystals were visually present
after 3 h, with a slight blue coloring of the acid solution after
stirring. After 24 h, the acid solution became blue-colored with
a solid precipitate. After one week in 1 m HCl, a very limited
presence of phosphorus element can be observed in SEM-EDX,
indicating that the majority of the phenylphosphonic acid is
protonated and released as a free acid (Figures S11–S25). As seen
in Figure 4, at pH 14, some of the original structure is still
present after one week of rigorous stirring in 10 mL of 1 m NaOH,
indicating strong stability in the basic medium. Overall, the
chemical stability tests in various pH values demonstrate that the
material exhibits high stability across a broad range of conditions,
except for significant degradation observed only at pH 1 after
one day.

2.5 Effect of pH on Crystal Structure and
Morphology

As seen in Figures S11–S25, at low pH values, the scanning
electron micrographs reveal some exfoliation while retaining
the original X-ray diffractogram. At mild pH values of 4, the
micrograph shows intact crystals and smooth surfaces. At higher
pH values (10 and 12), the bulk structure is maintained, as
confirmed by X-ray diffraction. Still, significant exfoliation into
thin layers of crystals occurs at higher pH values while retaining
the original crystal structure. Especially at pH 12, pronounced
exfoliation results in the formation of thin rods peeling off the
crystals. As the crystal edges remain sharp, no dissolution of the
crystals at pH 12 is observed. These observations indicate that the
material can withstand acidic and alkaline conditions without
degradation after one week (and continuing) of rigorous stirring
of 15 mg of crystals in 10 mL of corresponding acid and base
concentrations.

2.6 Effect of Organic Solvents on Structure and
Morphology

As large sections of [Cu(2,2′-bpy)VO(O3PC6H5)2]are composed of
aromatic phenyl and bipyridine moieties, we wanted to further
test the stability of [Cu(2,2′-bpy)VO(O3PC6H5)2] in the presence
of common organic solvents. Scanning electron micrographs
(Figure 4) illustrate the exfoliation or peeling of [Cu(2,2′-
bpy)VO(O3PC6H5)2] crystals after stirring for 1 week in 10 mL
of a variety of organic solvents. The crystals still retain their
characteristic diffraction reflections after exfoliation. In polar
protic solvents such as methanol, ethanol, and 2-propanol, the
crystals maintain their original crystal shape, which is confirmed
by the sharp and well-defined X-ray reflections. Aprotic solvents
such as DMF (N,N-dimethylformamide), DMAc (dimethylac-
etamide), and EtOAc (ethyl acetate) help the exfoliation of larger
crystals form into a fibrous or fiber-like structure. The X-ray
diffractograms indicate that the bulk crystal structure remains
intact. Acetic acid (AcOH) also induces a significant exfoliation
of the larger crystals, resulting in a fibrous appearance due to the
flexibility of the crystals. Overall, [Cu(2,2′-bpy)VO(O3PC6H5)2]
material is very robust under extreme chemical environments
Advanced Functional Materials, 2026
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FIGURE 4 Scanning electronmicrographs of [Cu(2,2′-bpy)VO(O3PC6H5)2] after stirring for 1 week under different pH conditions and in common
organic solvents; a) acetic acid b) N,N-dimethylacetamide c) ethylaceatea d) ethyl alcohol e) isopropyl alcohol f) toluene g) pH1 h) pH 2 i) pH 3 j) pH 4
k) in water l) pH 10 m) pH 12 n) pH 14 and o) stereo microscope pictures of the crystals after synthesis.
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and retains its structural integrity under a wide range of aqueous
and organic conditions. Furthermore, crystals exfoliate at the
brittle (010)/(01̄0) and (100)/(1̄00) faces while no deformation
is observed in the flexible face of [Cu(2,2′-bpy)VO(O3PC6H5)2],
generating hair-like exfoliated crystal bundles (Figure 4).
Advanced Functional Materials, 2026
The exfoliation behavior observed at alkaline pH values is
particularly interesting, as it increases the surface of [Cu(2,2′-
bpy)VO(O3PC6H5)2] crystals and potentially improves the inter-
action with electrolytes, leading to better charge storage capacity,
which is a critical parameter for supercapacitors and batteries.
7 of 12
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The stability of the material, even after exfoliation, is confirmed
by consistent X-ray diffractograms (Figure S10), indicating that
the core coordination framework remains intact. The observed
structural stability in alkaline conditions could help increase
the long-term performance and durability of batteries and
supercapacitors.

2.7 Thermal Stability

The thermal stability of [Cu(2,2′-bpy)VO(O3PC6H5)2] was deter-
mined using thermogravimetric analysis (TGA), as shown in
Figure S26. The compound exhibits high thermal stability, with
only a minor mass loss of approximately 3.5% observed up
to 410◦C. This is attributed to the evaporation of the surface-
adsorbed water vapor. Above 410◦C, a significant weight loss
occurs, corresponding to the decomposition of the 2,2’-bipyridine
and phenylphosphonic acid (PPA) ligands of the coordination
polymer. The decomposition associated with 2,2′-bipyridine loss
is observed between 410◦C and 460◦C, although the steps may
be overlapping. Subsequently, between 460◦C and 610◦C, further
decomposition associated with the loss of PPA occurs, resulting
in a residue of approximately 49.6 mass% at 610◦C, which is
nearly equivalent to the theoretical 51mass% corresponding to the
inorganic components of [Cu(2,2′-bpy)VO(O3PC6H5)2]. Beyond
610◦C, an additional minor loss of approximately 2 mass% is
observed up to 1000◦C, likely due to the gradual sublimation of
P4O10 or the loss of oxygen from CuO or VO2. These findings
confirm that [Cu(2,2′-bpy)VO(O3PC6H5)2] exhibits high ther-
mal stability, making it a promising candidate for applications
requiring stability under elevated temperatures. The hydrother-
mal synthesis at 185◦C–230◦C is also indicative of the intrinsic
stability of [Cu(2,2′-bpy)VO(O3PC6H5)2] in an acidic aqueous
environment.

3 Conclusions

Herein, we report the first flexible bimetallic crystals for energy
storage applications in the literature. The mechanically flexing
crystals of [Cu(2,2′-bpy)VO(O3PC6H5)2] have the potential to
serve as a supercapacitormaterial due to their favorable electronic
properties and chemical and structural stability. The crystals
of [Cu(2,2′-bpy)VO(O3PC6H5)2] could be exfoliated into thin,
flexible sheets without losing the original crystal structure.
The flexibility of single crystals can be utilized to manufacture
supercapacitors in various shapes and forms. The chemical
and thermal stability of [Cu(2,2′-bpy)VO(O3PC6H5)2] is much
better compared to the traditional electrode materials, as it
can withstand harsh chemical conditions between pH 2 and
12 after vigorous stirring in 10 mL at room temperature. It
slowly dissociates at pH 14 after one week and at pH 1 in one
day. Intensive exfoliation of large crystals was observed due
to rigorous stirring in a variety of chemical media. Still, no
patterns of dissolving in acids and bases were observed, and the
crystal structure remained intact. The organic–inorganic hybrid
structure of [Cu(2,2′-bpy)VO(O3PC6H5)2] combines the proper-
ties of organic materials and metal oxides on the same platform,
where more than 50% of [Cu(2,2′-bpy)VO(O3PC6H5)2] by mass
is composed of polyaromatic moieties. In a pH-neutral environ-
ment, the electrochemical behavior differs from that observed
8 of 12
under acidic or alkaline conditions. Here, the reversible redox
process proceedsmore slowly, as indicated by the reduced specific
capacitance values. This suggests that diffusional processes play a
more dominant role than capacitive mechanisms, indicating that
metal-binding phosphonate groups enhance chemical stability,
thereby limiting hydrolysis at pH 2 and 12.

Furthermore, [Cu(2,2′-bpy)VO(O3PC6H5)2] provides a high spe-
cific capacitance of 140 F/g in H3PO4 at pH 4 and in NaOH at pH
10. The high capacitance atmilder and environmentally friendlier
electrolytes [Cu(2,2′-bpy)VO(O3PC6H5)2] is advantageous com-
pared to other materials. For example, materials such as MXene
or many carbon-based electrodes require extremely acidic and
basic aqueous electrolytes such as 3 m H2SO4 or 6 m KOH
to reach similar specific capacitance. Furthermore, [Cu(2,2′-
bpy)VO(O3PC6H5)2] can be synthesized sustainably in water at
180◦C. [Cu(2,2′-bpy)VO(O3PC6H5)2] remains stable over a total of
10000 charge and discharge cycles at pH 4 and 10, demonstrating
its stability as a supercapacitor electrode material. These high
capacitance values near neutral pH are also significant, as they
provide more sustainable working conditions under mild pH
values compared to aqueous 6 m KOH, where activated carbon
electrodes generally operate. Considering conventional MOFs
that are composed of water-soluble metal acetate clusters and
metal oxides, instability in aqueous medium and electrolytes,
these results are significant for further developing the next
generation of electrode materials based on hybrid bimetallic
Cu/V-phosphonates.

By combining structural flexibility, semi-conductivity, and chemi-
cal stability, [Cu(2,2′-bpy)VO(O3PC6H5)2] represents a novel class
of hybrid materials and provides a framework for the design of
durable and environmentally benign electrode architectures for
future energy storage technologies.

4 Methods

4.1 Chemicals

All chemicals were purchased from standard commercial sup-
pliers such as Fisher Scientific, Thermo Fisher, and Merck and
were used without further purification. Deionized water (Type I,
18.2 MΩ⋅cm) for all syntheses and product washing was freshly
prepared using an Arium Mini Ultrapure Water System.

4.2 Synthesis

Amixture of CuSO4⋅5H2O (0.124 g, 0.50 mmol), Na3VO4 (0.059 g,
0.32 mmol), phenylphosphonic acid (0.448 g, 2.87 mmol), and
2,2’-bipyridine (0.071 g, 0.45 mmol) was added to a 23 mL
polytetrafluoroethylene liner. Subsequently, 10 mL of ultrapure
water was added to the liner, and the resulting orange suspension
was stirred for two minutes before being placed in a stainless-
steel container. The mixture was heated at 185◦C for 48 h in a
preheated oven and then removed using crucible tongs. Raising
the reaction temperature from 180◦C (the original procedure) to
185◦Cwas crucial, as it suppressed the formation of trace amounts
of Cu(2,2′-bpy)SO4 side product (less than 5 mass%), improving
both the yield and purity of the target compound. The crystals can
Advanced Functional Materials, 2026
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also be synthesized at up to 230◦C hydrothermally with complete
phase purity. After cooling to room temperature, the reaction
mixture was transferred to a 50 mL centrifuge tube and thor-
oughly washed with ultrapure water and acetone (approximately
100mL each, in several aliquots). The resulting product, obtained
as green rods or plates, was dried under vacuum at 60◦C. The
approximate yield was 90% based on vanadium at 185◦C.

4.3 X-Ray Diffraction

X-ray diffractograms were recorded on a Bruker D2 Phaser
diffractometer (300 W, 30 kV, 10 mA) using Cu-Kα radiation (λ =
1.5418 Å). Measurements were performed at room temperature
over a 2θ range of 2◦–50◦ with a total scan time of 30 min.
The data analysis was conducted using the software Match!
(version 3.3.0, Crystal Impact). Diffractograms of the electrodes
used in electrochemical characterization using a D8 Discover
diffractometer (Bruker AXS) with a copper X-ray source (Cu-
Kα, λ = 1.5406 Å, 40 kV, 40 mA), a Göbel mirror, and a 1 mm
point focus. The samples were fixed to a glass sample holder at
a desired amount for preparation. Another glass substrate was
gently pressed onto the sample to ensure homogeneity, and the
excess sample was removed from the glass substrate.

4.4 Electrode Preparation

The electrodes used in the electrochemical testing were prepared
using [Cu(2,2′-bpy)VO(O3PC6H5)2] as active material and carbon
black (ACB, BP2000 from Cabot). For the preparation, 70 mass%
of the active material and 20 mass% carbon black were mixed
with 10 mass% of binder (polytetrafluoroethylene, 60 mass%
dispersion in water, Merck) and ethanol in a mortar. Then,
the materials were thoroughly triturated until a homogeneous
mixture of dough was formed, and rolled and pressed with a
calendaring machine (HR01 hot rolling machine, MTI) and dried
at 100◦C for 12 h under a vacuum of 6 kPa to form a sheet with a
430 µm thickness, measured using a C640 thickness tester from
Labthink. The electrodes with a 10 mm diameter were punched
out and characterized. For comparison, electrodes of few-layer
Ti3C2TX (Nanoplexus 99%) were prepared following the same
methodology.

The electrode morphology was examined using SEM and X-
ray diffraction before and after electrochemical testing. SEM
was performed using a ZEISS GEMINI 500 microscope with
an Xmax detector from Oxford Instruments at an acceleration
voltage of 2 kV. Raman analysis was done using a Renishaw
InVia microscope with an excitation laser of 532 nm and a power
of 87 µW. The spectra were obtained from 10 points with a
10 s exposure time and accumulated five times, then treated for
cosmic ray removal and normalization.

Three-electrode polyethylene-ether-ketone (PEEK) cells
equipped with spring-loaded graphite pistons were used for
electrochemical investigations [63]. The cells were assembled
using a glass microfiber membrane (GF/A, Whatman) as a
separator sandwiched between two electrodes: the working
electrode of active material and the counter-electrode prepared
using YP80F. The aqueous electrolytes consisted of phosphoric
Advanced Functional Materials, 2026
acid 0.1 mm (Sigma–Aldrich 99%) with pH 4, sodium sulfate
1 m (Sigma–Aldrich 99%) with pH 7, and sodium hydroxide
0.1 mm (Sigma–Aldrich 99%) with pH 10. The electrochemical
behavior of the active material was initially investigated
using electrochemical impedance spectroscopy, performed
from 100 kHz to 10 mHz at an open circuit potential of
+0.02 V vs. Ag/AgCl (3 m) for 1 h. All tests were conducted
at 25 ± 1◦C in a climate chamber using a BioLogic VMP-300
potentiostat/galvanostat. Cyclic voltammetry was performed
in different scan rates (1–100 mV/s) in a potential window of
−0.8 to +0.8 V vs. Ag/AgCl (3 m). The electrochemical stability
and specific capacitance of the active material were investigated
using galvanostatic cycling with potential limitation (GCPL,
at 1000 mA/g), where the specific capacitance (Cs in F/g) was
calculated from each cycle discharge with constant current,
following Equation (1):

𝐶s =
𝑖 ⋅ Δ𝑡

𝑚 ⋅ Δ𝐸
(1)

where i (A) is the applied current, Δt (s) is the discharge time
variation, m (g) is the total mass of the electrodes, and ΔE (V)
is the potential vs. Ag/AgCl (V) corrected from the Ohmic drop.
Furthermore, the stability of the material through the Coulombic
efficiency of each cycle is assessed to identify parasitic reactions
or degradation of the active material, along with electrolyte
decomposition as well.

The morphology of the prepared electrodes was character-
ized prior to the electrochemical experiments to ensure a
thorough characterization of the synthesized material Cu(2,2′-
bpy)VO(O3PC6H5)2. The scanning electron micrographs dis-
played in Figure S27 indicate a homogenized distribution of the
conductive carbon additive over the active material. However,
it was possible to observe large smooth-surfaced crystals of the
MOF active material, as seen in Figure S28B. At higher magnifi-
cations, Figure S28C,D, it is possible to observe layered stacked
structures of the material synthesized in acidic conditions, as
shown in the scanning micrographs presented in Figure S28,
further corroborating the observation of the material stability
during electrode preparation.

To further explore the effects of the electrode preparation on the
morphology and structure of Cu(2,2′-bpy)VO(O3PC6H5)2, X-ray
diffraction was performed, and the data are displayed in Figure
S28E. The diffractogram displays the characteristic reflectance
signals of the material at 6.7◦ 2θ, 13.4◦ 2θ, and 17.6◦ 2θ, suggesting
no significant changes in the material’s structure.

Raman spectroscopy was used to investigate the electrode prepa-
ration over the chemical stability of the material, which is
presented in Figure S28F. The faint Raman signal at 724 cm−1 is
associated with a Cu─O stretching vibration of the copper metal-
lic center [64]. The bands around 969 and 998 cm−1 are associated
with the symmetric stretch of P─O bonds, which also display
weaker bands from 405 to 471 cm−1 associated with asymmetric
stretching and bending of the O─P─O bond deformation [65].
Moreover, it is also possible to observe the bands corresponding
to the O─V─O bonds in the range of 338–472 cm−1; symmetric
stretching characteristic signals of O─V─O are present at 723
and 771 cm−1, along with a stretching vibration with a frequency
9 of 12
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of 855 cm−1 [66]. These results further corroborate the presence
of two electroactive metallic centers that can undergo redox
reactions. At higher frequencies, the C─H and ring deformation
of bipyridine molecules are much more prominent, with the
characteristic sharp bands displaying at 1147, 1187, 3061, and
3080 cm−1 [67, 68].

4.5 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) measurements were per-
formed under air using a TG Tarsus 209 F3 instrument (Netzsch).
A gas flow rate of 10 cm3/min was applied. Samples were heated
from 30◦C to 1000◦C at a heating rate of 10◦C/min.

4.6 Scanning ElectronMicroscopy and
Energy-Dispersive X-Ray Spectroscopy

Scanning electron micrographs of the samples were acquired
using a JEOL JSM-6510 scanning electron microscope. Prior to
imaging, the samples were sputter-coated with gold using a JEOL
JFC-1200 Fine Coater. The electrode micrographs were collected
with a ZEISS GEMINI 500 scanning electron microscope by
applying an accelerating voltage of 2 kV at a working distance of
4.0 mm. Before the measurements, the samples were mounted
on an aluminum stub, which was fixed with copper tape. Energy-
dispersive X-ray spectra and elemental mapping were obtained
using a Bruker XFlash Detector 410-M.

4.7 Raman Spectroscopy

Raman analysis was done using a Renishaw InVia microscope
with an excitation laser of 532 nm and a power of 87 µW. The
spectra were obtained from 10 points with a 10 s exposure time
and accumulated five times, then treated for cosmic ray removal
and normalization.

4.8 pH-Measurements

The pH of ultrapure water was adjusted to values between pH 1
and 14 using aqueous HCl (w = 0.37) and KOH (1 m). For pH = 1
or 14, pure aqueous HCL solution (0.1 m) or KOH solution (1 m)
was used directly. All pHmeasurements were performed at room
temperature (20◦C) using a Metrohm 744 pH meter.
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