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Caffeic acid (CA) is an important antioxidant often found in many kinds of fruits. In this study, we developed
an electrochemical sensor based on an electrochemically grown bimetallic metal-organic framework film
(Cu,Ni-BTC) for the in situ determination of CA in fruits. The Cu,Ni-BTC film was grown directly onto
a glassy carbon electrode (GCE) via a cathodic electrodeposition method under optimal conditions. The
results showed that a uniform film made of Cu,Ni-BTC metal-organic frameworks with a Cu: Ni molar
ratio of 3.67 was grown on the electrode surface. It was found that the charge transfer kinetics were
much improved on the electrode modified with the Cu,Ni-BTC material. Consequently, the caffeic acid
sensor based on the Cu,Ni-BTC film showed a detection limit and sensitivity as low as 0.7 uM (1.5 times
less than that of the unmodified electrode) and 0.924 pA pM~! cm=2 (13.2 times higher than that of the
unmodified electrode), respectively. The developed sensor also exhibited high reproducibility (RSD =
2.61%), good stability (RSD = 6.47%) after 7 days, and good selectivity towards CA. Real sample tests
using apple juice showed good recovery (92.2-98.4%). Further studies will be conducted in the near
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1. Introduction

Caffeic acid (CA) (3,4-dihydro-cinnamic acid, CoHgO,) is a poly-
phenol antioxidant found in various plant species (apples and
olives), foods (oils), beverages (beer, wine, and pear juice) and
some medicines.! The mechanism behind the antioxidant
behavior of CA is mainly related to the interaction between this
molecule and free radicals via hydrogen atom transfer and
single-electron transfer.> CA has shown antiproliferative effects
against various cancer cells,® bacteria and viruses*® and
protective effects against brain-related diseases.® For these
reasons, CA has been used in skincare products, liver protection
products, antioxidant supplements, herbal supplements,
medicines,” and foodstuffs. Hence, it is essential to develop
tools for monitoring CA levels in foods (fresh fruits, beverages
and other foods) and other kinds of products. Conventional
methods used to detect CA, including high-performance liquid
chromatography (HPLC),® gas chromatography/mass spec-
trometry (GC/MS),® and capillary electrophoresis,' can provide
high accuracy, but all of them are time-consuming and expen-
sive and require highly skilled operators.
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utilize them in other electronic applications.

Electrochemical sensors are a fast and on-site tool for
monitoring the level of electroactive compounds such as caffeic
acid. Different kinds of materials have been employed to modify
the electrode surface in order to improve the electrochemical
signals via the enhancement of its charge transfer, electrical
conductivity or adsorption capacity for the target compound.
Conducting polymers such as PEDOT" and polydopamine®
have been utilized to improve the stability and conductivity of
sensors. Metal nanoparticles (Au and Ag),"*'* bimetallic nano-
structures (Pt-Ru*® and Pt-Ni'®), and oxide particles'”*®* have
been widely utilized or combined with other materials to
improve electron transfer kinetics and electrical conductivity
and possibly introduce electrocatalytic activity. Carbon-based
materials® and two-dimensional materials*® have also been
demonstrated to be quite effective in improving the perfor-
mance of sensors for electrochemical CA detection. A common
drawback of the above-given sensing materials is their limited
adsorption of the target organic compound such as CA due to
their rigid nature.

Metal-organic frameworks (MOFs) are crystalline porous
materials assembled using metal ions and organic linkers. In
recent years, MOFs have gained significant attention due to
their high specific surface area, tunable porosity, and abun-
dance of metal active sites,”** despite their low conductivity
and stability. Specifically, bimetallic MOFs with mixed-metal
centers have been demonstrated to leverage the synergy,
thereby enhancing their electrocatalytic performance and
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stability.”® Jun et al. reported a Ni-Cu bimetallic MOF with high
energy density and good stability for energy storage.”* Several
works have demonstrated the use of bimetallic MOF-based
sensors for electrochemically detecting phenolic compounds.
For example, Gong et al. developed a sensing platform using 2D
bimetallic Ni/Co MOFs and MWCNTs for dopamine, acet-
aminophen, and bisphenol A (BPA) detection.*® Nguyen et al.
developed a sensing platform for BPA detection using a Cu,Zn-
BTC/CNT composite.”® Huang et al. developed a novel bimetallic
Ce-Ni-MOF with high sensitivity and a low LOD for BPA deter-
mination.?” Several studies have reported the use of MOFs (GR/
CuO@Cu-BTC?*® and NH,-MIL-101(Fe) nanoparticles®) for the
electrochemical detection of CA.

Usually, the MOF materials are drop-casted onto the electrode
surface, thus limiting their adhesion and increasing the electrode
resistance, which are not very beneficial for the sensing perfor-
mances of the developed electrochemical sensor. Several tech-
niques, such as chemical vapor deposition,* liquid-phase
epitaxy,” and gas ALD/MLD,** have been developed to create
MOF thin films. The disadvantages of these techniques are their
time-consuming nature, high cost and low reproducibility due to
complex fabrication processes and expensive instruments.*
However, MOF thin films fabricated via electrochemical methods
have much shorter synthesis times and good controllability.

In this work, we describe an electrochemical sensing platform
with high sensitivity and good selectivity based on a bimetallic
MOF (Cu,Ni-BTC) for CA detection. The Cu,Ni-BTC film was
electrodeposited on a GCE by chronoamperometry. The presence
of an alternative metal center (Ni**) with good electrocatalytic
activity, along with a copper center (Cu>"), might be beneficial for
improving the electrical conductivity and electrochemical
kinetics at the electrode/electrolyte interface. The porous struc-
ture of MOF-based materials should facilitate better adsorption
of the target organic compounds onto the electrode surface, as
usual, thus improving the recorded electrochemical signals. The
morphology, structure and electrochemical behavior of the as-
prepared film were investigated, and the correlation between
these factors was analyzed to better understand why the
electrochemical signals were improved. A new mechanism for the
electrochemical oxidation of CA on the MOF-based film was
proposed. The performances (calibration curve, repeatability,
reproducibility, stability, interference and real sample tests) of
the sensing platform were thoroughly tested. The aim of this
work was to develop a highly sensitive sensor for in situ CA
detection in fruits using an electrochemically grown bimetallic
metal-organic framework film (Cu,Ni-BTC).

34-36

2. Experimental

2.1. Materials

Copper(u) chloride (CuCl,-2H,0), nickel chloride hexahydrate
(NiCl,-6H,0), trimesic acid (H;BTC), N,N-dimethylformamide
(DMF, 98%), potassium ferricyanide (Ks;[Fe(CN)q]) and potas-
sium ferrocyanide (K,[Fe(CN)¢]-3H,0) were purchased from
Sigma-Aldrich and used without further purification. All
aqueous solutions were prepared daily with double-distilled
water at room temperature. Glassy carbon electrodes (GCEs)
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(diameter = 3 mm) were used and served as the working elec-
trode for all experiments.

2.2.
GCE

Electrochemical growth of the Cu,Ni-BTC film on the

Cu,Ni-BTC was synthesized using a cathodic electrodeposition
method. The electrodeposition solution was prepared by di-
ssolving 10 mM Et;N, 15 mM H;BTC, 9 mM CuCl,-2H,0 and
1 mM NiCl,-6H,0 in a DMF solvent under vigorous stirring for
3 minutes to ensure homogeneity. Before modifying the elec-
trode surface, the GCE was polished with a 0.3-pym Al,O3
nanopowder, followed by rinsing thoroughly with ethanol and
distilled water and drying at room temperature. The initial
investigation of the electrochemical deposition of the Cu,Ni-
BTC film was conducted using cyclic voltammetry (CV) in the
potential range from —1.5 V to 0 V at a scan rate of 50 mV s~ * for
5 cycles. To obtain a more uniform film, chronoamperometry
was employed at applied voltages of —0.8 V, —0.9 V, —1 V and
—1.1 V (vs. Ag/AgCl) for 5 minutes under identical conditions,
and the results were compared to identify the optimal growth
conditions of the Cu,Ni-BTC film on the GCE, which were then
selected for further experiments.

2.3. Morphological and structural characterizations of the
electrodeposited Cu,Ni-BTC film

The surface morphology of the samples was examined using
field-emission scanning electron microscopy (FE-SEM, JEOL
JMS-IT800) at an accelerating voltage of 5 kV. Energy-dispersive
X-ray spectroscopy (EDX, JED-2300) was used to identify and
quantify the elements present in the samples. X-ray photoelec-
tron spectroscopy (XPS) measurements were performed using
a PHI Versa Probe III XPS system employing a monochromatic
Al-Ka source at 1486.6 eV. All electrochemical measurements
were performed on an Autolab PGSTAT 302N controlled by
NOVA 2.0 software equipped with a conventional three-
electrode system. The system consisted of a platinum (Pt)
auxiliary electrode, an Ag/AgCl/sat. KCI reference electrode, and
a bare GCE or modified electrodes as the working electrodes.

2.4. Characterization of the electrochemical behaviors of the
electrodeposited Cu,Ni-BTC film

The electrochemical behavior of the bare electrode and modi-
fied electrodes was investigated using the cyclic voltammetry
(CV) technique in a 0.1 M KCl solution and a 0.1 M KCl solution
containing 5 mM Fe(CN)s*~"*~ (conducted separately). To esti-
mate the charge transfer resistance, electrochemical impedance
spectroscopy (EIS) measurements were performed in a 0.1 M
KCI solution containing 5 mM Fe(CN)¢> " in the frequency
range from 10" to 10° Hz.

2.5. Oxidation of caffeic acid on the electrodeposited Cu,Ni-
BTC film

The reaction mechanism of CA oxidation on the bare and
modified electrodes was investigated by scanning electrodes in
a PBS solution (pH 3) containing 500 uM caffeic acid in the
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potential window between —400 mV and 1 V at a scan rate of
50 mV s~ . The effect of the scan rate and pH level on the redox
behaviors of CA on the GCE and Cu,Ni-BTC/GCE was also
evaluated by the CV technique.

2.6. Sensing performances

2.6.1. Calibration curves. For CA detection, differential
pulse stripping voltammetry (DPV) measurements were carried
out in the solutions containing the desired CA concentration.
The DPV parameters were set as follows: a potential range of
300-700 mV, a differential step of 5 mV, a pulse amplitude of
5V, a pulse width of 0.08 s and a sampling time of 0.04 s. The
DPV responses of the electrodeposited Cu,Ni-BTC, Cu-BTC, and
Ni-BTC electrodes and bare GCE in PBS (pH 3) containing caf-
feic acid at different concentrations (2-25 pM) were recorded
and analyzed to plot calibration curves.

2.6.2. Stability and reproducibility tests. The reproduc-
ibility of the sensor was assessed by recording the DPV curves of
seven individual Cu,Ni-BTC/GCE electrodes prepared under the
same conditions. The stability of the fabricated Cu,Ni-BTC/GCE
was also evaluated over a period of 7 days.

2.6.3. Interference study. The selectivity of Cu,Ni-BTC/GCE
toward CA was evaluated by performing an interference study
using the DPV technique. The effect of potential interferents on
the sensor's performance was evaluated by analyzing the DPV
responses of CA in the presence of potential interfering species
commonly found in real samples, such as gallic acid (GA),
ascorbic acid (AA), and uric acid (UA).

2.6.4. Real sample study. Apples were purchased from
a local supermarket in Hanoi, Vietnam, and juiced using
a juicer. A 100 mL sample of apple juice was transferred to
a centrifuge tube and centrifuged at 4000 rpm to obtain a clear
supernatant. The obtained solution (60 mL) was then divided
into 6 tubes, spiked with different volumes (0 pL, 0.6 pL, 1.20
uL, 1.5 pL, 2.4 uL, and 3.0 pL) of a standard CA solution (50 pM)
and then diluted with PBS (pH = 3) to obtain a final volume of
15 mL for each solution. The mixtures were sonicated for 10
minutes prior to analysis using the DPV technique. By plotting
the peak intensity as a function of the concentration and then
extrapolating the calibration curve in Origin software, the
concentration of CA in the test sample could be determined.

3. Results and discussions

3.1. Electrochemical synthesis process of the Cu,Ni-BTC film

The Cu,Ni-BTC film is electrodeposited on a glassy carbon elec-
trode using the cathodic deposition method. The formation of
the Cu,Ni-BTC film begins with the deprotonation of BTC*~ ions
derived from the H;BTC organic ligand. This is followed by the
coordination of BTC?*~ with Cu®" and Ni** ions derived from
CuCl,-2H,0 and NiCl,-6H,0, respectively, to form Cu,Ni-BTC
crystals. As observed in Fig. S1, a distinct peak corresponding
to H' reduction at —0.88 V is observed in the first scan cycle. This
peak is associated with the deprotonation of the organic ligand
via the following reaction: H;BTC + 3Et;N — BTC?™ + 3Et;NH'.%’
In the subsequent cycles, the intensity of this peak decreases due
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to a local decrease in the concentration of the precursor (H;BTC)
near the electrode surface. Triethylamine (Et;N) is used as
a probase to accelerate the deprotonation of H;BTC in solution.®®
Other probases, like nitrate (NO;), can be used in the MOF
synthesis process; however, they generally demand high reduc-
tion overpotentials.***° Simultaneously, under negative poten-
tials, water molecules from hydrated salts (CuCl,-2H,0 and
NiCl,-6H,0) undergo electrolysis (2H,O + 2~ — H, + 20H ),
which contributes to the increase in the local pH near the elec-
trode surface, thereby promoting the growth of MOF crystals.*' In
addition, the peak observed at —0.24 V in the first and second
cycles might originate from the oxidation of Cu(0), which exists
on the electrode surface due to the partial reduction of the Cu>*
precursor at the beginning of the growth process.

3.2. Survey of the structure and morphology of the Cu,Ni-
BTC film

3.2.1. SEM images and EDX analysis. The morphology of
the Cu,Ni-BTC film electrochemically grown on a short GCE via
a 5-minute synthesis was characterized using the SEM technique.
The observed morphology (Fig. 1A) reveals that Cu,Ni-BTC is
a porous film that is uniformly distributed on the electrode
surface,”” with a grain size of 50-100 nm. This morphology
provides a high surface area, which is very beneficial for
improving the sensitivity of the sensor. Fig. 1B displays the EDX
spectrum of Cu,Ni-BTC/GCE, which confirms the presence of Cu,
Ni, C, and O elements. The elemental composition is given in
Table S1. This result shows that in the Cu,Ni-BTC film, the molar
ratio of Cu:Ni is 3.67, which is different from the initial
precursor ratio of 9:1, probably due to the stronger affinity of
Ni*" ions for BTC ligands compared to Cu*" ions.

The growth of metal-organic framework (MOF) thin films
represents a critical advancement towards integrating MOFs
into practical devices such as sensors and optoelectronic
devices.**** MOF thin films can be fabricated through various
methods, including solvothermal synthesis, layer-by-layer
assembly, vapor-phase deposition, and electrochemical tech-
niques.**® Among these, electrodeposition offers distinct
benefits, such as mild synthesis conditions at room tempera-
ture, short growth times, high scalability, energy efficiency,
precise control over the film thickness and homogeneity, and
the ability to form uniform coatings on complex geometries
without requiring high temperatures or pressures.*’

3.2.2. XPS analysis. To further confirm the chemical
composition and chemical states of the Cu,Ni-BTC film, XPS
analysis was used. As shown in the XPS survey spectrum (Fig. 2),
the typical peaks for C 1s, O 1s, Cu 2p and Ni 2p are detected,
and the elemental composition is shown in Table S2. Notice-
ably, the molar ratio of Cu: Ni is close to 3.39, aligning with the
EDX results discussed above. In the C 1s region, there is one
main peak at 284.5 eV (C-C/C=C) and three other peaks at
higher binding energies, which correspond to C-O (286.1 eV),
0O-C=0 (288.3 eV) and carbonate (290.7 eV). The O 1s spectrum
shows two binding energies corresponding to C=0 (531.4 eV)
and C-O (533.2 eV). The high-resolution Cu 2p and Ni 2p
spectra show the chemical states of Cu>* and Ni**, respectively.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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In the Ni 2p region, the binding energies at 855.7 eV and 861 eV
are assigned to Ni 2p;, and its satellite peaks, while the binding
energies at 873.5 eV and 878 eV are attributed to Ni 2p,,, and its
satellite peaks, respectively.”* In the Cu 2p region, the charac-
teristic Cu®>" binding energy peaks are observed at 934.4 eV (Cu
2ps52) and 954.3 eV (Cu 2p; ), whereas the binding energy peaks
located at 932.6 eV (Cu 2p3/,) and 952.4 (Cu 2p,,) are related to
Cu’.*»* This indicates that a portion of Cu”** ions in the Cu,Ni-
BTC structure is reduced to Cu’, leading to the coexistence of
Cu** and Cu® within the Cu,Ni-BTC structure.

To better understand the state of vacancies in the Cu,Ni-BTC
film, we also measured the XPS spectra of Cu-BTC and Ni-BTC
films grown via a similar approach (see more details in the
SI). For the Cu-BTC film, the two peaks associated with Cu®" are
observed at 934.7 eV (Cu 2p3/,) and 954.1 eV (Cu 2p;,,) in the Cu
2p spectrum, whereas a peak located at 532.0 eV is observed in
the O 1s spectrum. For the Ni-BTC film, the two peaks associ-
ated with Ni*>* are observed at 856.1 eV (Ni 2p;,,) and 873.7 eV
(Ni 2py,,) in the Ni 2p spectrum, whereas two peaks located at
531.5 eV and 532.9 eV are observed in the O 1s spectrum. The
presence of the satellite peak at a higher binding energy (533.2
eV) in the O 1s spectrum of Cu,Ni-BTC might be due to the
increase in the concentration of oxygen vacancies in MOF
structures; meanwhile, the shift in the positions of peaks
related to Cu®>" and Ni** is ignorable.>*2

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(A) SEM images and (B) EDX analysis of the electrodeposited Cu,Ni-BTC film.

3.2.3. Raman spectra. Raman spectroscopy is an advanced
analytical technique used to identify the bonds present in the
Cu,Ni-BTC film, offering profound insights into its framework
structures. As seen in Fig. S2, the spectrum reveals typical vibra-
tional modes associated with BTC ligands, such as C-H bonds at
742 cm™" and 827 cm ™!, C=C in benzene rings at 1006 cm ™, and
the symmetric and asymmetric stretching of O-C-O at 1458 cm ™
and 1548 cm ™', respectively.*® In addition, the vibrational modes
relevant to Cu®" ions are observed in the 100-500 cm™" region.
Further, the bands at 185 cm™" and 277 cm™" correspond to Cu-O
and Cu-Cu atomic vibrations, respectively, while the band at
500 cm ' is linked to Cu-O stretching involving carboxylate
bridging oxygen atoms.*** These results indicate the successful
coordination of copper ions and nickel ions with BTC.

3.3. Survey of the electrochemical properties of the Cu,Ni-
BTC film

3.3.1. Survey with a 0.1 M KCl solution. The electro-
chemical behavior of the Cu,Ni-BTC film grown at different
deposited potentials on the GCE was assessed in a 0.1 M KCl
solution. As shown in Fig. 3A, there are two pairs of redox waves
in the CV, which are related to the transitions between copper
states: Cu(u) + e~ « Cu(i) (111 mV/150 mV) for waves 3/2 and
Cu(l) + e « Cu (0) (—380 mV/—40 mV) for waves 4/1. In

RSC Adv, 2026, 16, 3950-3964 | 3953
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Fig.2 XPS analysis of the electrodeposited Cu,Ni-BTC film. The survey spectrum and high-resolution C 1s, O 2p, Cu 2p, and Ni 2p spectra were
recorded using monochromatic Al-K (1486.6 eV).

addition, a pair of redox waves, 5/6, appears for the Cu,Ni-BTC
film deposited at —0.8 V, probably corresponding to the tran-
sition of nickel. Furthermore, the magnitude of peak currents

varies under different synthesis conditions due to the change in
the number of active sites. The highest peak current is recorded
for Cu,Ni-BTC deposited at —1 V, with an accumulated charge of

3954 | RSC Adv, 2026, 16, 3950-3964 © 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Analysis of the electrochemical behaviors of the electrodeposited Cu,Ni-BTC film. (A) Cyclic voltammograms recorded in a 100 mM KCl

solution. (B) Cyclic voltammograms and (C) EIS spectra recorded in a 100 mM KCl solution containing the 5 mM [Fe(CN)

Q = —11.2 mC (Table S2). Therefore, this condition was selected
for further experiments. It is noteworthy that the charges
accumulated at other growth potentials are higher than that at
—1V. By contrast, the amount of the MOF material deposited on
the electrode surface at —1 V might not be as much as that at
other potentials. Nevertheless, the slow growth speed of the
MOF film with a suitable thickness and good uniformity might
lead to better charge transfer kinetics at the electrode/
electrolyte interface.

3.3.2. Survey with a 0.1 M KCl solution containing
[Fe(CN)s]> *~. The electron transfer properties of the bare GCE,
Cu-BTC/GCE, Ni-BTC/GCE, and Cu,Ni-BTC/GCE were also
investigated by EIS and CV in a 0.1 M KCI electrolyte solution
containing 5 mM [Fe(CN)s]*"*~ as a redox probe. Fig. 3B shows
the reversible redox reaction of Fe*"** on the surface of the GCE
and GCE modified with MOF materials. Compared to the bare
GCE, the peak currents increase by 49%, while the peak

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

6>/~ probe.

separation drops by 25 mV on the electrode modified with the
grown Cu,Ni-BTC film. These findings are consistent with the
results from EIS spectra (Fig. 3C), where the charge transfer
resistance of Cu,Ni-BTC/GCE (58.7 Q) is much smaller than that
of the bare GCE (1286 Q) (Table S3). The charge transfer kinetics
at the electrode/electrolyte interface on the electrode modified
with the bimetallic MOF (Cu,Ni-BTC) are also found be better
than that on the electrode modified with homometallic MOF
materials (Cu-BTC and Ni-BTC).*** These results suggest that
there is a synergistic effect in the bimetallic MOF, Cu,Ni-BTC,
which enhances the electron transfer.*

3.4. Mechanism of the oxidation of caffeic acid on the Cu,Ni-
BTC film

3.4.1. Cyclic voltammograms. The oxidation of CA (100 pM)
on the surface of electrodes was tested by CV. The MOF films
(Ni-BTC, Cu-BTC, and Cu,Ni-BTC) were synthesized on GCEs by

RSC Adv, 2026, 16, 3950-3964 | 3955
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chronoamperometry at —1 V for 5 minutes. The effects of the
scan rate and pH were also investigated to better understand
the redox mechanism of CA on the surface of the GCE and
modified GCEs.

CV was employed to investigate the electrochemical behavior
of CA on the bare GCE, Ni-BTC/GCE, Cu-BTC/GCE, and Cu,Ni-
BTC/GCE in the presence of 500 uM CA in a PBS buffer with
pH = 3 at a scan rate of 50 mV s~ (Fig. 4). It can be seen that the
peak separation was shortened (by 160 mV) and the peak
current was increased (by 1.5 times) on the Cu,Ni-BTC-modified
GCE compared with the bare electrode. As mentioned above,
the good electrocatalytic activity of bimetallic centers and the
effective adsorption of target molecules inside the porous
structure of the Cu,Ni-BTC film are mainly responsible for such
good kinetics of electrochemical reactions.

3.4.2. Proposed mechanism. The mechanism of CA oxida-
tion on the Cu,Ni-BTC film is proposed in Fig. 4B. The metal

View Article Online
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centers (M) in the MOF structure actively participate in the
oxidation of CA as follows: (1) the catechol groups (two adjacent
—-OH groups) chelate with M(u) to form the HCA-M(u1) complex;
(2) the HCA-M(u) complex undergoes intramolecular electron
transfer to form Cu(1) and an ortho-semiquinone radical anion;
and (3) the ortho-semiquinone radical anion can be easily
oxidized to release two electrons and provide the final product
ortho-quinone. The oxidation and reduction peaks are observed
at 0.49 V and 0.44 V, respectively, corresponding to the forma-
tion and decomposition of ortho-quinone.”® It has been
previously reported that CuO nanoparticles and Cu**-doped
systems might help enhance the electrochemical oxidation of
caffeic acid by facilitating charge transfer,’'® whereas Ni**
often shows catalytic activity in the oxidation of organic
compounds in enzymatic or biomimetic systems.*”~* Bimetallic
Cu-Ni systems have also shown promise in the electrochemical
oxidation of other phenolic compounds.**
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Fig.5 Effect of the scan rate on the redox behaviors of caffeic acid on the electrodeposited Cu,Ni-BTC film. (A) Cyclic voltammograms recorded
on the electrodeposited Cu,Ni-BTC film and bare GCE in a PBS solution (pH 3) containing 500 uM caffeic acid at different scan rates. (B) The
anodic and cathodic currents as a function of the scan rate in the linear form.
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The oxidation of CA on the bare GCE follows a different
reaction pathway (Fig. S3). At anodic potentials, one hydroxyl
group (-OH) on the catechol loses an electron (—e) to the elec-
trode, generating a semiquinone radical (-O") on the aromatic
ring. Simultaneously, one proton (H') from the -OH group is
released into the solution, and the resonance is stabilized
across the aromatic ring. Then, the second hydroxyl group loses
another electron and proton to form ortho-quinone.®” Because
the ortho-quinone has a conjugated system with double bonds
and a carbonyl group (C=0), it can more easily receive 2e~ and
2H" to regenerate CA.

The key difference in the oxidation mechanisms of CA on the
bare and modified electrodes is related to the presence of metal
centers. In the case of the bare electrode, the electrochemical
oxidation of CA is simply governed by the charge exchange
between the electrode surface and CA molecules; thus, the
recorded signals are not very high, and the oxidation process is
more reversible. Otherwise, there is a strong involvement of
metal ions in the electrochemical oxidation of CA molecules on
MOF-modified electrodes; then, the electrochemical signals are
much improved, whereas the reaction is somehow quasi-
reversible (as discussed in the next sections).

3.4.3. Effect of the scan rate. The effect of the scan rate on
the redox behavior of CA was studied at scan rates ranging from
10 to 300 mV s~ '. As shown in Fig. 5, the cathodic/anodic peak
current intensity increases linearly with the scan rate for both
bare and modified GCEs, which indicates an adsorption-
controlled kinetics process. Noticeably, the slopes of (I,,-v)
and (Ip.—v) curves of Cu,Ni-BTC/GCE are twice as high as those
of the bare GCE. This result further confirms the improved
kinetics of the redox reactions of CA on the electrochemically
grown Cu,Ni-BTC film.

3.4.4. Effect of pH. Caffeic acid can exist in several ionic
forms, depending on the pH, because its structure contains one
carboxyl group and two phenolic hydroxyl groups (Fig. S4).
Therefore, the medium's pH value significantly influences the
electrochemical behavior of CA, resulting in distinct CV
responses across the pH range from 3 to 8 (Fig. 6). As seen in
Fig. 6, the position of the oxidation peak was negatively shifted
as follows: Ep,(V) = —0.041 pH + 0.608 (R* = 0.9869) and Ep (V) =
—0.056 pH + 0.593 (R* = 0.971) for Cu,Ni-BTC/GCE; Ep,(V) =
—0.0198 pH + 0.6101 (R> = 0.9854) and Ep(V) = —0.071 pH +
0.543 (R> = 0.973) for the bare GCE. The slopes of (E,,-pH) and
(Epe—pH) curves for the Cu,Ni-BTC-modified GCE were deter-
mined to be 41 mV pH ' and 56 mV pH ', respectively. This
value is close to the theoretical Nernstian value (59 mV pH ™),
indicating the participation of an equal number of protons and
electrons in the oxidation process. These findings are consistent
with the report of Hotta et al., who suggested that the number of
electrons involved in the oxidation reaction of CA is equal to 2 at
pH values lower than 7, and in agreement with the proposed
reaction mechanism (Fig. 4B), in which two electrons and two
protons are involved in the reaction. Otherwise, the slopes of
(Epa-pH) and (Ep.-pH) curves were 19.8 mV pH ' and 71 mV
pH ™', respectively, for the oxidation of CA on the bare GCE.
Moreover, an increase in the pH (3.0-8.0) resulted in a decrease
in the current intensity, and the highest current response was

3958 | RSC Adv, 2026, 16, 3950-3964
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recorded at pH 3.0. It has been previously reported that
a change in the ionic species of CA in the solution (Fig. S4)
might lead to a smaller number of protons participating in the
reaction at pH > 7.9

3.5. Sensing performances

3.5.1. Calibration curves. DPV is a preferred technique
because it provides a clearer signal and higher sensitivity,
minimizes the background current, and shortens the
measurement time compared to CV. It was found that the
oxidation peaks of CA in DPV curves (Fig. 7A) were shifted to
lower potentials on the Cu,Ni-BTC film (450 mV) compared to
those on the bare electrode (550 mV). This result provides one
more piece of evidence for the electrocatalytic activity of the
bimetallic MOF film towards the electrochemical oxidation of
CA. The calibration curves were extracted from DPV curves
recorded on bare and modified electrodes at CA concentrations
in the range of 0-25 uM at an optimal pH (pH = 3) (Fig. 7B). The
linear regression equations are expressed as follows: I (nA) =
0.0647 X Ceatfeic acid (LM) — 0.0485 (R* = 0.9987) for Cu,Ni-BTC/
GCE; I (HA) = 0.0049 X Ceagfeic acia (LM) + 0.004 (R* = 0.997) for
GCE (Table 1). The limit of detection (LOD) was calculated from
the standard deviation (SD) of the intercept and the slope (b) of
regression equations: LOD = 3 x SD/b, whereas the sensitivity
of the sensor (S) is the slope of the calibration curve. The
sensitivity and LOD of the as-prepared CA sensor based on the
electrochemically grown Cu,Ni-BTC film were 0.924 pA pM "
cm 2 and 0.7 uM, respectively. This means that the Cu,Ni-BTC
film helps improve the sensitivity and LOD of the CA sensor by
13.2 and 1.5 times compared to the unmodified electrode,
respectively (Table 1). Compared to previously reported studies,
our sensor exhibits good sensing performance with a lower LOD
and a wide linear range, as presented in Table 2.

3.5.2. Reproducibility and stability tests. The reproduc-
ibility of the sensor was determined by analyzing the DPV
signals of seven identically fabricated Cu,Ni-BTC/GCEs under
the same conditions in a 20 pM CA solution (Fig. 8A). A relative
standard deviation (RSD) of 2.61% was obtained (Table S4),
indicating the high reproducibility of the as-fabricated CA
sensor.

The stability study was carried out by synthesizing a Cu,Ni-
BTC-modified GCE and performing daily DPV measurements
in a PBS solution (pH = 3) containing 20 pM CA for seven
consecutive days (Fig. 8B). It was found that the as-prepared
sensor exhibited good stability for one week with RSD =
6.47% (Table S5) and then started to decay, and the RSD
remained only 11.37% on the 11th day.

3.5.3. Interference study. To evaluate the selectivity of
Cu,Ni-BTC/GCE for CA detection, an interference study was
performed by introducing various potential interfering
compounds (500 uM each) such as GA, AA, and UA at a fixed CA
concentration of 500 uM. The bar chart in Fig. 8C illustrates the
impact of these interference molecules on the redox behavior of
CA. The addition of AA and UA slightly altered the peak oxida-
tion current intensity (less than 5%) of CA in the DPV response.
However, GA caused a more noticeable impact, reducing the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Comparison of sensing performances towards the electrochemical detection of caffeic acid for electrodes modified with electro-
deposited MOF films in this work

Electrode Linear range (uM) Regression equation Sensitivity (uA uM ' cm™?) LOD (uM) LOQ (uM)
Cu,Ni-BTC 2-25 I (HA) = 0.0647 X Ceatteic acid 0.924 0.70 2.33
(1tM) — 0.0485 (R* = 0.9987)
Cu-BTC 2-25 I (HA) = 0.0437 X Ceateic acid 0.624 1.11 3.70
(1tM) — 0.0576 (R* = 0.9968)
Ni-BTC 2-25 I (HA) = 0.0319 X Ceasteic acid 0.456 1.44 4.80
(1M) + 0.2092 (R* = 0.9946)
Bare GCE 2-25 I (HA) = 0.0049 X Ceatteic acid 0.070 1.07 3.57

(M) + 0.0040 (R* = 0.997)

peak current of CA by 14.3%, which is likely because its redox sensor based on the electrochemically grown Cu,Ni-BTC film for

potential is very close to that of CA (500 mV vs. 450 mV). These the electrochemical detection of CA.

results indicate the acceptable selectivity of the electrochemical 3.5.4. Real sample study. A real sample study was con-
ducted to detect CA in apple juice using the spiked-recovery
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Table2 Comparison of sensing performances towards the electrochemical detection of caffeic acid for the sensors prepared in this work and in

previous works®

Sensitivity
Electrode Matrix/sample Linear range (uM) (nA pM ' em™?) LOD (uM) References
CuO/GCE Caffeinated drinks 0.05-229.5 0.0722 0.04 18
GR/CuO@Cu-BTC/GCE Red wine 0.02-10 1.873 0.007 28
CuONPs/CPE Honey 5.0-50.0 0.9677 3.21 17
DL-PAMMCNTPE Apple juice and coffee powder 20-600 — 0.28 64
Co-NC/MWCNTs/GCE Food samples 0.5-50 — 0.162 65
Ca0/g-C3N,/PVA/GCE Blood plasma samples 0.01-70 — 0.0024 66
PtNi/C/GCE Wine samples 0.75-591.783 0.0389 0.5 16
111.783-591.783 0.0107
CoFeSe,/f-CNF/GCE Wine sample 0.01-263.96 2.04 0.002 67
MCO/GR/GCE Food sample 0.01-0.69 1.494 0.003 68
Cu,Ni-BTC/GCE Apple juice 2-25 0.924 0.7 This work

¢ Note: p.-PAMMCNTPE, pr-phenylalanine (pi-PA)-modified multiwalled carbon nanotube paste electrode.
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Fig. 8 (A) Reproducibility, (B) stability and (C) interference tests. Values represent mean + SD (n = 3).

method. The sample preparation procedure is detailed in the
Experiment Section. The DPV curves were recorded when Cu,Ni-
BTC/GCE was immersed in the as-prepared sample solution.
The DPV curves and calibration curves of the standard addition
method were previously recorded and are given in Fig. S5. The
concentration of CA in the real sample was calculated to be
28.09 uM. The recovery percentages for CA ranged from 92.2%
t0 98.4% (Table S7). These results demonstrate the possibility of
using the Cu,Ni-BTC/GCE sensor in practical applications for
assessing the quality of fruits, foods, and other stuffs contain-
ing a considerable amount of caffeic acid.

4. Conclusions

In this study, we successfully developed an electrochemical
sensor for in situ CA determination using an electrochemically
grown bimetallic MOF film (Cu,Ni-BTC). The results demon-
strated that the Cu,Ni-BTC-modified electrode had higher
conductivity and electron transfer ability than the homo-
metallic Cu-BTC, Ni-BTC and bare electrode. The sensitivity and
LOD of the as-prepared Cu,Ni-BTC/GCE for CA detection were

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

0.924 pA pM ' em 2 (improved by 13.2 times compared to the
bare electrode) and 0.7 uM (improved by 1.5 times compared to
the bare electrode), respectively. The developed sensor also
exhibited high reproducibility (RSD = 2.61%), good stability
(RSD = 6.47%), and good recovery in real samples (92.5-95%).
These findings pave the way to developing highly uniform
porous films based on metal-organic framework structures for
further sensing applications. In the near future, our research
team will focus more on the formation of uniform and thin
MOF films that exhibit many interesting electronic behaviors
(i.e., gating effect in transistors) for other sensing applications.
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