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th-supported iridium oxide/
polyaniline bilayer electrode for solid-state
potentiometric pH sensing

Md Rasel,a Mamun Jamal, *a N. Padmanathanb and Kafil M. Razeeb *b

In this work, a stable solid-state potentiometric pH sensor was developed by integrating an iridium oxide/

polyaniline (IrO2/PANI) bilayer onto conductive carbon fibre cloth (CFC). The resulting IrO2/PANI/CFC

electrode was fabricated through sequential PANI electropolymerization followed by IrO2 electrodeposition,

forming a binder free hybrid interface that combines the proton responsive conductivity of PANI with

hydrated/hydroxylated proton active iridium oxide sites. Morphological, elemental, vibrational, and surface

chemical analyses confirmed the successful formation of the IrO2/PANI sensing layer on the CFC substrate.

The electrode exhibited a near-Nernstian response over pH 3–11, with a sensitivity of 58.4 ± 0.9 mV pH−1,

good linearity and an estimated pH resolution of approximately 0.01 pH unit. During continuous pH

adjustment in Britton–Robinson buffer from pH 4.5 to 11.1, the electrode maintained a comparable sensitivity

of 56.8 ± 1.1 mV pH−1 without removing or washing the sensor. The electrode also showed limited

interference from common cations, reversible pH tracking behaviour, acceptable short-term drift and 96.3%

sensitivity retention after 45 days of repeated measurement and storage. Real-sample analysis of vinegar,

orange juice, and baking powder solution showed good agreement with a commercial glass membrane pH

meter. These results demonstrate the potential of IrO2/PANI/CFC as a low-cost platform for stable

potentiometric pH sensing in practical sample environments.
1 Introduction

pH is one of the most important chemical parameters for
monitoring aqueous systems in environmental analysis, food
quality control, biomedical diagnostics, agriculture and indus-
trial processing.1–3 Accurate pH determination is essential
because small changes in proton concentration can signi-
cantly affect chemical reactions, biological activity, corrosion
behaviour, and product quality.1,4 Conventional glass electrodes
remain the most widely used pH sensors due to their high
proton selectivity and reliable potentiometric response.
However, their intrinsic fragility, relatively high internal resis-
tance, susceptibility to membrane fouling, and limited
compatibility with miniaturized or deformable platforms
restrict their use in miniaturized, eld-deployable, and non-
rigid sensing systems.5,6 Recent pH-monitoring strategies have
expanded beyond conventional glass electrodes to include
optical, spectroscopic and solid-state electrochemical plat-
forms. In particular, surface enhanced Raman scattering (SERS)
based probes, including hydrogel-isolated dual-carboxyl SERS
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probes, SERS microtips and reproducible SERS sensors for
biological pH detection, have enabled sensitive pH readout in
localized or microenvironmental conditions.7–9 Although these
optical approaches offer high sensitivity and spatially resolved
detection, they usually require plasmonic substrates and optical
instrumentation. These considerations highlight the need for
solid-state potentiometric pH sensors that are low-cost,
mechanically robust and stable, while retaining the simplicity
of direct electrical readout for practical aqueous sample
analysis.

Mechanically compliant conductive substrates provide an
attractive route for replacing rigid glass-based pH electrodes
and developing solid-state electrochemical sensors with direct
electrical readout.10 Recent studies on binder-free electrodes,
carbon-based fabrics, polymer/nanocomposite interfaces, metal
oxide/carbon hybrids and microtextured sensing interfaces
have shown that stable sensor performance depends not only
on the active sensing material but also on efficient charge
transport, interfacial contact and integration with the sup-
porting substrate.11–14 Among conductive substrates, carbon
bre cloth (CFC) is particularly promising because of its high
electrical conductivity, chemical stability, mechanical exi-
bility, porous structure, and low cost.15,16 In addition, CFC can
serve directly as a current collector without requiring additional
binders or conductive additives.17 However, pristine CFC is not
intrinsically proton sensitive and therefore its surface must be
© 2026 The Author(s). Published by the Royal Society of Chemistry
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functionalized with an active pH responsive material to produce
a reliable potentiometric response.

Conducting polymers have been widely explored as proton-
sensitive layers for solid-state pH sensors. Polyaniline (PANI)
is especially attractive because of its facile synthesis, low cost,
environmental stability, reversible protonation/deprotonation
behaviour, and good electrical conductivity.18,19 Recently, Hos-
sain et al. demonstrated PANI modied CFC as an effective
exible pH sensing platform, highlighting the potential of CFC
supported conducting polymers for solid state potentiometric
sensing.20 However, PANI-based electrodes may still suffer from
structural instability, swelling/shrinkage during repeated
protonation–deprotonation cycles, and potential dri during
long-term operation.21,22 These limitations can reduce repro-
ducibility and operational stability, particularly when the sensor
is used continuously or in complex real samples.

Metal oxides offer an alternative class of robust pH sensitive
materials due to their proton coupled redox activity, chemical
stability, and wide pH operating range.2,23 Several metal oxides,
including TiO2, RuO2, Ta2O5, SnO2, and IrO2, have been inves-
tigated for solid state pH sensing.2,24,25 Among these, iridium
oxide is considered one of the most reliable pH sensitive oxides
because of its fast and reversible proton exchange, near-
Nernstian potentiometric response, and high chemical
stability in acidic and alkaline environments.26,27 However, only
metal oxide sensing layers may suffer from limited mechanical
compliance and reduced interfacial contact when integrated
with exible or porous substrates.28

Combining conducting polymers with metal oxides is
a promising strategy to overcome the limitations of each indi-
vidual component in solid-state pH sensing. In such hybrid
systems, the conducting polymer provides a conductive and
mechanically accommodating pathway for charge transport,
while the metal oxide contributes chemically stable proton
active sites for potentiometric transduction.29,30 This strategy
has also been explored for pH sensing; for example, a PANI-
Ni(OH)2 modied nickel foam electrode recently showed
a linear response over pH 3–11 with a sensitivity of 46.00 mV
pH−1, although the response remained below the near-
Nernstian value and multi-day long-term sensitivity retention
was not demonstrated.31 This comparison indicates that further
development of stable polymer/oxide pH-sensing interfaces
remains important. On this basis, integrating IrO2/IrOx with
PANI on CFC is expected to create a complementary sensing
interface: PANI improves electrical connectivity and surface
coverage on the porous carbon bre network, whereas IrO2/IrOx

contributes hydrated/hydroxylated proton-active sites for pH-
dependent potential generation. Recently, Lee et al. reported
a long-term stable PANi-IrOx bilayer pH sensor array for real
time two-dimensional pH mapping in cell culture monitoring,
demonstrating the benet of polymer/oxide bilayer architec-
tures.32 However, that device was based on a microfabricated
polyimide/Cu/Au platform, whereas a low-cost, binder free IrO2/
PANI bilayer directly on CFC for practical food and environ-
mental pH monitoring remains less explored.

Herein, we report a binder free IrO2/PANI bilayer electrode
fabricated directly on carbon bre cloth for solid state
© 2026 The Author(s). Published by the Royal Society of Chemistry
potentiometric pH sensing. The architecture integrates the
conductive and proton responsive nature of PANI with the
chemically stable proton active redox sites of IrO2, while CFC
serves as a exible, porous, and conductive platform. The
proposed design provides a simple and practical platform for
low-cost exible pH sensors intended for environmental and
food sample monitoring.

2 Experimental
2.1 Materials

Potassium hexachloroiridate(IV), hydrochloric acid, sulfuric
acid, aniline and ethanol were purchased from E. Merck, Ger-
many. Sodium carbonate, sodium bicarbonate, disodium
hydrogen phosphate, sodium dihydrogen phosphate and
sodium hydroxide pellets were obtained from Sigma-Aldrich.
Carbon bre cloth was purchased from radionics Ireland.
Copper conducting wire and insulating polymer were used for
electrical connection and electrode encapsulation respectively.
Malt vinegar, orange juice, and baking powder were purchased
from local markets in Bangladesh and used as real samples. All
chemicals were of analytical grade and used without further
purication. All aqueous solutions were prepared using ultra-
pure Millipore water with a resistivity of approximately 18.2
MU cm.

2.2 Synthesis of IrO2 nanoparticles

IrO2 nanoparticles were synthesized using a previously reported
chemical method with slight modication.33 Briey, 10 wt%
NaOH was added dropwise to a 2 mM aqueous K2IrCl6 solution
under continuous stirring until the solution became strongly
alkaline. The solution changed to yellow, indicating hydrolysis
of the iridium precursor. The mixture was then heated at 90 °C
for 1 h under continuous stirring, during which the colour
gradually changed to light blue. The solution was immediately
cooled in an ice bath, and 3 M HNO3 was added dropwise until
the solution became acidic. The resulting dark blue IrO2

nanoparticle dispersion was stirred for 80 min at room
temperature and then aged for 24 h at 4 °C in the dark. The
colloidal IrO2 dispersion was stored at 4 °C and brought to room
temperature before use.

2.3 Fabrication of working electrode

As summarized in Scheme 1, the IrO2/PANI/CFC electrode was
prepared by sequential modication of CFC through PANI
electropolymerization followed by IrOx nanoparticle electrode-
position. CFC pieces with an approximate size of 1× 1 cm2 were
ultrasonically cleaned in 3 M HCl for 30 min, followed by
ethanol for 30 min, to remove surface impurities. The cleaned
CFC was rinsed thoroughly with deionized water and dried at
room temperature. Electrical contact was made using copper
wire and the contact region was sealed with an inert insulating
polymer to dene the active electrode area. Polyaniline was
electropolymerized on the cleaned CFC substrate in a three-
electrode cell containing 0.1 M aniline and 1.0 M H2SO4. The
CFC substrate was used as the working electrode, a platinum
RSC Adv., 2026, 16, 42528–42539 | 42529



Scheme 1 Schematic illustration of the fabrication route of the IrO2/PANI/CFC pH sensor.
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wire as the counter electrode, and Ag/AgCl (3 M KCl) as the
reference electrode. Electropolymerization was performed by
cyclic voltammetry for 10 cycles over a potential window of −0.2
to 0.8 V at a scan rate of 20 mV s−1; these conditions were
selected based on our group's previously reported PANI/CFC pH
sensor.20 The resulting PANI/CFC electrode was rinsed several
times with deionized water to remove residual monomer and
electrolyte and then air-dried for 6 h at room temperature.
Then, the pre-synthesized IrOx nanoparticles were deposited
onto the PANI/CFC by electrochemically assisted anodic depo-
sition. During the electrodeposition procedure, PANI/CFC was
exposed to a potential of +1.4 V against Ag/AgCl for 30 minutes
in a 20 mL IrOx NPs solution.34 Before conducting electro-
chemical experiments, the sample was rinsed with water and
air-dried at room temperature.
2.4 Material characterization and potentiometric pH
measurements

Electrochemical measurements were performed using a potentio-
stat/galvanostat (Biologic SP-300). A conventional three-electrode
conguration was used, consisting of the IrO2/PANI/CFC elec-
trode as the working electrode, Ag/AgCl (3 M KCl) as the reference
electrode, and a platinum wire as the counter electrode. Open-
circuit potential measurements were carried out in buffer solu-
tions of different pH values to evaluate the potentiometric pH
response. The surface morphology and elemental composition of
the electrodes were examined using eld-emission scanning
electron microscopy (FE-SEM, FEI Quanta 650) equipped with
energy-dispersive X-ray spectroscopy (EDX, Oxford Instruments
INCA energy system). Fourier-transform infrared spectroscopy
(FTIR) spectra were recorded using an IRTracer-100 spectrometer
(Shimadzu). Raman spectra were collected using a Renishaw
RA100 confocal Raman microscope with a 514.5 nm excitation
laser. X-ray photoelectron spectroscopy (XPS) was performed using
a Kratos AXIS ULTRA spectrometer. UV-visible absorption spectra
of the IrOx dispersion were recorded using a Shimadzu UV-1800
spectrophotometer in the wavelength range of 200–800 nm
using a quartz cuvette.
3 Results and discussion
3.1 Fabrication of pH sensor

The formation of IrO2/PANI/CFC electrode was systematically
examined at each fabrication stage, beginning with the synthesis
of colloidal IrOx nanoparticles and the electropolymerization of
42530 | RSC Adv., 2026, 16, 42528–42539
PANI on CFC. The formation of colloidal IrOx nanoparticles was
monitored by UV-vis spectroscopy. As shown in Fig. 1a, the alka-
line K2IrCl6 precursor solution exhibited an absorption feature
around 313 nm, which can be attributed to hydrolysis of the Ir–Cl
coordination environment and formation of hydrolysed iridium
species.33,35 Upon heating at 90 °C, hydrolysis of [IrCl6]

2− is
promoted, leading to the formation of [Ir(OH)6]

2− type species.
Subsequent acidication induces protonation and condensation
of the hydrolysed iridium species, resulting in the formation of Ir–
O–Ir networks in colloidal hydrated iridium oxide. This trans-
formation was conrmed by the appearance of a broad absorption
band around 580 nm, which is characteristic of IrOx$nH2O
nanoparticles.33 The corresponding colour transition from pale
yellow to light blue and nally to dark blue, shown in the inset of
Fig. 1a, further supports the formation of colloidal IrOx

nanoparticles.
PANI was then electropolymerized directly on the CFC

substrate by cyclic voltammetry in acidic aniline solution. As
shown in Fig. 1b, the cyclic voltammograms show the charac-
teristic redox behaviour of PANI, associated with reversible
transitions among leucoemeraldine, emeraldine, and perni-
graniline oxidation states.36,37 The gradual increase in anodic
and cathodic current with increasing cycle number indicates
the progressive formation of an electroactive PANI layer on the
CFC surface. Since the electropolymerization was performed in
strongly acidic medium, the deposited PANI is expected to be in
its protonated conductive form, which is favourable for charge
transport and proton-responsive sensing.36,38 Finally, the pre-
formed IrOx colloidal nanoparticles were electrodeposited
onto the PANI/CFC electrode at +1.40 V versus Ag/AgCl for 1800 s
to obtain the IrO2/PANI/CFC sensing electrode.34 This step is
more appropriately described as electrochemically assisted
anodic colloidal deposition rather than conventional electro-
deposition from dissolved iridium ions because pre-formed
IrOx colloidal species were used. The applied anodic potential
is expected to promote transport and accumulation of the
colloidal species at the PANI/CFC surface, followed by their
aggregation and attachment to the porous polymer layer.35 The
successful formation of the hybrid sensing layer was further
conrmed by morphological, elemental, and surface chemical
analyses, as discussed in the following sections.
3.2 Morphology characterization of electrodes

The morphology and elemental distribution of the modied
electrodes were investigated by SEM, TEM and EDX elemental
© 2026 The Author(s). Published by the Royal Society of Chemistry



Fig. 1 (a) UV-vis spectra showing the formation of colloidal IrOx nanoparticles from K2IrCl6 precursor solution. The inset shows the corre-
sponding colour transition during IrOx formation; (b) cyclic voltammograms recorded during electropolymerization of PANI on CFC in 0.1 M
aniline and 1.0 M H2SO4; the arrow indicates increasing cycle number.
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mapping to verify the formation of the IrO2/PANI hybrid sensing
layer on CFC. The bare CFC showed a woven carbon bre
network with relatively smooth bre surfaces, as presented in
Fig. S1. Aer electropolymerization, a clear morphological
transformation was observed. As shown in Fig. 2a, the PANI/
CFC electrode exhibited a rough and porous coating along the
carbon bre surface, conrming the successful growth of PANI
on the exible CFC substrate. The interconnected PANI network
provides an enlarged accessible interface and continuous
conductive pathways, which are benecial for proton exchange
and charge transport during potentiometric pH sensing.20,39
Fig. 2 (a) SEM and (b) TEM images of PANI/CFC; (c) SEM, (d) TEM and (e) h
PANI/CFC; (f) EDX elemental maps of IrO2/PANI/CFC showing C, N, O,

© 2026 The Author(s). Published by the Royal Society of Chemistry
The corresponding TEM image in Fig. 2b shows a semi-
transparent polymeric morphology, consistent with the amor-
phous and low electron density nature of electropolymerized
PANI. Aer IrOx electrodeposition, the surface became more
heterogeneous and densely textured. Fig. 2c shows that the IrO2/
PANI/CFC electrode retained the porous bre supported archi-
tecture, while additional nanoscale features appeared on the
PANI coated surface. This morphology indicates that the
iridium oxide phase was incorporated into or deposited onto
the PANI network without disrupting the exible CFC frame-
work. Further nanoscale evidence is provided by the TEM
igh-magnification TEM image of IrO2/PANI/CFCwith FFT inset of IrO2/
and Ir distributions, respectively.

RSC Adv., 2026, 16, 42528–42539 | 42531



Fig. 3 (a) FTIR spectra of CFC, PANI/CFC, and IrO2/PANI/CFC; (b) Raman spectra of CFC, PANI/CFC, and IrO2/PANI/CFC; (c) XPS survey spectra
of PANI/CFC and IrO2/PANI/CFC; high-resolution XPS spectrum of IrO2/PANI/CFC: (d) Ir 4f, (e) O 1s, (f) N 1s.

RSC Advances Paper
images of IrO2/PANI/CFC. As shown in Fig. 2d, darker contrast
domains are distributed within the lighter PANI based matrix.
These darker regions are attributed to Ir containing oxide
species because iridium oxide has higher electron density than
the organic PANI phase. The high-magnication TEM image in
Fig. 2e further reveals nanoscale IrOx rich regions within the
hybrid structure, supporting the formation of an intimately
integrated IrOx/PANI interface.32

The chemical composition and spatial distribution of these
IrOx rich regions were further evaluated by EDX elemental
mapping. For PANI/CFC, the EDX elemental maps and spec-
trum in Fig. S2 show C and N distributed over the modied
carbon bre surface, supporting the formation of the PANI
coating. An O signal is also observed, which can be attributed to
native oxygen containing groups on the carbon bre surface
and/or adsorbed oxygen/water.40 Aer IrOx electrodeposition,
the IrO2/PANI/CFC electrode exhibits a clear Ir distribution in
addition to C, N, and O as shown in Fig. 2f and S3. The emer-
gence and spatial distribution of Ir over the modied surface,
together with its association with O in the elemental maps,
supports the successful incorporation of the iridium oxide
phase into the PANI coated CFC electrode. Overall, the SEM,
TEM and EDX results demonstrate that the sequential
electropolymerization/electrodeposition strategy produced
a porous IrO2/PANI hybrid interface on the exible CFC
substrate.
42532 | RSC Adv., 2026, 16, 42528–42539
3.3 Structural and surface chemical characterization

FTIR, Raman spectroscopy, and XPS were used to further
examine the structural and surface chemical features of the
modied electrodes. The FTIR spectra in Fig. 3a show the
characteristic vibrational signatures of CFC, PANI/CFC, and
IrO2/PANI/CFC. Bare CFC exhibits weak but discernible
absorption features, as expected for a graphitic carbon-based
substrate. A relatively sharp band cantered at approximately
2925 cm−1 is attributed to aliphatic C–H stretching of methy-
lene groups, which may originate from residual surface organic
species or sizing agents on the commercial carbon bre surface.
Weak bands around 1500–1600 cm−1 and 1750 cm−1 can be
assigned to C]C vibrations of graphitic carbon domains and
C]O stretching of oxygen containing surface groups, respec-
tively.41 Aer electrodeposition of PANI, several characteristic
peaks appeared in the FTIR of PANI/CFC, including the C]C
stretching vibrations of benzenoid and quinoid ring at
1476 cm−1 and 1568 cm−1 respectively.42 The broad N–H
stretching vibration around 3000–3200 cm−1 attributed to the
amine group of PANI backbone. The peak at 1140 cm−1 corre-
sponds to the protonated quinoid structure of conductive PANI,
which is essential for enhanced charge transfer and electro-
chemical activity.43 Additionally, the peak around 1300 cm−1 is
assigned to C–N stretching vibrations, while peak near
815 cm−1 correspond to out of plane C–H bending in the PANI
backbone.44 These features conrm the successful formation of
© 2026 The Author(s). Published by the Royal Society of Chemistry
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PANI on the CFC substrate. In the IrO2/PANI/CFC spectrum, the
characteristic PANI bands are retained, although their relative
intensity changes aer IrOx deposition. This variation can be
attributed to partial surface coverage by the deposited iridium
oxide phase and possible interfacial interaction between IrOx

and the PANI matrix.
Raman spectroscopy was further employed to examine the

vibrational features of the modied electrodes. As shown in
Fig. 3b, bare CFC exhibits two characteristic carbon bands at
approximately 1345 and 1586 cm−1, corresponding to the D and
G bands, respectively.45 The D band is associated with structural
disorder or defects in carbon, whereas the G band arises from
the in-plane vibration of sp2 hybridized graphitic carbon
domains. Aer PANI electropolymerization, the PANI/CFC
spectrum shows several additional characteristic PANI related
bands. In the low-wavenumber region, the bands at approxi-
mately 416, 530, 572, and 810 cm−1 can be attributed to skeletal/
ring deformation modes and aromatic C–H out-of-plane
bending vibrations of the PANI backbone.18 In the higher-
wavenumber region, the bands at 1171 and 1243 cm−1 are
assigned to aromatic C–H bending and C–N stretching vibra-
tions of PANI, respectively. The feature near 1341 cm−1 is
associated with C–N+/polaronic structures of conductive PANI,
although this band overlaps with the D band of the carbon bre
substrate.46 The bands at 1401, 1501, 1543, and 1596 cm−1 are
attributed to benzenoid/quinoid ring vibrations and C]N/C]C
stretching modes in the PANI backbone, with the 1596 cm−1

band partially overlapping with the carbon G band.47 These
Raman features support the successful formation of the PANI
layer on CFC and are consistent with the FTIR results. For the
IrO2/PANI/CFC electrode, the main PANI related Raman bands
remain detectable aer IrOx electrodeposition, although their
intensities are reduced because of partial surface coverage and
attenuation by the deposited iridium oxide phase. No distinct
new IrO2 Raman band is resolved, likely because of the thin,
hydrated/nanostructured nature of the electrodeposited IrOx

layer and overlap with the stronger PANI/CFC background.
Therefore, Raman analysis mainly supports retention of the
PANI structure, while the iridium oxide phase is conrmed by
XPS.

XPS analysis was performed to examine the surface
elemental composition and chemical states of the modied
electrodes. As shown in Fig. 3c, the survey spectrum of PANI/
CFC exhibits C 1s, N 1s, and O 1s signals, conrming the
presence of the PANI coated carbon framework. Aer IrOx

electrodeposition, the IrO2/PANI/CFC electrode exhibits addi-
tional Ir 4f signals, conrming the successful incorporation of
an iridium-containing oxide phase onto the PANI/CFC surface.
The high-resolution Ir 4f spectrum of IrO2/PANI/CFC in Fig. 3d
shows two main peaks at approximately 62.8 and 65.7 eV, cor-
responding to Ir 4f7/2 and Ir 4f5/2, respectively.48 These binding
energies are consistent with IrO2 like iridium oxide species,
supporting the formation of the iridium oxide phase on the
PANI modied CFC electrode. The assignment is further sup-
ported by the O 1s spectrum and the Ir/O distribution observed
in the elemental maps. The high-resolution O 1s spectrum of
IrO2/PANI/CFC in Fig. 3e was deconvoluted into three
© 2026 The Author(s). Published by the Royal Society of Chemistry
components at 531.8, 532.8, and 534.1 eV. The component at
531.8 eV is assigned to Ir–O/Ir–OH species associated with
hydrated iridium oxide.49 The peak at 532.8 eV is attributed to
C–O/C–OH and surface hydroxyl groups from the hybrid PANI/
CFC framework, while the higher binding energy component
at 534.1 eV corresponds to adsorbed water/oxygen or weakly
bound surface oxygen species.50 These oxygen-containing and
hydroxylated surface species are benecial for proton-coupled
pH sensing. The high-resolution N 1s spectrum in Fig. 3f
further conrms the nitrogen-containing PANI structure within
the hybrid electrode. The tted components at 399.4 and
400.5 eV are assigned to neutral nitrogen species in the PANI
backbone, mainly C–N/–NH– groups, and protonated or
oxidized nitrogen species such as C–NH+/N+, respectively.51,52

The continued presence of the characteristic PANI features
in the FTIR and Raman spectra, together with the PANI-
related N 1s components in the XPS spectrum indicates that the
polymer framework was largely preserved aer IrOx deposition.
Nevertheless, minor surface oxidation under these strongly
oxidizing conditions cannot be completely excluded. Additional
C 1s tting proles of PANI/CFC and IrO2/PANI/CFC, together
with the N 1s spectrum of PANI/CFC, are provided in Fig. S4 to
further support the carbon and nitrogen containing PANI
framework before and aer IrOx deposition. Overall, the XPS
results conrm the successful formation of a PANI supported
iridium oxide interface, in which PANI provides a conductive
nitrogen containing matrix and iridium oxide contributes
hydroxylated proton active sites for potentiometric pH
transduction.
3.4 pH sensor performance

The potentiometric pH sensing performance of the IrO2/PANI/
CFC electrode was evaluated using open circuit potential
measurements in standard buffer solutions. The proposed
sensing mechanism is illustrated in Fig. 4a. In this hybrid
architecture, the CFC substrate acts as a porous conductive
support, while the PANI/IrO2 interface serves as the proton
responsive sensing layer. The electrodeposited IrO2/IrOx

domains partially cover the PANI matrix, allowing both
hydrated/hydroxylated iridium oxide sites and exposed PANI
domains to participate in proton exchange. Changes in solution
pH modulate proton coupled equilibria at hydrated IrO2/IrOx

sites,53,54 while the PANI backbone undergoes reversible
protonation/deprotonation of nitrogen sites.18 The close contact
between IrO2/IrOx domains and the PANI matrix, supported by
the TEM and XPS analyses, suggests that the oxide and polymer
components act as a coupled proton-responsive interface rather
than as independent sensing layers. These coupled interfacial
processes alter the charge distribution at the electrode/
electrolyte interface and support charge transfer from the
IrO2/IrOx sites through the conducting PANI/CFC network,
resulting in an open-circuit potential that can be correlated with
solution pH using an Ag/AgCl reference electrode. The near-
Nernstian response can be understood from the Nernst rela-
tionship for a simplied one proton/one electron interfacial
process:
RSC Adv., 2026, 16, 42528–42539 | 42533



Fig. 4 (a) Schematic illustration of the pH sensing mechanism; (b) open circuit potential response of the electrode in standard buffer solutions
from pH 3 to 11 and (c) its corresponding calibration curve; (d) continuous OCP response recorded in Britton–Robinson buffer while the pH was
adjusted from 4.5 to 11.1 by adding 1 M NaOH without removing or washing the sensor and (e) corresponding calibration curve extracted from
the continuous pH response measurement.
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E ¼ E� þ RT

F
lnðaHþÞ (1)

where E° is standard electrode potential, R is the molar gas
constant, T is the absolute temperature and F is the Faraday
constant. Since pH is related to proton activity, eqn (1) corre-
sponds to an ideal Nernstian slope of 59.16 mV pH−1 at 25 °C
for a one-proton/one-electron process.

As shown in Fig. 4b, the OCP was recorded for approximately
1 min in separate standard buffer solutions across the pH range
of 3–11. The electrode produced stable potential proles at each
pH value, with the measured potential decreasing
42534 | RSC Adv., 2026, 16, 42528–42539
systematically as the pH increased. This pH dependent poten-
tial shi conrms the proton sensitive response of the IrO2/
PANI/CFC interface. The corresponding calibration curve in
Fig. 4c shows a strong linear relationship between OCP and pH,
with a sensitivity of 58.4± 0.9 mV pH−1 and an R2 value of 0.998
(n = 3 independent electrodes). This sensitivity is close to the
theoretical Nernstian response, indicating efficient proton
coupled interfacial charge transfer at the hybrid electrode. The
minimum detectable pH change, estimated as DpH= DV/S, was
approximately 0.01 pH unit, where DV is the potential uncer-
tainty and S is the calibration sensitivity. Additional cyclic
© 2026 The Author(s). Published by the Royal Society of Chemistry



Fig. 5 (a) Interference study in the presence of common cations, including Na+, K+, Mg2+ and Ca2+ followed by pH adjustment using NaOH; (b)
short-term OCP drift response recorded at fixed pH values during 6 hours continuous measurement; (c) long-term stability of the electrode
measured at pH 5, 7 and 9 over 45 days. (d) Real sample pH analysis of vinegar, orange juice and baking powder solution compared with
a commercial pH meter.
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voltammetric measurements were performed at pH 6, 7, and 8
to examine the electrochemical response of the IrO2/PANI/CFC
electrode under near neutral conditions (Fig. S5a). A slight
shi of the anodic feature toward lower potentials was observed
with increasing pH, indicating that the electrochemical
response of the hybrid interface is inuenced by solution pH.

To further assess dynamic pH sensing capability, the IrO2/
PANI/CFC electrode was tested in Britton–Robinson buffer
while the solution pH was continuously adjusted from pH 4.5 to
11.1 by adding 1 M NaOH, without removing or washing the
sensor between pH changes. The OCP response of the sensor
and the pH value measured by a commercial pH meter were
recorded simultaneously. As shown in Fig. 4d, the electrode
exhibited a clear potential change following the gradual
increase in pH, demonstrating its ability to monitor continuous
pH variation in real conrming that the IrO2/PANI/CFC elec-
trode maintains near-Nernstian behavior under continuous pH
adjustment conditions.

The calibration curve extracted from this dynamic
measurement is shown in Fig. 4e, giving a sensitivity of 56.8 ±

1.1 mV pH−1. This value is close to the static calibration
© 2026 The Author(s). Published by the Royal Society of Chemistry
sensitivity, the practical analytical performance of the IrO2/
PANI/CFC electrode was further evaluated through interfer-
ence, reversibility, short-term dri, long-term stability, and real
sample measurements. The interference study was performed
to examine whether common cations affect the pH response of
the electrode. As shown in Fig. 5a, the OCP response was
recorded in the presence of Na+, K+, Mg2+ and Ca2+ at 100 mM
concentration. The addition of these cations caused only minor
potential variations, whereas a clear potential change was
observed when the solution pH was adjusted using NaOH. This
result indicates that the response of the IrO2/PANI/CFC elec-
trode is mainly governed by changes in proton activity rather
than by the tested interfering cations. The reversibility of the
electrode response was further examined through a pH titration
cycle, as shown in Fig. S5b. During this test, the solution pH was
changed from 6.1 to 10.4 and then to 4.1 without removing or
washing the sensor between pH changes. The OCP response
changed clearly with the pH variation and followed the direc-
tion of the pH change measured using a commercial pH meter.
This result supports the reversible pH tracking behaviour of the
IrO2/PANI/CFC electrode under continuous titration conditions.
RSC Adv., 2026, 16, 42528–42539 | 42535
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The short-term operational stability of the electrode was
evaluated by continuously recording the OCP at xed pH values
for 6 h. As shown in Fig. 5b, the electrode exhibited stable
potential proles during the initial stage of continuous
measurement, with potential dri values of approximately 1.15,
2.0 and 2.0 mV at pH 6, 7, and 9 respectively aer 1 h. Aer
prolonged continuous exposure for 6 h, the total potential dri
increased to approximately 3, 9 and 7 mV at pH 6, 7 and 9
respectively. These results indicate that the IrO2/PANI/CFC
electrode maintains acceptable short-term stability under
continuous measurement conditions. For prolonged moni-
toring applications, this gradual baseline shi could be
managed through periodic reference correction, single-point
recalibration, or soware-based dri compensation. Long
term stability was investigated by monitoring the OCP response
of the electrode at acidic, neutral and basic environment (pH 5,
7 and 9) over 45 days. Aer each measurement, the electrode
was rinsed and stored in a storage box until the next testing
cycle. As shown in Fig. 5c, the electrode maintained a stable pH
dependent response throughout the 45 days period. To quantify
the stability, the calibration slope was estimated from the OCP
values measured at pH 5, 7 and 9 at each testing time. The
sensitivity decreased only slightly from the rst measurement
day to day 45, with a sensitivity retention of approximately
96.3%. This result indicates good long-term stability of the IrO2/
PANI/CFC sensing interface during repeated measurement and
storage cycles. Finally, the practical applicability of the elec-
trode was assessed using real samples, including vinegar,
orange juice and baking powder solution. The OCP values
measured by the electrode shown in Fig. S6 and the corre-
sponding pH values were then calculated from the standard
calibration curve of the developed sensor. The calculated pH
values were then compared with those obtained using
a commercial glass membrane pH meter (EZDO PH5011) under
the same conditions. As shown in Fig. 5d, the commercial pH
meter measured pH values of 2.5, 3.5 and 8.3 for vinegar, orange
juice, and baking powder solution, respectively, whereas the
IrO2/PANI/CFC electrode gave corresponding values of 2.6, 3.3
and 8.2.

The close agreement between the two methods conrms that
the exible IrO2/PANI/CFC electrode can provide reliable pH
measurements in both standard buffer solutions and practical
sample environments. The performance of the IrO2/PANI/CFC
electrode was further compared with recently reported PANI,
IrOx and PANI/oxide-based potentiometric pH sensors, as
summarized in Table S1. The present electrode showed sensi-
tivity comparable to several single-component PANI or IrOx

based electrodes and higher than reported PANI/metal oxide
hybrid electrodes, while also maintaining 96.3% sensitivity
retention aer 45 days.

4 Conclusions

In summary, this study demonstrates that direct integration of
an IrO2/PANI bilayer onto conductive carbon bre cloth is an
effective strategy for developing a binder free solid-state
potentiometric pH sensor. SEM, TEM, EDX, FTIR, Raman, and
42536 | RSC Adv., 2026, 16, 42528–42539
XPS analyses veried the formation of a hybrid sensing layer on
the carbon bre network, conrming that the sequential
modication process produced a chemically and structurally
distinct sensing interface rather than a simple carbon substrate
coating. The resulting IrO2/PANI/CFC electrode showed a stable,
linear, and near-Nernstian open-circuit potential response over
pH 3–11 and maintained comparable pH sensitivity during
continuous pH adjustment, indicating that the electrode can
operate under both stepwise calibration and dynamic
measurement conditions. The limited response toward
common cations, reversible pH tracking behavior, acceptable
short-term dri and 96.3% sensitivity retention aer 45 days
further support the operational stability of the bilayer interface.
Real sample measurements in acidic and alkaline samples were
consistent with a commercial glass pH meter, demonstrating
the practical relevance of the sensor beyond standard buffer
solutions. Overall, the IrO2/PANI/CFC architecture provides
a simple, low-cost, and stable platform for solid-state pH
sensing in aqueous sample analysis. Further development of
this platform should include systematic evaluation under
mechanical deformation including bending, cyclic strain and
conformal contact with irregular surfaces, to establish its suit-
ability for wearable and curved surface pH sensing formats.
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