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This work presents a one-step electrochemical halogenation and exfoliation of copper phthalocyanine
(CuPc), producing thin-layered halogenated CuPc with tunable physicochemical properties. By incor-
porating halogen into the CuPc structure, the copper centers acquire an enhanced positive charge,
which significantly improves their affinity for water molecules. Coupled with the strong water-interactive
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properties of polyvinylpyrrolidone, this halogenation-driven modification creates a synergistic effect,
resulting in markedly increased sensitivity and responsiveness for humidity sensing applications. As a
proof of concept, chlorinated CuPc integrated with polyvinylpyrrolidone on flexible interdigitated
electrodes achieves high sensitivity (1.2 x 10%%), excellent reproducibility (<5% RSD), and a broad
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1 Introduction

Copper(u) phthalocyanine (CuPc) is a pivotal member of the
metal phthalocyanine family, renowned for its structural integ-
rity derived from strong m-m interactions and a high electron
count, which stabilize its various polymorphic forms." The
positioning of a centrally coordinated copper(u) ion within
the nitrogen-rich macrocyclic ligand imparts intrinsic optoelec-
tronic properties, including favourable energy level alignments,
narrow bandgaps, and high carrier mobilities.>* Such attributes,
combined with its chemical versatility and thermal stability, have
elevated CuPc from a historically significant blue pigment® to a
key functional material in the development of optoelectronic
devices,”” thin-film transistors,® and sensing platforms.”'°
Despite CuPc’s immense potential, conventional modifica-
tion and integration methods often rely on physical or chemical
exfoliation techniques that, while effective for a wide range of
two-dimensional materials, frequently compromise its struc-
tural and compositional integrity, ultimately affecting perfor-
mance in downstream applications.’* Mechanical exfoliation
methods, such as adhesive tape cleavage or controlled shear
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dynamic range (11-94%RH), firmly establishing its potential as a high-performance humidity sensor.

under inert conditions, facilitate the isolation of pristine nano-
sheets but are inherently low-yield, labor-intensive, and un-
suitable for large-scale applications.’” Ultrasonic exfoliation
employs high-frequency acoustic waves in organic solvents or
surfactant solutions to overcome interlayer van der Waals
forces, yielding amorphous ultrathin nanosheets."® However,
this technique is highly dependent on the intrinsic defect
density and disorder of the bulk material. Highly ordered,
defect-deficient systems resist delamination due to robust
interlayer n-n interactions, resulting in low exfoliation efficiencies
and broad thickness distributions.'> Chemical strategies, such as
liquid-phase exfoliation using strong acids, bases, or oxidative
reagents, enhance interlayer spacing by disrupting chemical bonds
or introducing functional groups. While these methods can
increase yield, they often compromise the crystalline order and
electronic properties of the material."*'*> Gas-phase approaches,
including chemical vapor deposition, provide greater control over
the formation of uniform thin films but demand precise environ-
mental conditions and are challenging to scale, with the potential
for contamination or unintended doping.’®'” These limitations
highlight the need for scalable, defect-minimizing, and environ-
mentally sustainable methods for CuPc processing.

Recent advancements have explored electrochemical methods,
which offer precise control over modifications through voltage and
electrolyte composition adjustments.'®*° While promising, these
techniques often still necessitate direct contact with the material,
which can introduce defects or lead to uneven modifications."**°
Addressing these challenges, this study introduces a novel

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1
Application of the electrochemically modified CuPc in a humidity sensor.

halide-based electrochemical technique that innovatively elimi-
nates the need for direct electrical contact with the material being
processed.>' > By applying a potential difference across two electro-
des immersed in a solution containing CuPc, this method induces
the oxidation of halide ions into reactive oxidative species. These
species interact with CuPc, facilitating halogenation and a con-
sequent reduction in particle size, an effect attributed to the
interaction between the electrolysis products of water and
halides, such as oxygen, hydrogen, and halogen gases, and the
CuPc structure. This interaction promotes the separation of
layers, enhancing the material’s physicochemical properties
and suitability for advanced applications (refer to Scheme 1).
This approach not only promotes efficient and sustainable
manufacturing and material modification for processing CuPc
and other similar 2D materials but also minimizes the use of
hazardous solvents and generates fewer byproducts, reducing
environmental impact.”>*® By optimizing the electrochemical
parameters, we can tailor the properties of CuPc to meet specific
application needs. For example, our work demonstrates how
incorporating chlorine species can enhance CuPc’s ability to
interact with other molecules, such as water.

The application of the halogenated CuPc prepared via elec-
trochemical synthesis proves particularly effective in humidity
sensing applications, which are essential for environmental
monitoring, industrial processing, consumer electronics,
etc.>”*® Density functional theory calculations have identified
potential adsorption configurations of water molecules on
the CuPc surface, indicating molecular interactions crucial for
sensor functionality.>® The electrochemically modified CuPc
serves as a highly responsive and reliable medium for these
sensors. Utilizing CuPc on flexible interdigitated electrodes
further enhances the adaptability of these sensors. This flexi-
bility ensures that the sensors can be integrated seamlessly into
wearable technologies or applied to non-standard surfaces,
providing practical alternatives to traditional rigid sensors.

2 Experimental
2.1 Chemical reagents

All reagents were of analytical grades and used as received
without further purification: copper(i) phthalocyanine (a-form,

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

(Left) Chemical structure of copper phthalocyanine (CuPc).
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(middle) Halide-mediated electrochemical modifications of CuPc. (right)

>99.0%, TCI Chemicals), sodium chloride (NaCl, 99.8%,
QRéC), sodium sulfate (Na,SO,, 99.5%, TCI Chemicals),
lithium chloride (LiCl, 98%, Sigma Aldrich), lithium sulfate
(Li,SO4, 98.0%, TCI Chemicals), polyvinylpyrrolidone (PVP,
(C¢HoNO),, TCI Chemicals), magnesium chloride (MgCl,,
99.5%, QRéC), magnesium nitrate hexahydrate (Mg(NO3),-
6H,0, 99.5%, QREC), potassium chloride (KCl, 99.0-100.5%,
Sigma-Aldrich), potassium nitrate (KNOj;, 99%, QRéC), and
tetrabutylammonium hexafluorophosphate (TBAPF4, >99.0%,
Sigma-Aldrich). Deionized water was obtained from the Elga
Purelab Ultra water purification system (Elga Labwater, UK).

2.2 Electrochemical modification and characterization of CuPc

First, 1.0 mM polyvinylpyrrolidone (PVP) was dispersed in
a 0.50 M LiCl electrolyte solution and then sonicated for
3 minutes. After that, a-CuPc powder with a concentration of
0.50 mg mL ™' was added to the solution. The mixture was then
sonicated at an ultrasonic power of 50 W and a frequency of
40 kHz (GT Sonic-D2, China) for 2 hours. Two Pt electrodes
(10 x 10 x 0.2 mm?, 99.99% purity, Ilience) were immersed in
the solution, with a 2.0 cm distance between the electrodes.
A constant DC potential of 10 V was applied using a power
supply (Agilent, 332204, 20 Hz Function, Arbitrary Waveform
Generator) for 90 minutes. Subsequently, the modified
CuPc powder was separated from the electrolyte solution by
centrifugation at 5000 rpm for 15 minutes (Hangzhou Miu
Instruments CO., LTD, China), washed with deionized water,
and dried at room temperature.

The morphology of the CuPc samples was evaluated by a
field-emission scanning electron microscope (Zeiss Auriga
FESEM/FIB/EDX, 3.00 kV, Carl Zeiss, Oberkochen, Germany).
The size distribution of the CuPc samples was measured using
dynamic light scattering (Zetasizer-ZS, Malvern, United King-
dom) in a ZSU1002 capillary cell. The spectrophotometric
measurements were performed in the spectral range of 200-
900 nm using a double-beam UV-visible spectrophotometer
(T80+, PG Instrument, United Kingdom). The functional groups
of the CuPc samples were analyzed using a Fourier-transform
infrared spectrometer (ATR-FTIR, Tensor 27, Bruker, Germany).

X-ray diffraction (XRD) analyses were conducted on the CuPc
samples utilizing an X-ray diffractometer (Bruker, D2 PHASER,
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Germany). X-ray absorption spectroscopy (XAS) investigations,
including X-ray absorption near-edge structure (XANES) and
extended X-ray absorption fine structure (EXAFS) analyses
targeting the Cu K-edge, were carried out at Beamline 1.1W:
Multiple X-ray Techniques, Synchrotron Light Research Institute
(SLRI), Thailand. This was performed in combined transmission
and fluorescent mode under ambient conditions, with simulta-
neous measurements of the samples in fluorescent mode and Cu
foil as a standard reference in transmission mode for alignment of
energy shifts during synchrotron operation. The data obtained
underwent analysis using ATHENA software.**

X-ray photoelectron spectroscopy (XPS) analysis of the sam-
ples’ surface elemental composition and oxidation state was
conducted at the SUT-NANOTEC-SLRI Joint Research Facility,
Synchrotron Light Research Institute (SLRI), Thailand, utilizing
the PHI5000 VersaProbe II instrument from ULVAC-PHI, Japan.
A monochromatized Al-Koa X-ray source (hv = 1486.6 eV) was
employed for sample excitation. The XPS spectra underwent
fitting using the PHI MultiPak XPS software, employing a
combination of Gaussian-Lorentzian lines and a Shirley-type
background subtraction method. The survey spectra were
acquired with an energy step of 1.000 eV and a pass energy of
117.4 eV. Conversely, the high-resolution spectra were obtained
with an energy step of 0.05 eV and a pass energy of 46.95 eV.
The C1s spectrum served as the peak reference, delineating the
C-C/C-H binding energy at 284.8 eV.

2.3 Humidity sensor fabrication

The interdigitated electrode (IDE) is prepared through the
following steps (Scheme 2). Initially, the polyimide (PI) sub-
strate undergoes standard cleaning, which includes immersing

l Mask
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it in acetone for 5 minutes, followed by a 5-minute immersion
in isopropyl alcohol (IPA), rinsing it in deionized water for
5 minutes, and drying it with nitrogen gas for 10 seconds.
Subsequently, dehydration is carried out at 80 °C for 2 hours.
Next, photolithography is performed as follows by applying AZ
4620 coating onto the PI substrate, which is then spun at
500 rpm for 10 seconds. Subsequently, it is baked on a hotplate
at 110 °C for 4 minutes, followed by cooling. Using a mask
aligner, the substrate is post-exposed for 50 seconds, then
developed using a solution of RO water, boric acid, and KOH
(in a ratio of 300:1:4) for 10 minutes. After development, the
substrate is baked at 80 °C for 60 minutes, and microscopic
inspection is conducted for resolution and alignment. Regard-
ing the sputtering process, it begins with plasma etching at
150 watts for 20 minutes, followed by the deposition of a
chromium (Cr) adhesion layer using plasma at 150 watts for
10 minutes. Subsequently, in the evaporation process, plasma
etching at 150 watts for 20 minutes precedes the evaporation of
gold (Au) onto a 1.5 cm length wire at 100 mA for 20-30 nm.
Finally, the lift-off process involves immersing the substrate in
acetone for 3 minutes, followed by a 5-second immersion in
IPA, rinsing it in oxygenated water for 60 seconds, and drying
it with nitrogen gas. Finally, the sensitive layer consisting of the
PVP-coated electrochemically modified CuPc (Cl-CuPc/PVP),
prepared via electrochemical synthesis as described in Section
2.2, is dropcasted onto the interdigitated electrode and dried in
an oven at 55 °C for 30 minutes.

2.4 Humidity measurement

The humidity-sensing capabilities of the sensors were assessed
across various levels of relative humidity (%RH) using saturated
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Scheme 2 Schematic diagram showing the fabrication process of Au/Cr

Au electrode
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interdigitated electrodes.
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aqueous salt solutions: LiCl, MgCl,, Mg(NO3;),, NaCl, KCl, and
KNO3, corresponding to 11%, 33%, 54%, 75%, 84%, and 94%
RH, respectively (refer to Fig. S1 in the ESIT). These evaluations
were conducted at room temperature, with humidity and
temperature control maintained using a Bentech GM1361
Temperature and Humidity Meter (Bentech, China). Linear
sweep voltammetry (current-voltage or I-V analysis) was con-
ducted via a PalmSens4 potentiostat (PalmSens, Netherlands)
within a potential range of 0-1 V. The humidity response (S) of
the sensor is defined by eqn (1):

(Iru — Io)
Iy

S (%) = x 100%, (1)
where Iry and I, are the measured currents upon exposure of
the sensor to the given relative humidity (RH) and 11% RH,

respectively.*'?

3 Results and discussion

A halide-mediated electrochemical approach was first developed
for the modification of copper phthalocyanine (CuPc), followed
by an extensive characterization of its altered physicochemical
properties. Upon establishing the successful modification, the
electrochemically functionalized CuPc was integrated into a
flexible resistive humidity sensor and subjected to performance
evaluation.

3.1 Physicochemical properties of the electrochemically
modified CuPc

3.1.1 Morphology and size. The scanning electron micro-
scope (SEM) images in Fig. 1(a) and (b) depict CuPc before
and after undergoing a chloride-mediated electrochemical
modification in 0.50 M LiCl at 10 V for 90 minutes, utilizing
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polyvinylpyrrolidone (PVP) as a surfactant and stabilizer.
In Fig. 1(a), the material is displayed in its unprocessed state,
featuring large, dense clusters (1224 + 454 nm Feret’s dia-
meter) that illustrate strong intermolecular forces maintaining
the layers in their tightly packed o-form. This arrangement
limits surface exposure, typical of unmodified CuPc. In con-
trast, Fig. 1(b) shows the material after electrochemical mod-
ification, where it has transformed into smaller, more
dispersed particles (208 + 41 nm Feret’s diameter). This change
is due to the disruption of intermolecular forces, leading to a
looser, more accessible layered structure.

The transmission electron microscope (TEM) images shown
in Fig. 1(c) and (d) further elucidate the structural changes
before and after modification. Fig. 1(c) depicts the unmodified
material, characterized by densely stacked and thick particles.
A lattice d-spacing of 1.17 nm, corresponding to the (002) plane
of the CuPc structure, is observed.>* Post-modification, Fig. 1(d)
reveals a significant reduction in particle thickness, demon-
strating the effectiveness of the electrochemical modification
process in weakening interlayer bonding and resulting in a
thinner, more dispersed structure. Additionally, the interplanar
spacing corresponding to (002) plane slightly increases to
1.19 nm, indicating an expansion in lattice parameters follow-
ing the modification.

Dynamic light scattering (DLS) measurements confirms a
substantial reduction in the size of CuPc particles following the
electrochemical modification. Before modification, the CuPc
exhibits a hydrodynamic size of 1872 + 53 nm, indicating the
presence of large, aggregated particles in the solution. After
subjecting the CuPc to the electrochemical modification pro-
cess in 0.50 M LiCl at 10 V for 90 minutes, the DLS measure-
ments shows a significant reduction in hydrodynamic size to
890 £ 15 nm. This notable decrease in particle size aligns well

e)

4 Li,50, " LicI PVP/LiCIE 0 min
—— PVP/LICI: 90 min
---= CuPc¢/PVP/LICI: 0 min
—— CuPc/PVP/LICI: 15 min
34 —— CuPc/PVP/LICI: 60 min

—— CuPc/PVP/LICI: 90 min
— CuPc/PVPI/Li,SO,: 60 min
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Wavelength (nm)
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Fig.1 SEM and TEM images, and UV-vis spectra of CuPc: (a) SEM image before modification. (b) SEM image after modification in 0.50 M LiCland 1.0 mM
PVP at 10 V for 90 minutes. (c) TEM image before modification. (d) TEM image after modification under the same conditions as in (b). (e) UV-vis absorption
spectra of CuPc suspensions before and after modification in either 0.50 M LiCl or 0.50 M Li,SO,4, with 1.0 mM PVP at 10 V. Inset: Visual comparison of

CuPc suspensions after modification in LiCl vs. Li,SO4.
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with the TEM observations, indicating the breakdown of larger
CuPc aggregates into smaller, more discrete particles.

3.1.2 Optical properties. After undergoing electrochemical
modification in chloride-containing electrolytes such as LiCl
and NaCl, the CuPc suspension exhibited a noticeable shift in
color from blue to green, as depicted in the inset of Fig. 1(e).
This green color intensified with extended modification dura-
tions (Fig. S2 and S3, ESIt). In contrast, when modifications
were conducted in sulfate electrolytes, the original blue color of
CuPc remained unchanged (Fig. S4 and S5, ESIt). Additionally,
modifications in bromide electrolytes resulted in color changes
distinct from those in chloride electrolytes (Fig. S6, ESIT),
emphasizing the pronounced effect of different halide ions
on the modification outcomes.

Fig. 1(e) displays the UV-vis spectrum of CuPc, where the
Q-band, ranging from 600 to 750 nm, is observed. This band is
attributed to m-m* transitions, influenced by the molecular
orbitals within the aromatic 18 m-electron system and over-
lapping orbitals on the central metal.*>*® Post-modification in
sulfate electrolyte (Li,SO,), the UV-vis spectra of CuPc remained
unchanged, consistent with the persistent blue color.

However, following the modification of CuPc in a chloride
electrolyte (LiCl), a new absorption band, Soret band, appeared
at approximately 292 nm.*” This peak also coincided with the
PVP absorption band which appeared post-modification
(Fig. 1(e), black line).>® The results suggest that the application
of potentials and the presence of oxidizing chlorine species®”
such as Cl,, HCIO and ClO™ generated in the modification
process not only change the morphology of CuPc, but also
cause chemical changes to both CuPc and PVP.

The observed color changes can be attributed to subtle
alterations in the electronic structure resulting from halide
incorporation. Under electrochemical conditions in chloride-
containing electrolytes, the formation of Cu-Cl and C-Cl bonds
introduces slight shifts in electron density and the distribution
of molecular orbitals within the CuPc framework. These changes

a)
CuPc/LiCl/0 min
8000 + ——— CUPc/LIiCI/90 min
6000 -
>
2
£ 4000+
2000 -
0 4

5 10

T T T 1

15 20 25 30
26 (degree)
Fig. 2

35
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affect the energies and intensities of the n-n* transitions in the UV-
vis spectrum, thereby altering the perceived color. In contrast, no
such halogenation occurs in sulfate electrolytes, preserving the
original electronic structure and the characteristic blue hue of
CuPc. Likewise, bromide electrolytes create a distinct halogen
environment that modifies the electronic states differently, yield-
ing unique color variations. More detailed evidence on the specific
structural and electronic modifications responsible for these color
changes is provided in subsequent sections.

3.1.3 Structural and electronic properties. The X-ray dif-
fraction (XRD) patterns depicted in Fig. 2(a) illustrate changes
in the crystalline structure of CuPc before and after undergoing
a 90-minute modification in a LiCl electrolyte. Initially, CuPc
displays peaks at 26 of 17° and 28° that are more intense than
those observed after modification, suggesting a relatively
ordered molecular stacking and higher crystallinity. Following
modification, the XRD pattern shows a noticeable decrease in
peak intensity and broadening, indicative of a disruption in the
crystalline order and a reduction in both the size and crystal-
linity of the material. Additionally, a subtle shift in the XRD
peaks in the small-angle region from 4.60° and 4.93° before
modification to 4.58° and 4.91° afterward suggests an increase
in interlayer separation, in agreement with the TEM results.
This shift to smaller 20 values points to the potential insertion
of chlorine between the CuPc layers, which is further discussed
in the following sections.

The X-ray absorption spectra (Fig. 2(b)) reveal notable
insights into the structural and electronic changes of CuPc at
the Cu K-edge before and after undergoing a 90-minute mod-
ification in a LiCl electrolyte. The main plot, representing the
normalized absorption coefficients (u(E)), shows that the peak
positions in the X-ray absorption near edge structure (XANES)
region are relatively consistent before and after modification,
suggesting that the copper centers largely retain their oxidation
state and electronic configuration.*®*' However, slight varia-
tions in peak intensity and shape hint at subtle changes in the

b
) 1.0
@ 0.08 % &
. 0.8+ - —— CuPc/LiCl/0 min
w £ 004 —— CuPc/LiCI/90 min
=] 2
-8 06 & 0.00
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=z < < 008
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Wavenumber (A™") R(A)
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(a) XRD patterns of CuPc before modification (black line) and after modification (red line) in 0.50 M LiCl for 90 minutes. (b) XAS spectra at the

CuPc K-edge of CuPc before modification (black line) and after modification (red line) in 0.50 M LiCl for 90 minutes. Insets: Top: Derivative u(E) plots of
the XANES and EXAFS spectra; bottom left: k-space plots of the EXAFS spectra; bottom right: R-space plots of the EXAFS spectra (generated from Fourier

transformation of k-space from 3 to 9.5 A™%).
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local electronic structure or coordination environment.** In the
extended X-ray absorption fine structure (EXAFS) region, as
detailed in the insets, there are indications of changes in local
structure: the derivative plot (top inset) shows a reduction in
peak sharpness and intensity post-modification, while the
EXAFS oscillations (bottom-left inset) and their Fourier trans-
forms (bottom-right inset) suggest minor adjustments in bond
distances and possibly coordination numbers. This could
potentially be attributed to the interactions at the Cu-Cl center
and the C-Cl binding within the structure, as discussed along
with the XPS results in the next section.

The X-ray photoelectron spectroscopy (XPS) results presented
in Fig. 3 provide insightful observations into the chemical
and electronic transformations of CuPc upon modification in a
0.50 M LiCl solution, particularly highlighting modifications to the
chemical environment of the copper centers. The Cu 2p region
presents a doublet peak corresponding to Cu 2p3/2 and Cu 2p1/2,
which exhibits a shift from 935.7 eV and 955.4 eV in the un-
modified state to 933.5 eV and 953.4 eV after modification,*® with

View Article Online
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additional peaks at 935.3 eV and 955.0 eV, suggesting the for-
mation of Cu-Cl bonds and electron donation from chlorine
atoms. These shifts in the Cu 2p peaks, while indicative of changes
in the local electronic environment, do not necessarily reflect a
change in the formal oxidation state of copper, as verified by the
stable peak positions in the XANES region.

In the Cl 2p high-resolution spectra, the emergence of new
peaks post-modification highlights the active role of chlorine in
forming diverse coordination complexes within the CuPc and
PVP structures, likely leading to the formation of Cu—Cl and
C—Cl bonds. Shifts in the C 1s, O 1s, and N 1s high-resolution
spectra also indicate substantial modifications in the carbon
framework, oxygen functionalities, and nitrogen environments,
details of which are elaborated in Section S4 of the ESI.T These
spectral changes are consistent with the establishment of
Cu—Cl and C—Cl bonds subsequent to modification, suggesting
that the modification process triggers both surface modifications
and deeper structural reconfigurations within the CuPc molecule.
Further examination of the XPS spectra following modification in

a . cizp 0
Before ; CuZps Before Before c-c,
C-H
Cu2p,,
(no peak observed)
’;-‘ ; T T A P P ’;
s 8 <
2 2 =y
Z Z =
g Ao % cup;, 2 g
(0] (0] -
z £ E
Cu-cl
Cu-Cl
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Fig. 3 XPS spectra of CuPc before and after modification in 0.50 M LiCl at 10 V for 90 minutes, showing peaks for (a) Cu 2p, (b) Cl 2p, (c) C 1s, (d) O 1s,

and (e) N 1s.
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a bromide electrolyte (LiBr), as detailed in Fig. S10 (ESIt), reveals
the presence of Cu—Br and C—Br bonds, indicating a similar
transformation as observed with chloride electrolytes. This under-
scores the significant roles of halides in facilitating these
modification processes. Additional XPS data are available in
Fig. S7-S10, ESL

3.1.4 Surface functional groups. The Fourier-transform
infrared spectroscopy (FTIR) spectra of CuPc before and after
undergoing 90-minute modification in LiCl show subtle yet
definitive changes in molecular vibrations, indicating slight
modifications to the CuPc structure (Fig. 4(a)). Prior to modi-
fication, the spectra display well-defined peaks corresponding
to various vibrational modes such as out-of-plane C-H defor-
mations (753 ecm ™', 769 cm '), in-plane C-H deformation
(1067 em "), Cu-N stretching (1090 cm '), and C-C stretching
(1118 em™ ), denoting a structured and intact molecular frame-
work. Post-modification, slight shifts in the wavenumber of
almost all observed peaks—most notably in Cu-N stretching
(1091 em ™), in-plane C-N-C bending (1168 cm™*), and C-H
bending (1333 cm™')—suggest alterations in the chemical
environment and bonding interactions within the CuPc mole-
cule. These changes are minimal, typically within a 1 ecm™"
shift, yet they systematically indicate slight reorientation of
molecular bonds and possibly the introduction of intermole-
cular forces or stress within the CuPc lattice. The preservation
of peak positions in C-O stretching (1286 cm™ ') and in-plane
pyrrole stretching (1420 cm™ ') confirms the stability of specific
functional groups. Overall, the FTIR analysis post-modification
reflects the resilience of the CuPc structure but also hints at
minor electronic and structural adjustments, which may influ-
ence the material’s physical properties and interactions with its
environment.

3.1.5 Electrochemical properties.
properties of CuPc were studied using cyclic voltammetry in

The electrochemical
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Fig. 4
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deoxygenated acetonitrile. The experimental setup consisted of
a glassy carbon working electrode, a platinum wire counter
electrode, and an Ag/Ag' reference electrode. The internal
reference for this study was the ferrocene/ferrocenium
(Fc/Fc') redox couple, and 0.10 M TBAPF, served as the sup-
porting electrolyte.

The voltammograms of CuPc before and after the modifica-
tion process are depicted in Fig. 4(b). Prior to modification, the
cyclic voltammetry of CuPc exhibited three distinct oxidation
peaks at 0.669 V, 1.008 V, and 1.233 V, and two reduction peaks
at —1.082 V and —1.294 V. Post-modification, the voltammo-
gram shows two oxidation peaks at 0.694 V and 1.23 V, and
reduction peaks at —0.831 V and —1.175 V. Notably, the reduction
peaks observed at very negative potentials of —1.175 V (before
modification) and —1.294 V (after modification) showed charac-
teristics similar to the blank electrolyte response at —1.453 V,
suggesting that these peaks might not directly relate to CuPc’s
intrinsic electrochemical properties but rather to reactions such
as proton reduction occurring at the electrode interface.

The frontier molecular orbital energies were subsequently
determined based on the redox potentials. The energy of the
highest occupied molecular orbital (HOMO) was derived from
the first oxidation peak according to eqn (2):**

Enomo = —4.8 + [E1pve — Eox] (2)
The first reduction wave was employed to determine the
energy of the lowest unoccupied molecular orbital (LUMO),

according to eqn (3):**

Erumo = —4.8 * [E1javc — Ered) (3)
The energy gap (AE) was then calculated from the difference
between HOMO and LUMO energies. The results are summar-

ized in Table 1.

b) 40-
204
<
= By
e P | R —— Blank
CuPc/LiCl/0 min
CuPc/LiCl/90 min
'40 T T T T T T T T T
-2 -1 0 1 2
E (V)

(a) FTIR spectra of CuPc before modification (black line) and after modification (red line) in 0.50 M LiCl for 90 minutes. (b) Cyclic voltammograms

of 1.0 mM CuPc before modification (black line) and after modification (red line) in the presence of 1.0 mM ferrocene and 0.10 M TBAPFg in acetonitrile at

a scan rate of 50 mV s~%,
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Table1l Reduction potentials, oxidation potentials, HOMO, LUMO and AE
of CuPc before and after chloride-mediated electrochemical modification

Eox Ered HOMO LUMO AE

(V) (V) (eV) (eV) (eV)
Before modification  0.669  —1.082 —5.406 —3.655 1.751
After modification 0.694 —0.831 —5.448 —3.906  1.542

The changes in oxidation and reduction potentials are indica-
tive of modifications in CuPc’s electronic environment, likely due
to the interaction with chlorine species during the modification
process. XPS and XAS results corroborate this, showing shifts in
the Cu 2p peaks and the appearance of Cl 2p peaks, which signify
the formation of Cu—Cl bonds. This interaction contributes to the
stabilization of copper, influencing the electron density around
copper centers. Consequently, this affects the HOMO and LUMO
energy levels of CuPc, where the HOMO level deepened slightly
from —5.406 eV to —5.448 eV and the LUMO shifted from
—3.655 eV to —3.906 eV, narrowing the energy gap from 1.751 eV
to 1.542 eV. These modifications in the frontier molecular orbi-
tals, as evidenced by shifts in energy levels post-modification,
reflect an enhanced ability of CuPc to facilitate electron transfer.

3.2 Application of the modified CuPc in humidity sensor

This section employs the modified CuPc in the development of a
flexible humidity sensor using an interdigitated electrode (IDE)

View Article Online
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composed of gold and chromium on a polyimide substrate
(Fig. 5(a)). The functionalized CuPc, polyvinylpyrrolidone-coated
chlorinated copper phthalocyanine (Cl-CuPc/PVP), prepared as
described in Section 2.2, acts as the humidity-sensitive material
and is coated onto the IDE, as illustrated in Fig. 5(b). The sensor’s
flexibility is demonstrated in Fig. 5(c), which shows that it can
bend up to 84 degrees without significant changes in the I-V
characteristics (within +5% experimental error). Fig. 5(d) presents
an optical microscope image of the fabricated IDE, which incor-
porates 60 interleaved bands, with an electrode length of 12.00 +
0.01 mm, an electrode width of 79 + 1 um, and a gap width of
57 &+ 3 pm.

Electrochemical impedance spectroscopy (EIS) measure-
ments are then used to gain insights into the electrical proper-
ties of the sensor under varying humidity conditions, as shown
in Fig. 5(e). Initially, at low relative humidity (RH) levels of
11%RH, 33%RH, and 54%RH, the Nyquist plots exhibit large
semicircles corresponding to high resistances of 28.7 MQ,
27.3 MQ, and 19.1 MQ, and small capacitances of 0.024 nF,
0.024 nF, and 0.026 nF, respectively, indicating dominant
resistive behavior. As humidity increases to 75%RH, 84%RH,
and 94%RH, the resistance decreases to 7.9 MQ, 1.7 MQ, and
0.47 MQ, while the capacitance increases to 0.27 nF, 32 nF, and
80 nF, reflecting a shift towards capacitive behavior due to the
formation of a more continuous moisture layer, which affects

—~ 12_
—— | .

157 um

7" (MQ

11-54 %RH

—f— 11%RH == 75%RH
el 33%RH === 84%RH
e 54%RH === 94%RH

75 %RH

84-94 %RH

T

Fig. 5

0 10 20 30 40 50
Z' (MQ)

(a) A bare Au/Cr interdigitated electrode (Au/Cr-IDE). (b) Optical microscope image of the Au/Cr-IDE. (b) Cl-CuPc/PVP deposited on the

Au/Cr-IDE. (c) Demonstration of the substrate’s flexibility. (e) EIS spectra of Cl-CuPc/PVP/Au/Cr-IDE at different %RH.
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the sensor’s double-layer capacitance. This necessitates the use
of more complex equivalent circuit models to accurately cap-
ture the charge dynamics and moisture interactions at these
elevated humidity levels, as shown in the inset of Fig. 5(e).
Overall, the decrease in resistance and increase in capacitance
with rising humidity indicate enhanced conductivity and moist-
ure interaction, facilitated by the adsorption of water molecules
onto the sensor’s film and the alteration of its dielectric
properties.

Fig. 6(a) demonstrates the current-voltage characteristics of
the developed CIl-CuPc/PVP sensor under varying humidity
levels, ranging from 11%RH to 94%RH, showing an increase
in current and a corresponding decrease in resistance with
increasing humidity. The relative humidity response (S), calcu-
lated according to eqn (1),*'* is shown in the inset of Fig. 6(a).
The humidity response of the Cl-CuPc/PVP reaches a maximum
response of 1.2 x 10%%, significantly higher than that of
the unmodified CuPc/PVP (4.7 x 10°%), refer to Fig. S11 in
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the ESLt This improvement is attributed to the enhanced
adsorption of water molecules onto the CI-CuPc/PVP film.
The chlorine doping in CuPc increases the positive charge
on the copper centers, thereby enhancing their affinity for the
oxygen atoms in water molecules. This mechanism is sup-
ported by the XPS findings discussed in Fig. 3, which indicate
an increase in the positive charge on copper centers after
modification. Additionally, PVP enhances the sensor’s respon-
siveness through strong interactions with water molecules due
to the mesomeric effect of its peptide groups.*®> The detection
mechanism of the Cl-CuPc/PVP humidity sensor is summarized
schematically in Fig. S12 (ESIT).

Fig. 6(b) presents the sensor’s reproducibility across three
consecutive cycles of exposure to alternating humidity levels
(11%RH and 94%RH). The current responses at both 11%RH
and 94%RH exhibit good reproducibility during continuous
measurements, with relative standard deviations of 4.3% and
4.6%, respectively. Fig. 6(c) provides a detailed examination of a
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<
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* 0.4 . 124
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Fig. 6 (a) Current—voltage characteristics of the Cl-CuPc/PVP sensor across varying relative humidity (%RH) levels. The inset shows the plot of the

humidity response (S) as a function of %RH. (b) Reproducibility of the Cl-CuPc/PVP sensor over three cycles at 11%RH and 94%RH. (c) Response and
recovery time under fast change of %RH values between 11%RH and 94% RH. (d) Stability of the sensor over 10 days of storage at room temperature.
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Table 2 Performance comparison of resistive humidity sensors

Dynamic range Response/recovery
Electrode (%RH) S (%) time (s) Ref.
MoS,/PVP 11-94 80 5/2 33
MoS, 0-35 10* 10/60 47
MoS, 0-80 85 0.6/0.3 48
MoS, 10-95 5.3 x 10° 8/22 49
MWCNT/PI  20-90 12.8 5/600 50
NFC/MWCNT 11-95 69.9 330/377 32
PEG/AuNP  1.8-95 10* 1.2/3 51
Sn0,/rGO 11-97 45.02 90/100 52

Cl-CuPc/PVP  11-94 1.2 x 10* 35/243 This work

AuNP: gold nanoparticles, CNT: carbon nanotubes, MWCNT: multi-walled
carbon nanotubes, NFC: cellulose nanofiber, PEG: polyethylene glycol, PI:
polyimide, PVP: polyvinylpyrrolidone, rGO: reduced graphene oxide.

single cycle, where the response and recovery times are deter-
mined to be 35 seconds and 243 seconds, respectively. Note
that the response time is defined as the duration required for
the sensor to achieve a stable reading when the humidity is
decreased from 94%RH to 11%RH, while the recovery time is
the time needed to stabilize when the humidity is increased
from 11%RH back to 94%RH.

The observed difference in response and recovery times
can be attributed to the underlying mechanisms. During the
response phase, the sensor releases (desorbs) water molecules
as the surrounding humidity decreases. This process is rela-
tively rapid because some of the water molecules on the
sensor’s surface are loosely bound and can easily diffuse out
into the drier environment. In contrast, during the recovery
phase, the sensor adsorbs water molecules from a more humid
atmosphere, which often requires a longer time to rebuild the
network of interactions, such as hydrogen bonds, between the
water molecules and the sensor surface. This results in a longer
recovery time compared to the response time.*®

The long-term stability of the sensor stored at room tem-
perature was tested over a 10-day period, as shown in Fig. 6(d),
demonstrating excellent stability with relative standard deviations
(RSD) of 6.0%, 5.8%, and 5.4% at 11%RH, 54%RH, and 94%RH,
respectively. Prolonged storage for 20 and 30 days resulted in
increased RSD values of 7.3% and 8.7% at 94%RH, and 6.8% and
8.1% at 54%RH, indicating a gradual decline in performance.
Notably, at low humidity (11%RH), the sensor’s performance
deteriorated significantly, with a reduction in activity exceeding
10% after 10 days. These findings demonstrate that the sensor
maintains operational stability for at least 10 days, particularly at
moderate to high relative humidity levels, but its functional
lifetime is limited under low-humidity environments.

The performance of the developed Cl-CuPc/PVP humidity
sensor is compared with that of other humidity sensors in
Table 2.

4 Conclusions

This work presents the first utilization and comprehensive
elucidation of the roles of halides in the electrochemical

© 2025 The Author(s). Published by the Royal Society of Chemistry
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modification of layered materials such as CuPc. By employing
a halide-mediated process, we successfully optimize the physi-
cochemical and surface properties of CuPc, achieving thinner
layers and facilitating halogenation while preserving its struc-
tural integrity. These modifications have rendered the functio-
nalized material highly effective as a humidity sensor. We further
integrate the enhanced CuPc with polyvinylpyrrolidone on flexible
interdigitated electrodes mounted on polyimide substrates. The
resulting sensors demonstrate robustness, high sensitivity, excel-
lent reproducibility, and a broad dynamic range, making them
well-suited for wearable and unconventional applications. Impor-
tantly, the scalable and environmentally friendly nature of this
process significantly expands the potential applications of metal
phthalocyanines in material science and sensor technology.
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