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In this study, a highly porous three-dimensional (3D) pH sensor was developed using polyaniline (PANI)-
modified nickel hydroxide-coated nickel foam (NF/Ni(OH),/PANI). The fabrication process involved the
electrodeposition of nickel hydroxide onto nickel foam, followed by heat treatment and subsequent
electropolymerisation of aniline at a constant current. The structural and morphological properties of the
NF/Ni(OH),/PANI electrode were analysed using field emission scanning electron microscopy (FSEM),
X-ray photoelectron spectroscopy (XPS), Fourier transform infrared spectroscopy, and Raman spectroscopy.
FESEM images show oblate and spherical particles of NF/Ni(OH),/PANI, while XPS analysis confirms the
elemental composition and the presence of different chemical bonds. The pH response was evaluated via
open-circuit potential measurements, revealing a sensitivity of 46.00 mV per pH (R = 0.99) over the pH
range of 3 to 11. The sensor demonstrated excellent stability, reproducibility, and minimal drift, ensuring
reliability for practical applications. Real sample analysis using vinegar, orange juice, and baking soda
solutions confirmed the sensor's accuracy, showing strong correlation with commercial pH meters.
Additionally, density functional theory calculations were performed to investigate the interaction energy
between PANI and HzO" ions, revealing increasing binding affinity with longer PANI chain lengths (—68.01,
—159.72, and —682.78 kJ mol™* for 1PANI, 2PANI, and 4PANI, respectively). HOMO-LUMO energy gap
analysis further supported the electronic interactions governing the sensing mechanism. This combined
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experimental and theoretical approach confirms the potential of the NF/Ni(OH),/PANI sensor for real-time

rsc.li/materials-advances assessment in food safety, environmental monitoring, and biomedical analysis.

1. Introduction

Three-dimensional (3D) pH sensors represent a great advance-
ment in electrochemical pH sensing, offering superior sensi-
tivity, precision and responsiveness in complex environments
compared to traditional 2D sensors.' After incorporating por-
ous or nanostructured materials, 3D sensors maximise the
surface area and ion accessibility, thereby further improving
the responsiveness and accuracy of the sensor.” These sensors
are increasingly vital in biotechnology, environmental monitor-
ing, and industrial processes where accurate and real-time
pH measurement is critical.® It is essential to monitor and
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maintain the pH level in the food industry, as it directly affects
flavor, shelf life, and microbial activity.*”® Accurate pH mon-
itoring ensures consistency and safety, particularly in fermen-
ted items like cheese, yoghurt, beverages, and various other
processed foods.”® Conventional pH sensors including glass
electrodes suited to liquid only,” solid-state sensors like
ISFETs,">'" and optical pH sensors for non-invasive detection
are being used widely.'>"® However, these technologies often
face challenges such as fragility, high cost, or limited adapt-
ability in dynamic environments.'**°

Conductive polymers, especially polyaniline (PANI), have
emerged as attractive alternatives for pH sensing due to their
protonation-deprotonation responsiveness, chemical stability,
and ease of synthesis.>'® In addition, PANI-based sensors offer
fast response, high sensitivity, and wide detection ranges.
Despite their advantages, PANI-modified sensors may require
regular calibration and maintenance to account for environ-
mental sensitivities and potential degradation over time.'”
Nevertheless, their cost-effectiveness and versatility make them
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a valuable tool in a variety of applications. In 2019, Jamal
et al. developed a flexible pH sensor using tungsten oxide
nanoparticle-modified carbon fibre cloth, achieving a linear
response over the pH range of 3-10 with a sensitivity of
41.38 mV per pH.'® Another scientist, Zhao et al. developed a
PANI-based 3D pH sensor, which exhibited a sensitivity of
69.33 mV per pH within the physiological pH range of 4 to 9
in a sweat sample."® N. Padmanathan et al. reported a 3D nickel
phosphate nano/microflake electrode for energy storage and
sweat pH sensing, demonstrating high sensitivity and multi-
functional performance.”® Also, Najafi Khoshnoo et al. intro-
duced a 3D wireless pH sensor system for health monitoring,
which shows 51.76 mV per pH sensitivity.”! Kim et al. devel-
oped a pH sensor for real-time sweat monitoring on the human
body based on a polyaniline/graphene (PANi-Gr) electrode,
demonstrating a Nernstian sensitivity of 61.91 mV per pH.*?
Wang et al. introduced an ultra-flexible nanofibre pH sensor
that was developed by electrodepositing PANI onto gold
fibres, achieving a sensitivity of 60.6 mV per pH within a pH
range of 4 to 8.** These developments highlight the potential
of polyaniline-based pH sensors for flexible, affordable, and
highly sensitive applications in healthcare and environmental
monitoring.

Nickel foam (NF) is widely used in advanced pH sensors due
to its 3D porous structure, high conductivity, and durability,
making it ideal for harsh environments and long-term food
monitoring.>* Its large surface area significantly improves
sensitivity and enhances the response time. In food applica-
tions, NF provides mechanical strength, flexibility, and mini-
mal electrical interference.?® Surface modifications improve
stability and detection limits.>*”>® However, traditional noble
metal coatings can lead to Ni(OH), formation and electrode
poisoning, reducing the active surface area and sensor perfor-
mance. On the other hand, Ni(OH),-based pH sensors provide
high sensitivity and stability in alkaline environments but
suffer from limitations like acidic instability and surface foul-
ing, which can be mitigated by incorporating conductive poly-
mers or carbon-based materials.>**°

Density functional theory (DFT) is a powerful quantum
mechanical modelling tool that helps understand the electro-
nic structure and properties of materials at the atomic level.**
In pH sensing, DFT enables the evaluation of charge distribu-
tion, energy levels, and proton interaction mechanisms, parti-
cularly the effect of protonation on conductive polymers like
PANI. Such theoretical insights are critical for optimising
electrode design and correlating experimental performance
with molecular-level behaviour.*?

In this work, we introduce a novel 3D pH sensor based on
NF/Ni(OH),/PANI, fabricated via a two-step method---electrode-
position of Ni(OH), and electropolymerisation of aniline. The
sensor showed a reliable performance over a wide pH range,
with strong alignment with commercial sensors in real sample
analysis. DFT simulations elucidated the electronic interactions
governing the sensitivity and selectivity, offering a robust, low-
cost solution for real-world pH monitoring in environmental
and food quality applications.
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2. Experimental section

2.1 Reagents and materials

Aniline (C¢Hs-NH,), sodium sulfate (Na,SO,), and hydrochloric
acid (HCIl) were purchased from E-Merck, Germany. Ammo-
nium chloride (NH,Cl), nickel chloride (NiCl,), and potassium
hydroxide (KOH) pellets were purchased from Sigma Aldrich,
USA. Sodium dihydrogen phosphate (NaH,PO,-2H,0), diso-
dium hydrogen phosphate (Na,HPO,), sodium bicarbonate
(NaHCO3), sodium carbonate (Na,COj), and sodium hydroxide
(NaOH) pellets were purchased from Junsei, Japan. Conducting
wire was purchased from Khulna Hardware Store, Bangladesh.
Nickel foam (NF) and the conducting glue were purchased from
Sigma Aldrich, Ireland. A variety of buffer solutions including
phosphate, carbonate, and acetate were prepared. All chemicals
were of analytical grade with high purity and were used as
received. Ultrapure millipore water (~18.2 MQ cm) was
employed in all experiments.

2.2 Modification of NF/Ni(OH),

First, NF was cut into a size of 1 cm x 0.5 cm and sonicated in
6 M HCI for 5-10 minutes to remove the surface oxide layer.
Furthermore, NFs were washed with deionised water and
ethanol to remove ionic and organic contaminants, followed
by air drying. The NF was connected to the copper wire using
conducting silver glue, and the connecting part of the electrode
was covered in an inert insulating polymer. A two-electrode cell
was used, with NF as the working electrode and platinum wire
as the counter electrode to deposit nickel hydroxide on NF.
A steady current of 10 mA was applied for 700 s in a solution
comprising 1 M NH,CI and 0.05 M NiCl,. The nickel hydroxide-
modified nickel foam (NF/Ni(OH), electrode) was then rinsed
with deionised water multiple times to eliminate any unreacted
ionic compounds before being dried in an oven at 45-50 °C for
60 minutes to obtain NF/Ni(OH),.

2.3 Electropolymerisation of PANI on NF/Ni(OH),

To modify the NF/Ni(OH), electrode with polyaniline, a three-
electrode cell was used, with NF/Ni(OH), as the working elec-
trode, Ag/AgCl as the reference electrode, and platinum wire as
the counter electrode. Polyaniline was electropolymerized by
applying a constant current of 5 mA to NF/Ni(OH), against an
Ag/AgCl electrode in a solution of 0.1 M aniline and 0.5 M
Na,SO, for 1400 s. The polyaniline modified electrode NF/
Ni(OH),/PANI was rinsed several times with deionised water,
and then air dried for 2 hours.

2.4 Characterization

The morphology of the electrode materials was studied using a
field-emission scanning electron microscope (model: FEI
QUANTA 650) equipped with energy-dispersive X-ray spectro-
scopy (EDX Oxford Instruments INCA energy system). Fourier
transform infrared (FT-IR) spectra were recorded with an
IRTracer-100 (SHIMADZU) and Raman spectra were recorded
using a Renishaw (RA100) via a confocal Raman microscope at
an excitation laser wavelength of 514.5 nm. X-ray photoelectron

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Modification process of NF/Ni(OH),/PANI and its application to determine pH.

spectroscopy (XPS) (Kratos AXIS ULTRA) was used to investigate
the elemental content and oxidation state.

2.5 Electrochemical study

All electrochemical measurements were performed with a Bio-
Logic potentiostat/galvanostat (model: SP-300). A typical elec-
trochemical cell was assembled with an NF/Ni(OH),/PANI
electrode as the working electrode, Ag/AgCl (3 M KCl) as the
reference electrode and Pt wire as the counter electrode ina1 M
KOH solution.

2.6 Computational method

Computational studies were carried out using Gaussian 9,
Revision C.01 series of programs.*® The energy of geometries,
Mulliken charge and IR were calculated using the DFT-PBEPBE/
6-311+G(d,p) level of theory. The structure of PANI was fully
optimized and molecular orbital analysis (i.e. HOMO and
LUMO) was done using DFT-B3LYP/6-311+G(d,p).

3. Results and discussion
3.1 Field emission scanning electron microscopy (FESEM) study

A schematic diagram shows the overall fabrication process of
NF/Ni(OH),/PANI electrode and its application to determine pH
(Scheme 1). The FESEM images of NF, NF/Ni(OH),, and NF/
Ni(OH),/PANI are shown in Fig. 1. The porous and 3D structure
of bare NF is depicted at different magnifications in Fig. 1(a)
and (b). These images show that the surface of the bare foam is
smooth. After modifying NF with Ni(OH),, the FESEM images of
the NF/Ni(OH), composite are presented in Fig. 1(c) and (d). In
Fig. 1(d), sphere-like particles can be seen growing on the NF
surface, with their average particle size measured as 83.4 nm.
Following the electropolymerisation of aniline on the NF/
Ni(OH), surface, the FESEM images of the modified NF/
Ni(OH),/PANI are shown at lower and higher magnifications

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

in Fig. 1(e) and (f). Oblate and spherical particles are observed
on the NF/Ni(OH), surface, distinctly different from the struc-
tures of bare NF and NF/Ni(OH),. The average size of the oblate
particles is approximately 67 nm, while the spherical particles
are around 70 nm in diameter.

The EDX spectra of bare NF, NF/Ni(OH),, and NF/Ni(OH),/
PANI are shown in Fig. 1(g)-(i). The EDX spectrum of Fig. 1(g)
shows that nickel (Ni) is the primary element present, consis-
tent with the composition of NF. In Fig. 1(h), the presence of
both nickel (Ni) and oxygen (O) atoms indicates the successful
growth of Ni(OH), nanoparticles on the NF surface. In Fig. 1(i),
the EDX spectrum of the NF/Ni(OH),/PANI electrode shows key
elements such as carbon (C), oxygen (O), nickel (Ni), and
nitrogen (N), confirming the presence of both PANI and
Ni(OH),. This suggests that Ni(OH), and PANI are sequentially
deposited on the NF surface, forming a bilayer membrane.
Further analysis through FT-IR, Raman, and XPS supports this
conclusion.

3.2 Functional group analysis by FT-IR & Raman spectroscopy

The functional groups of the molecular structures of NF/
Ni(OH), and NF/Ni(OH),/PANI were investigated using FT-IR
spectroscopy (Fig. 2(a)). The sharp band at 3200-3600 cm '
corresponds to the stretching mode of hydrogen-bonded hydro-
xyl groups in Ni(OH),, while the broad band at 1614 cm™'
reflects the bending vibration of interlayer water or the C—=C
stretching of the quinoid or benzenoid rings. A strong band at
1120 em ™' is due to surface-adsorbed nitrate ions (NO;).**3*
The M-O bond vibrations occur below 1000 cm ™", with a sharp
band at 623 cm™" attributed to the Ni-O and Ni-O-Ni vibra-
tions in the layered structure.® Furthermore, the C—=C stretch-
ing of the quinoid ring, the C—C stretching of the benzenoid
ring, and the C-N stretching of the benzenoid unit correspond
to the significant peaks of the PANI-based electrode at 1624,
1475, and 1292 cm ™" respectively, in NF/Ni(OH),/PANL>® PANI-
modified NF/Ni(OH), peaks at 1097 em ' correspond to the

Mater. Adv., 2025, 6, 7895-7905 | 7897
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Fig. 1 FESEM images of (a) and (b) NF, (c) and (d) NF/Ni(OH),, (e) and

(i) NF/Ni(OH),/PANI, respectively.

C-N stretching of the quinoid unit and the C-H out-of-plane
bending vibration (Fig. 2(a)). There were further bands at
3435 cm ' that demonstrated hydrogen bonding."” The stretch-
ing vibration band of aromatic C-H was observed at 2910 cm™*.*’
The FT-IR analysis confirms the presence of Ni(OH),, surface-
adsorbed nitrate ions, and distinct PANI-related functional groups
in the NF/Ni(OH),/PANI structure, indicating successful modifica-
tion and interaction between the components.

The Raman spectra of the NF/Ni(OH), and NF/Ni(OH),/
PANI electrodes were recorded by applying 514.5 nm excitation
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(Fig. 2(b)). The stretching modes of various bonds are shown by the
bands that emerged in the Raman shift range of 1300-1600 cm™ .
The C-C stretching vibration of the benzene ring is allocated to the
Raman band at 1583 c¢m " N-H deformation vibrations are
ascribed to the band at 1558 em™". The band at 1338-1350 cm ™"
offers information regarding carrier vibrations in the C-N polaronic
structure of PANL>® Furthermore, a weaker Ni-OH peak at 540 cm ™"
demonstrates the presence of Ni(OH), in the NF/Ni(OH),/PANI
electrode.® The result further proves that NF has been successfully

modified with the PANI/Ni(OH), composite membrane.
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(a) FT-IR spectrum of NF/Ni(OH),/PANI and (b) Raman spectrum of NF/Ni(OH),/PANI.
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3.3 X-ray photoelectron spectroscopy (XPS) analysis

The XPS survey spectrum of NF, NF/Ni(OH), and NF/Ni(OH),/
PANI are shown in Fig. 3(a). This survey depicted the core level
spectrum of Ni 2p, O 1s, C 1s, and N 1s, indicating the presence
of the following elements. The core level spectra of the Ni 2p
orbital are illustrated in Fig. 3(b) of NF/Ni(OH),/PANI which
consists of two spin-orbit doublets at binding energy (BE)
values of 856.5 and 874.3 eV, with a spin energy separation of
17.8 eV, that can be assigned to Ni 2p;/, and Ni 2p;,, compo-
nents, respectively.”>® A careful peak fitting was made for
the Ni 2p;, component, which indicates that it can be
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deconvoluted from peaks located at 856.3, the BE value
reported for Ni**, The presence of Ni*" on the surface of NF
might arise from the surface oxidation of Ni(OH), during
electrodeposition. In addition, the O 1s spectra of PANI/
Ni(OH),/NF is shown in Fig. 3(c). The peaks the binding
energies of 531.6 €V and 532.2 eV correspond to the presence
of lattice oxygen and the C-O functional group. Furthermore,
532.6 eV is assigned to the typical band of oxygen in metal
oxides (M-O), whereas the peak at 533.3 €V corresponds to
hydroxides (M-OH), consistent with previous reports on
Ni(OH),.*" In the core level spectra of C 1s, the peak at 284.6 eV
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(a) XPS survey spectrum of NF, NF/Ni(OH),, NF/Ni(OH),/PANI, and the high-resolution spectrum of (b) C 1s, (c) N 1s, (d) Ni 2p, and (e) O 1s.
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corresponds to the C-C/C—C bonds of the aromatic ring of
PANI, whereas the peak at 285.7 eV is due to the C-N/C-NH
groups, which confirm nitrogen incorporation. Additional
peaks at 286.6 and 288.7 eV are caused by C-O and C=O
groups, which are most likely from the polymer oxidation or
surface oxygen species. Additionally, a weak n-n* shake-up
peak around 291 eV indicates that the conjugated structure is
intact."” With binding energies of 398.1, 399.5, and 400.9 eV,
the high-resolution N 1s spectra of NF/Ni(OH),/PANI indicate
the existence of ==N-, -NH-, and N' groups, respectively
(Fig. 3(e)).** Thus, the elemental composition of polymers on
NF is confirmed by XPS.

3.4 pH sensitivity and reproducibility

The pH sensitivity of the NF/Ni(OH),/PANI electrode was inves-
tigated by measuring the open-circuit voltage (OCV) across
various buffer solutions with pH values from 3 to 11
(Fig. 4(a)). The sensor demonstrated a stable and effective
response to H;O" ions, attributed to the amino (-NH,) groups
in the polymeric structure of polyaniline (PANI), which interact
efficiently with protons.

The relationship between pH and OCV is defined by the
Nernst equation, which connects both pH and the concen-
tration of H;O" ions in a solution and, consequently, to the
electrode’s oxidation-reduction potential. In this equation, E,
represents the standard electrode potential, R represents the
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Fig. 4
pH (3-11), (c) reproducibility, and (d) potential drift measurements.
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gas constant, T represents the absolute temperature, and F
represents the Faraday constant:

RT
El = EO =+ 71n[H30+]

Simplifying with base-10 logarithms at standard conditions,
we get:

E; = Ey + 0.0591 log[H;0"]

Phosphate buffer solution (0.1 M) was employed to study the
pH response of the NF/Ni(OH),/PANI electrode. The OCV
measurement of NF/Ni(OH),/PANI is demonstrated at a pH
range of 3-11, which revealed that the equilibrium potential
of the sensor stabilized within 160 seconds over the pH range,
as shown in Fig. 4(a). The NF/Ni(OH),/PANI electrode main-
tained a sensitivity of 46 mV per pH with a high correlation
(R* = 0.99), equivalent to 77.7% of the theoretical Nernst
response (59.2 mV per pH), as illustrated in Fig. 4(b). This
close-to-linear response verifies the consistency of the sensor
functionality in response to H;O" ion concentrations across a
range of pH levels. To evaluate the stability of the NF/Ni(OH),/
PANI electrode, drift measurements were performed in buffer
solutions with pH values of 5, 7, and 10, with OCV readings
taken over one hour at 10-minute intervals (Fig. 4(c)). The
electrode stabilized within the first 10 minutes and
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(a) Potential response of NF/Ni(OH),/PANI at different pH values (3-11) in 0.1 M buffer solution, and (b) the corresponding linear relation plot of
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subsequently maintained a steady potential. Drift values recorded
were 2.34 mV in a neutral buffer (pH 7), 2.71 mV in an acidic buffer,
and 2.90 mV in a basic buffer, demonstrating excellent stability
across different pH environments. Fig. 4(d) demonstrates the
reproducibility of two sensors, showing a consistent response range
from pH 3 to 11 and a sensitivity range between 46 and 47 mV per
pH. The sensors exhibit a low relative standard deviation (RSD) of
2.65%, yielding an average sensitivity of 46.5 mV per pH, indicating
that the NF/Ni(OH),/PANI electrode provides stable performance
regardless of potential variations.

We also measured the pH sensitivity of bare NF, Ni(OH),/NF,
and PANI/NF electrodes within the same pH range using 0.1 M
phosphate buffer solutions (Fig. S1-S3). Notably, these electrodes
did not exhibit a linear response or follow the Nernst equation,
suggesting the inability to detect H;0" ions (Fig. S1b). We have
developed a reproducible and precise NF/Ni(OH),/PANI-based pH
sensor and demonstrated its robust OCV response across a wide
pH range, as well as its high sensitivity, stability, and linear
response, positioning it as a promising candidate for practical
PH sensing applications.

3.5 Real sample analysis

To assess the real-sample applicability of the NF/Ni(OH),/PANI
electrode, the pH of vinegar, orange juice, and a baking powder
solution was measured and compared with the values obtained
from a standard glass pH sensor. The commercial sensor
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recorded pH values of 3.0, 4.4, and 8.1 for vinegar, orange
juice, and baking powder, respectively, while the NF/Ni(OH),/
PANI electrode produced values of 2.8, 3.8, and 8.0 (Fig. 5(a)).
These findings confirm that the results from the NF/Ni(OH),/
PANI electrode closely align with those of the conventional glass
electrode (Fig. 5(b)). To further validate the sensor’s function-
ality, the open-circuit voltage (OCV) of the NF/Ni(OH),/PANI
electrode was recorded in a neutral buffer (pH 7) across a
temperature range of 28-36 °C (Fig. S4). The results showed
minimal influence of temperature variations on sensor perfor-
mance, indicating that the electrode provides reliable readings
under typical laboratory conditions.

Images of the experimental setup for the pH measurements
of the orange juice, vinegar, and baking powder solutions are
shown in Fig. 5(c)-(e). In each setup, the NF/Ni(OH),/PANI
working electrode and an Ag/AgCl reference electrode were
connected to a multimeter to record the OCVs. The potential
differences measured were 176.3, 87.6, and —46.6 mV for
vinegar, orange juice, and baking powder, respectively. For
comparison, the commercial glass pH meter recorded pH
values of 3.1, 4.4, and 8.1, aligning closely with the value of
the NF/Ni(OH),/PANI electrode. The NF/Ni(OH),/PANI electrode
demonstrates reliable and accurate pH measurements across a
range of sample types, comparable to a commercial pH sensor.
Additionally, its minimal sensitivity to temperature fluctua-
tions confirms its suitability for routine pH measurements in

0.30 9
(a) —Vinegar . Orange— Backing Soda (b) sl Il Commercial pH

_ 025 ] PANINIINF
% 7}
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2 |
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Fig. 5 OCV of the real sample test of vinegar, orange, and baking powder and (b) comparison of an NF/Ni(OH),/PANI pH sensor with the commercial
pH sensor. Image of the real sample test (d) vinegar, (e) orange and (f) baking powder.
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Table 1 Sensing performance of different pH sensors

pH Sensitivity

Electrode/sensing material range (mvV) Ref.
PANI/H,SO, + CTAB 3-8 41.3 44
PANI-NWs-ITO 3-9 48 45
LBL/(PANI-GA)/GO 2-7 35.1 46
PANI + carbon nanofibre membrane 6.3-8.3 76.2 47
Gold/CuO NFs 2-11 28 48
AQ sulfonate/GCE 2-10 38 49
Thick film/RuO, 4-10 30 48
Ir0,/G 3-8 79 50
PANI/Ni(OH),/NF 3-11 47 This work

laboratory settings. In Table 1, the NF/Ni(OH),/PANI pH sensor
is compared with recently developed pH sensors.

3.6 Optimized geometry and interaction energy calculation

Optimized structures of polyaniline (PANI) and its protonated
form (PANI-H;O") were obtained through density functional
theory (DFT) calculations at the B3LYP/6-311+G(d,p) level.”">
The smallest oligomers, containing 1, 2, and 4 repeating PANI
units, were optimized, as shown in Fig. S4. Interaction energies
were calculated for each PANI oligomer in complex with H;0",
using the method outlined in eqn (2).>* The computed inter-
action energies were —68.010, —159.721, and —682.785 kcal mol™*
for the PANI-H;O', 2PANI-H;O", and 4PANI-2H;O" systems,
respectively. These results reveal that as the polymer size increases,
the interaction energy values become more negative, indicating
stronger binding interactions with H;O". This trend is consistent
with the experimental findings, which highlight the enhanced
selectivity of the conducting PANI polymer for H;O" ions. The
decrease in interaction energy values with an increase in polymer
size also suggests potential hydrogen bonding between the PANI
structure and H;0" ions, facilitated by proton transfer from H;O".
This strong interaction supports the effectiveness of PANI as a
selective sensor material for H;O" detection. As summarized in
Table S2, these interaction energy trends further confirm the
theoretical prediction that larger PANI models exhibit enhanced
affinity for H;0" ions (eqn (1) and (2)).

PANI + Nproton = protonated PANI (1)
AEint = Eproduct - (Ereactantl + Ereactantz) (2)

The optimized geometries of PANI oligomers, including
structures with 1, 2, and 4 repeating units, are illustrated in
Table S2 and Fig. S5. These optimizations provide detailed
geometrical parameters, such as bond lengths, bond angles,
and dihedral angles. During the pH sensing process, significant
structural changes occur in key bond lengths and angles near
the reaction site, indicating the areas most affected by interac-
tions with H;0" ions.

One prominent structural feature is the C31-N42 bond
length in the pure aniline oligomer, which systematically
shortens as the polymer chain length increases, an effect also
observed in PANI and 2PANI. This gradual reduction in bond
length is due to the fluctuating partially positive and partially
negative charges on the hydrogen and nitrogen atoms involved
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d Protonated PANI

Fig. 6 Sensing mechanism analysis at the DFT B3LYP/6-311G+(d,p) level
of theory.

in the bond. As protons from H;0" ions associate with the
polymer, the polarities of these covalent bonds increase, leading
to gradual bond length reduction. This enhanced polarity sup-
ports a more stable proton interaction, which is critical for pH
sensing. The proposed sensing mechanism, involving protona-
tion and deprotonation of the PANI oligomers, is shown in Fig. 6.
Protonation alters the local charge distribution, enhancing the
polymer’s affinity for H;O" and reinforcing the structural integ-
rity of the sensing site. This bond length and charge redistribu-
tion align with the expected behaviour of conducting polymers
in the presence of H;0", enabling the NF/Ni(OH),/PANI electrode
to selectively detect pH changes.

The Mulliken charge data for PANT and PANI-H;O" support
the observed structural changes in the PANI oligomers during
complexation. For 4PANI, a significant bond length increase
was detected for C1-N12, N22-C1, N47-C4, C5-C6, and C28-
N42, while a decrease was observed in C1-C2, C1-C6, N47-H48,
N44-C21, and C31-N42, as shown in Fig. S4 and Table S2. The
interaction between PANI and H;O" weakens specific bonds
(C1-N12, N22-C1, N47-C4, C5-C6, and C28-N42), indicating
strong attraction of PANI to H;O" ions. In larger PANI oligo-
mers, the structure shifts from planar to a zigzag conformation,
resulting in a steady decrease in bridging angles. Notably, in
4PANI-H;0", an increase in bridging angles (C1-N12-H14, C3-
C4-N47, and C13-C11-N46) and decreases in others (C6-C1-
N12, H23-N22-C1, and C5-C4-N47) were recorded (Table S2).
Dihedral angles, such as N47-C4-C3-C2 and C13-C16-C18-
N44, also decrease with H;O' complexation, highlighting
the structural rearrangements induced by analyte interaction.
This geometric reconfiguration, supported by Mulliken charge

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Band gaps in terms of the difference between the HOMO and
LUMO of PANI and PANI-HzO"*

Species HOMO (eV) LUMO (eV) Band gap (eV)
PANI —6.960 —5.741 1.219
PANI-H;0" —11.1436 —4.678 6.4656

2PANI -5.100 —0.5684 4.5316
2PANI-H;0" —8.5528 —3.6759 4.8769

4PANI —4.800 —2.5350 2.265
4PANI-2H;0" —4.3638 —0.3665 3.9973

analysis and vibrational studies, underscores the sensor’s sen-
sitivity and selectivity for H;O".

3.7 Molecular orbital analysis

According to quantum mechanics, interactions between the
sensor and analyte molecules are facilitated by the engagement
of their frontier molecular orbitals (HOMO and LUMO).**%*
The nature and strength of these interactions can be evaluated
by examining changes in the HOMO-LUMO energy gap (H-L
gap) upon complexation. Higher HOMO energy generally cor-
relates with increased reactivity, while a decrease in HOMO
energy upon interaction signifies increased stability of the
complex. Calculations showed a reduction in HOMO energy
upon complexation of PANI, 2PANI, and 4PANI with H;0",
indicating stable complexes. The HOMO energies of unreacted
PANI oligomers were found to be —6.96, —5.10, and —4.80 eV
for PANI, 2PANI, and 4PANI, respectively, with corresponding
values of —4.68, —3.68, and —0.37 eV for the PANI-H,0"
complexes (Table 2 and Fig. 7). This reduction confirms the
stability and affinity of the PANI sensor for H;O".

The H-L gap, which correlates inversely with electronic
conductivity, also decreases upon complexation, as seen in
Table 2. For the protonated complexes, the gap reduction leads
to increased conductivity, aligning with the expected selectivity
of the PANI sensor for H;0". This decrease in the H-L gap

LUMO

Fig. 7 Frontier orbitals of PANI and PANI-HsO" at the DFT B3LYP/6-
311G+(d,p) level of theory.
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indicates efficient intermolecular charge transfer, confirming
enhanced conductivity upon interaction with H;O".

In quantum theory, the mixing of ground and excited-state
wave functions influences electron density, with higher excita-
tion energy leading to less overlap and reduced charge transfer.
This is consistent with the ‘“hardness” of a molecule, as
molecules with large H-L gaps are less reactive (“hard”) com-
pared to those with smaller H-L gaps (‘“‘soft”). The smaller gap
in complexed PANI makes it a ‘“softer’” molecule, facilitating
greater reactivity and charge transfer, crucial for effective pH
sensing in H;O'-rich environments.

4. Conclusion

We successfully constructed a three-dimensional pH sensor
utilising polyaniline and nickel hydroxide-coated nickel foam
by integrating both electrodeposition and electropolymerisation
methods. After a thorough structural and elemental analysis,
successful integration of components has been observed, while
electrochemical assessment shows significant linearity and
sensitivity (—46 mV per pH) across the pH range of 3 to 11.
The sensor exhibited excellent reproducibility and long-term stabi-
lity, maintaining up to 97% of its initial sensitivity after one week
and showing negligible potential drift during continuous opera-
tion. Comparative research utilising real food samples such as
vinegar, orange juice, and baking soda confirmed the sensor’s
efficacy against standard glass electrode-based pH meters.

Furthermore, we have examined the sensor’s selectivity and
response mechanisms using density functional theory simula-
tions. Theoretical examination of molecular geometry, Mulli-
ken charges, interaction energies, and vibrational spectra
demonstrated consistent charge transfer behaviour and a sig-
nificant binding affinity between H;0" ions and PANI chains.
These findings conclude the observed experimental trends and
emphasise the sensor’s capability to operate reliably under
varying environmental conditions. Minor deviations at extreme
pH levels indicate potential pathways for further improve-
ments. This integrated electrochemical-DFT methodology
offers a promising, low-cost platform for real-time monitoring
in food, environment, and healthcare applications.
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