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Against the backdrop of growing environmental and industrial risks, particularly those associated with toxic
CO emissions, the development of highly sensitive gas sensors capable of operating stably at room
temperature is of strategic importance. This work investigates composite materials based on polyaniline
(PANI) and graphene oxide (GO) as promising sensing elements for carbon monoxide (CO) detection. It
was found that pristine PANi exhibits limited gas sensitivity, yielding a response of only 9.7% upon CO
exposure. The introduction of GO into the polymer matrix facilitates the formation of conductive
pathways, increases the number of active adsorption sites, and accelerates charge transfer processes,
resulting in a pronounced synergistic effect. Consequently, the PANi/GO composite achieves a response
of 31.5%, which is nearly three times higher than that of pure PANi. A detailed comparative analysis
indicates that the carbon nanostructures play a dual role: they enhance the conductivity of the system
and activate surface gas—material interactions. Thus, the formation of hierarchical composites based on
PANi and GO represents an effective strategy for enhancing the sensitivity and improving the dynamic
characteristics of room-temperature CO sensors. The obtained results confirm the high potential of
PANi/GO composites for applications in environmental monitoring systems, industrial safety, and next-
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Introduction

The rapid expansion of urban agglomerations, accompanied by
increasing transportation and industrial activity, has led to
a systematic deterioration in ambient air quality. Among the
most hazardous components of anthropogenic emissions is
carbon monoxide (CO), a colorless and odorless gas exhibiting
high toxicity even at low concentrations. Its formation is typi-
cally associated with the incomplete oxidation of hydrocarbon
fuels in internal combustion engines, heating systems, and
industrial units.*™* The danger of CO arises from its biochemical
interaction with hemoglobin: its markedly high affinity for Fe>*
centers-200-250 times greater than that of oxygen-results in the
formation of stable carboxyhemoglobin, which inhibits oxygen
transport and induces systemic hypoxia.> Even short-term
exposure to 20-30 ppm of CO may lead to dizziness and
impaired cognitive function, whereas concentrations above
150-200 ppm pose an immediate threat to life.® According to the
WHO, a significant proportion of the global population is
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generation intelligent sensor platforms.

regularly exposed to CO levels exceeding permissible limits,
a situation further aggravated by the presence of co-emitted
pollutants such as methane, volatile organic compounds, and
nitrogen oxides.”®

The growing challenges associated with environmental
monitoring underscore the need for highly sensitive sensing
systems capable of detecting CO at low operating temperatures
and minimal power consumption. Gas sensors are currently
employed across a broad range of fields-from environmental
surveillance and industrial safety to medical diagnostics,
geophysical studies, and analytical control of air and water
composition.®*® Existing detection techniques include nondis-
persive infrared spectroscopy,® catalytic combustion,"* surface
acoustic wave sensors,” and semiconductor-based sensing
platforms* including modern electrochemical approaches for
the detection of toxic gases and related analytes, based on the
use of catalytically active and nanostructured materials,
encompassing both chemical sensors** and biosensing plat-
forms."'® However, despite their widespread use, many of these
approaches require elevated operating temperatures or exhibit
limited selectivity, which restricts their applicability in real-time
monitoring systems.

Chemiresistive sensors offer notable advantages due to their
structural simplicity and compatibility with miniaturization.
Their operation relies on variations in electrical resistance
induced by the adsorption of reducing or oxidizing gases.'”
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Sensor performance strongly depends on the morphology of the
active layer, the specific surface area, and the electronic struc-
ture of the sensing material. To enhance these characteristics,
increasing attention has been devoted to 2D materials and
hybrid architectures. Graphene and its oxidized derivatives
exhibit high adsorption activity,'® extensive surface area, and
tunable surface chemistry, making them highly attractive for
the detection of toxic gases, including CO.*

Conducting polymers-particularly polyaniline (PANi)-have
emerged as promising components for hybrid sensor plat-
forms. PANi provides advantages such as low synthesis cost,
tunable conductivity via doping, and favorable operational
stability.’*** In its oxidized, protonated emeraldine salt form,
PANi behaves as an electronic conductor, whereas transition to
the leuco-emeraldine form results in a substantial decrease in
conductivity.”® This redox-responsive behavior imparts high
sensitivity to reducing gases: interaction with CO induces
partial deprotonation, charge redistribution, and a correspond-
ing decrease in electrical resistance.

To address the inherent limitations of pristine PANi-
including slow relaxation kinetics and a restricted number of
active adsorption sites-numerous studies have focused on PANi
hybrids with carbon nanomaterials. Reported composites
include PANi/GO, PANi/CNTs, and PANi/carbon nanofibers, all
demonstrating improved selectivity and significantly enhanced
sensing responses.**** Graphene-derived nanocomposites have
also been widely explored in electrochemical sensing applica-
tions, where rGO-based hybrid electrodes enable efficient
charge transfer and high sensitivity toward diverse analytes,
including toxic heavy metal ions and small biomolecules,
demonstrating the broad applicability of carbon nanostructures
in sensing technologies.***” Incorporation of GO promotes the
formation of conductive pathways, facilitates charge-carrier
transport, and increases the density of adsorption sites. For
example, a PANi/GO composite modified with AgCl nano-
particles exhibited a response of ~19.5% at 130 ppm CO with
response/recovery times of 50/39 s.”® Similarly, PANi/GO plat-
forms show lower detection limits and faster dynamic charac-
teristics than pristine PANi.> Multicomponent hybrids such as
p-PP/CNT/PANi further highlight the critical importance of
engineered conductive networks.*

PANi/GO composites are particularly promising for room-
temperature CO detection. The presence of GO increases the
density of active adsorption centers and enables the formation
of p-n heterojunctions, which amplify barrier-modulation
effects in the presence of reducing gases.** These processes
result in a pronounced decrease in electrical resistance and
accelerated relaxation. A representative PANi/GO sensor
demonstrates up to 47% response at 50 ppm CO with response/
recovery times of 17/11 s, considerably surpassing pristine
PANi.*?

Despite the fact that PANi/GO composites for the detection
of CO and other reducing gases have been widely reported,
many previous studies primarily emphasize performance
enhancement, while the influence of PANi-GO integration on
the electronic structure and chemiresistive behavior of the

composite is often discussed only qualitatively.>***3*
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Furthermore, both graphene oxide and polyaniline are known
to exhibit pronounced variability in their physicochemical and
electronic properties depending on synthesis conditions, which
makes the role of their integration particularly important for
achieving reliable sensing performance.

In this work, PANi/GO composites synthesized under well-
defined conditions are employed to experimentally elucidate
the effect of GO incorporation on charge transport and chem-
iresistive response. The results demonstrate that integration of
GO into the PANi matrix promotes the formation of conductive
pathways and leads to a stable and enhanced CO sensing
response at room temperature. Accordingly, this study high-
lights PANi-GO interfacial engineering as a practically viable
approach for achieving robust chemiresistive CO sensing at
ambient conditions, even in the presence of intrinsic material
variability, thereby underscoring the technical relevance of
PANi/GO composites for real-world sensing applications.

Materials and methods

The following reagents and materials were used for the
synthesis of the nanostructured composites: aniline (C¢HsNH,),
graphene oxide (XFNANO, China), hydrochloric acid (37%,
HCl), ammonium persulfate ((NH,),S,0g), and N-methyl-2-
pyrrolidone (NMP). The equipment employed included
magnetic stirrers (MMS-3000, BioSan; MS-H340-S4, DLAB
Scientific), an ultrasonic bath (UC-9120L), spin coater (CY-SP4,
Zhengzhou Cy Scientific Instrument Co., Ltd, Henan, China),
a single-channel potentiostat/galvanostat (CS350M, Wuhan
Corrtest Instruments, China), interdigitated quartz electrodes
with 150 fingers, a mass flow controller (MB-2SLPM-D, Alicat,
USA), and certified CO gas mixtures (GSO 12331-2023, 500
ppm).

Polymerization of aniline was carried out in an acidic
medium. A mixture of 2.5 mL of 1 M HCI and 0.227 mL of
aniline was added to a beaker and stirred on a magnetic stirrer
in an ice bath (0-5 °C). Separately, 0.57 g of ammonium per-
sulfate ((NH,),S,0g) was dissolved in 1.82 mL of deionized
water and added dropwise to the aniline solution. The reaction
proceeded under continuous stirring for 2 h. The precipitate
was collected by vacuum filtration, washed with 40 mL of 1 M
HCI followed by 10 mL of acetone, and dried at 70 °C for 24 h. A
dark green PANi powder was obtained.

The synthesis of the composites was performed via oxidative
polymerization of aniline in an acidic medium. For this
purpose, 0.058 g of GO was first dispersed in ethanol using
ultrasonic treatment for 20 min while cooling in an ice bath.
The suspension was subsequently dried to remove ethanol
completely. The dispersed GO was transferred to a reaction
beaker, followed by the addition of 2.5 mL of 1 M HCI and
0.227 mL of aniline. The mixture was stirred on a magnetic
stirrer under cooling conditions. The initiator solution-0.57 g of
(NH,),S,05 dissolved in 1.82 mL of deionized water-was added
dropwise. The mass ratio of PANi: GO was maintained at 4:1.
Polymerization was continued for 2 h. Upon completion, the
product was collected by vacuum filtration, washed with 40 mL
of 1 M HCI and subsequently with 10 mL of acetone, filtered

© 2026 The Author(s). Published by the Royal Society of Chemistry
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again, and dried in an oven at 70 °C for 24 h. The resulting
material formed a fine dark green powder.

For gas-sensing tests, the synthesized PANi/GO composites
were dispersed in N-methyl-2-pyrrolidone (NMP) at a concen-
tration of 20 mg mL™". The dispersion was ultrasonicated for
30 min in an ice bath to ensure suspension stability. An aliquot
of 200 pL of the prepared suspension was deposited onto sensor
chips (5 mm x 8 mm x 10 um) with gold interdigitated elec-
trodes (Au IDE) by spin coating at 3000 rpm for 120 s. After
deposition (Fig. S1), the coated chips were vacuum-dried at 70 °©
C for 24 h to ensure complete solvent removal. For gas-sensing
measurements, the potentiostat electrodes were connected to
the contact pads of the chip, after which the sensor was placed
inside a sealed stainless-steel chamber with a volume of 250
mL. Certified CO mixtures at a concentration of 500 ppm (GSO
12331-2023) were used as test gases. The response characteris-
tics were recorded using the potentiostat software according to
the formula:

Ry, — Ry

N>

R= x 100%

where R, is the resistance measured in the presence of CO.

Measurements were carried out at a constant voltage of 1 V.
Both the response characteristics and the recovery behavior of
the sensor were recorded using the potentiostat software. The
structure, morphology of the obtained samples were analyzed
using a field-emission scanning electron microscope (SEM,
Auriga Crossbeam 540, Carl Zeiss, Oberkochen, Germany) at the
Core Facilities, Electron Microscopy Laboratory (Nazarbayev
University, Astana, Kazakhstan). Surface microstructure was
examined with a Leica DM 600 M automated optical microscope
(magnification range 150x-1500x) and a Levenhuk MED 30T
microscope (40x, 50x). Raman spectra were recorded on an NT-
MDT NTegra Spectra spectrometer (KazNU) using a 473 nm
excitation laser, with a spectral resolution error of 0.5 cm ™. X-
ray photoelectron spectroscopy (XPS) was carried out on a PHI
Quantera II spectrometer (Nanjing University of Science and
Technology, China). Gas-sensing properties were investigated
using a single-channel potentiostat/galvanostat.

Results and discussion

Scanning electron microscopy (Fig. 1a and b) revealed that the
synthesized polyaniline exhibits a predominantly spherical
particle morphology. The PANi particles range in size from 200
to 800 nm and tend to aggregate, forming a porous, disordered
structure with numerous voids and cavities. Such morphology is
typical for PANi obtained via oxidative polymerization in an
acidic medium and is associated with rapid polymer precipita-
tion and the formation of random interparticle connections.
The internal surfaces of the agglomerates appear loose and
heterogeneous, indicating a high specific surface area favour-
able for adsorption processes and interactions with gas mole-
cules. This structural arrangement facilitates more efficient
penetration of gas molecules into the material, which is espe-
cially important for sensing applications.®® This type of
morphology is often described as sponge-like or quasi-porous

© 2026 The Author(s). Published by the Royal Society of Chemistry
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and is characteristic of conducting polymers, particularly
PANi synthesized wusing ammonium persulfate as the
oxidant.**%”

In the case of the PANi/graphene oxide composite (Fig. 1e
and f), a more uniform distribution of polymer particles across
the graphene layers is observed. The morphology is character-
ized by strong interfacial interactions between PANi and the
graphene structures, while individual agglomerates are still
present. This distribution promotes an increased number of
contact sites and the formation of an extended conductive
network, which positively influences electron transport and can
potentially enhance the gas-sensing performance of the
material.

XPS was employed to determine the chemical composition
and oxidation states of the elements in the obtained materials.
The main objectives of this analysis were: (1) to verify the
successful synthesis of polyaniline on the GO surface, and (2) to
identify the dominant oxidation state of polyaniline, as it
governs the intrinsic conductivity and the mechanism of gas-
material interaction. It should be noted that XPS is a surface-
sensitive technique with an effective probing depth of approx-
imately 5-10 nm. Although it provides precise information on
the chemical state of the surface-where gas adsorption
processes primarily occur-it does not fully reflect the bulk
structure of the material. Nevertheless, for gas-sensing appli-
cations, the surface properties are of critical importance.

Raman spectroscopy confirms the structure of the synthe-
sized polyaniline, as shown in Fig. 2a.*® The spectrum exhibits
characteristic peaks at 823 and 871 cm™ ', corresponding to the
leuco-emeraldine form, as well as intense bands at 1187, 1322,
and 1619 em . The band at 1187 cm ™' is attributed to C-H
deformation vibrations in benzenoid rings, while the peak at
1322 cm ' is associated with polaronic C-N vibrations. The
most intense band at 1619 cm ™' represents the quinoid C=C
structure.**** The strong intensity of polaronic and quinoid
vibrations, combined with the pronounced benzenoid ring
band, indicates a stably protonated and partially oxidized
emeraldine form of polyaniline, which is known to possess good
electrical conductivity.*

Importantly, the PANi/GO composite retains the character-
istic vibrational features of polyaniline. As shown in Fig. 2a, the
main bands of PANi-located at ~830 and ~870 cm ' (C-H
deformations in benzenoid rings), ~1185 cm ™" (C-H), ~1320-
1330 cm™ ' (polaronic C-N vibrations), and ~1600-1620 cm™*
(quinoid C=C vibrations)-are fully preserved and coincide with
the corresponding bands of pristine PANi.

This indicates that oxidative polymerization proceeds in situ
on the GO surface, forming a dense polyaniline coating that
masks the D and G bands of GO. A similar overlap of the PANi
and PANi/GO spectra has been reported by Manivel et al,*
where it was noted that GO does not alter the conformation of
PANi but instead serves as a substrate for its assembly.**

The survey spectra (Fig. 2b) confirmed the presence of all
expected major elements in the sample: carbon (C 1s), nitrogen
(N 1s), and oxygen (O 1s). In the wide-range spectrum of the
PANi/GO composite, a weak CI 2p signal additionally appears,
associated with chloride anions that act as counterions in the

RSC Adv, 2026, 16, 20131-20142 | 20133
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Fig. 1 Morphology: (a and b) GO; (c and d) PANi; (e and f) PANi/GO composite.

emeraldine salt form of PANi synthesized in the HCl/aniline
hydrochloride medium. It is well established that during
doping of PANi with hydrochloric acid, CI” compensates the
charge of protonated imine and amine groups (-NH'-, =N"H-),
leading to an increased fraction of positively charged nitrogen
centers and enhanced electrical conductivity.*

Detailed analysis of the C 1s spectrum PANi (Fig. 3a) revealed
several key C-bonds. The main peak at ~284.5 eV corresponds
to C-C/C-H bonds in the aromatic ring, whereas the peak at
~285.5 €V is attributed to C-N/C=N bonds and peak at
~286.5 eV was due to the C-O bonds.*®

The incorporation of GO, which is rich in oxygen-containing
functional groups (-COOH, -OH, -O-), strengthens acid-base
and charge-transfer interactions at the PANi/GO interface,
stabilizes the polaronic and bipolaronic forms of PANi, and
thereby promotes more efficient protonation of the polymer.
This behavior is consistent with the reported improvements in
electrical conductivity characteristics of PANi/GO composites.*”
The N 1s spectrum of PANi (Fig. 3b) can be deconvoluted into
three components centered at 398.3, 399.0, and 400.3 eV, which

20134 | RSC Adv, 2026, 16, 20131-20142

are assigned to imine (=N-), amine (-NH-) units of the polymer
backbone, and protonated imine nitrogen (-NH'-), respec-
tively.**** An increase in the degree of protonation leads to
a more pronounced shoulder in the N 1s spectral envelope.>
The presence of protonated imine groups also accounts for the
detection of chloride anions, which act as counterions to
maintain charge neutrality.

Analysis of the PANi/GO composite revealed significant
differences in its electronic structure compared to pristine
PANi. In the C 1s spectrum (Fig. 3c), the characteristic peaks
corresponding to oxygen-containing functional groups of gra-
phene oxide (C-O, C=0), typically observed in the 286-289 eV
range,* are absent. Instead, the main component appears at an
unusually low binding energy of ~283.9 eV. Presumably, during
the composite formation process, substantial reduction of gra-
phene oxide occurred, resulting in the removal of most oxygen-
containing functional groups and the formation of reduced
graphene oxide (rGO). Similar findings were reported in work,*
where a PANi/rGO composite was obtained via a one-step
reduction of GO during the oxidative polymerization process.

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


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra09053a

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 17 April 2026. Downloaded on 6/15/2026 1:06:17 AM.

(cc)

View Article Online

Paper RSC Advances
C1s
PANi/GO
_ PANiI/GO
3
< N1s
2 5 O1s
@ ; Cl2p
£ 2 b’“"” T
- ' ] 172}
8
£
PANi
PANi
500 1000 1500 2000

600 450 300 150

. _1 . .
Raman shift (cm™) Binding enegy (eV)
a b
Fig. 2 Raman spectrum (a) and XPS survey scan (b).
C1s N1s
P, =
& % P
° °

o X ’0 \

hd °
- 28556V L 3 - 399.00V—o— o
= ) ° = P
S : > 28456V < J -~ 3983 eV
é. ° b g‘ ° |3
12} i ° 7] °
[ o c o
2 2865eV—o o 2 7 »
£ o £ 40030V L

o" o. ,'. »
ﬂ. o o »
M S V‘M
= - Mgy
1 1 1 1

1 1 1 1 1
292 290 288 286 284 282 404 402 400 398 396

Binding energy, eV Binding energy, eV
a b
Cis N1s
795 Ly
4 ° 500
2839eV—2~ o o °
g ° ° ¢ °
- - 4
s N ¢ 3 I
- ' < o °
% s 1 =y ® 3981eV
- 398.7 eV :
g s Lt 28316V 2 7
- (7] L
c K ® - LY
= c
285.2 eV ° = s“’

° 399.6 eV—3u— »

o ’C * 3

\ £

s w%“Aq ”%mno 2
1 1 1 1 1 1 1
292 290 288 286 284 282 280 278 : ! L ! ! - L

404 402 400 398 396 394 392

Binding energy, eV Binding energy, eV

c d
Fig. 3 Deconvolution of the XPS C 1s and N 1s peaks for the synthesized samples: (a and b) PANi; (c and d) PANi/graphene oxide composite.

© 2026 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2026, 16, 20131-20142 | 20135


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra09053a

Open Access Article. Published on 17 April 2026. Downloaded on 6/15/2026 1:06:17 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

xidative
Polymerizationi

Fig. 4 Schematic illustration of the formation of the PANi/rGO
composite via oxidative polymerization of aniline on the surface of
GO_SZ

The C 1s core-level spectrum of the PANi/GO composite can be
deconvoluted into three main components with binding ener-
gies at approximately 283.9, 285.2, and 283.1 eV, which can be
attributed to sp>-hybridized carbon (C=C and C=0 bonds) and
sp>-hybridized carbon (C-C and C-H bonds).* In contrast to the
expected shift to higher binding energies due to hydrogen
bonding with oxygen-containing groups, the main nitrogen
peak shifts to lower binding energy (~398.7 eV) relative to
pristine PANi (~399.0 eV) (Fig. 3d). Such a shift indicates
increased electron density along the polymer chain and is
presumably the result of electron transfer from the reduced sp’-
rich regions of rGO to the PANi backbone.

Therefore, the XPS data suggest that under the employed
synthesis conditions, graphene oxide does not act merely as an
inert substrate with “anchoring groups”, but instead functions
as a reducing agent, converting into rGO and forming
a composite with strong electronic coupling to PANi (Fig. 4).
Charge transfer and the formation of highly conductive rGO
domains within the PANi matrix likely contribute to the
enhanced sensing performance of the composite.

Thus, the combined XPS and Raman analyses confirm the
successful formation of conducting polyaniline in its half-
oxidized and protonated emeraldine form. The conductivity of
polyaniline is governed by two key mechanisms: charge delo-
calization along the polymer chains and tunneling transitions
between adjacent chains.**%

As shown in Fig. 5a, both PANi and the PANi/GO composite
exhibit a gas-sensitive response upon exposure to CO. The PANi
sensing layer forms a conductive channel between the elec-
trodes, enabling detection of resistance changes upon interac-
tion with the gas phase. Fig. 5 presents the response of the
PANi-based sensor (Fig. 5a), the PANi/GO sensor (Fig. 5b), and
the cycling stability of the PANi/GO composite during repeated
CO detection cycles followed by recovery in a nitrogen
atmosphere.

The sensing response of pristine PANi toward CO reached
9.72%, with a response time of 168 s and a recovery time of
16.78 min (Fig. 5a). In contrast, the PANi/graphene oxide

20136 | RSC Adv, 2026, 16, 20131-20142
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Fig. 5 Gas-sensing performance of (a) PANi and (b) PANi/GO; (c)
cyclic stability of the PANi/GO sensor.

composite demonstrated a significantly enhanced response of
31.48%, accompanied by an increase in response time to 360 s
and a reduction in recovery time to 9.95 min. The gas-sensing
characteristics of the composite were additionally examined
toward methane, regarded as a potential interfering species.
The PANi/GO composite showed a response of approximately
5.88% to CHy,, confirming its pronounced selectivity toward CO
over CH, (Fig. S2).

PANi and GO are p-type semiconductors; the conductivity of
PANi is attributed to its hole-transport properties.*® The elec-
trical conductivity of acid-doped PANi results from structural
modifications, while the number of electrons in the conjugated
polymer backbone remains unchanged. The nitrogen atoms of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the imine groups become protonated, forming positively
charged species that induce structural distortion within the
polymer chain. The charges are primarily localized in bipolaron
centers, and internal redox processes convert bipolaron charges
into a polaron lattice structure, in which polarons are delo-
calized along the polymer chains. The doping process enables
charge transport through the m-electron system.*”

The incorporation of GO into the PANi/GO composite
enhances sensor sensitivity due to the formation of a three-
dimensional porous nanostructure with increased specific
surface area, a higher density of vacancies and defects, and
a greater number of active adsorption sites for CO. In addition,
7-1 interactions between GO sheets and PANi chains
contribute to improved charge transfer.”

As reported in work,*® during polymerization, aniline mole-
cules can adsorb onto the surface and within the interlayer
spacing of GO and subsequently polymerize in the presence of
an oxidant, forming the PANi/GO composite. The possible
formation of hydrogen bonds between GO and PANi in the
composite is schematically illustrated in Fig. 6a. Hydroxyl (-
OH), carboxyl (-COOH), and epoxy groups present on the
surface and within the pores of GO facilitate hydrogen bonding
with the amine and imine nitrogen atoms of the benzenoid and
quinoid units of the polymer chain. Furthermore, -7 stacking
interactions between the polymer backbone and GO sheets are
also expected (Fig. 6b).

CO belongs to the group of reducing gases. Upon exposure to
CO, the response of a PANi-based sensor is manifested as
a decrease in the electrical resistance of the sensing layer due to
partial charge transfer between the -NH groups in the polymer
and the carbocationic species of CO.> As demonstrated in
the self-diffusion coefficient for the PANi/rGO
composite is 5.83 x 107'° m® s7*, indicating the possibility of
CO molecule diffusion within the PANi/graphene structure. The
transferred charge propagates along the polymer chain, result-
ing in an increase in the electrical conductivity of the layer.

The schematic representation of the CO sensing mechanism
on PANi is shown in Fig. 7. The observed enhancement in
electrical conductivity can be attributed to an increase in the
concentration of charge carriers, as described by the relation Ao
= eulAn, where e represents the elementary charge, u denotes
the charge carrier mobility, and An corresponds to the increase
in charge carrier density.*

PANi interacts with carbon-based nanomaterials containing
sp” bonds through m-7 interactions, which facilitate charge
transfer processes and thereby enhance charge carrier

work,*®
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Fig. 7 Mechanism of interaction between PANi and CO molecules.®?

delocalization. As a result, rGO-PANi composites exhibit
improved performance as electrically active sensing layers.**

However, the increase in the sensor response of the PANi/GO
composite is accompanied by a deterioration in response time,
which rises from 168 s for pristine PANi to 360 s for PANi/GO. As
shown previously, the active sites of the PANi/GO gas-sensitive
composite are the amine groups within the PANi structure. A
relatively small CO molecule can directly reach an active site of
the sensing material only with a certain probability. In most
interaction events, after overcoming the adsorption barrier, the
CO molecule must diffuse to reach the active gas-sensitive sites
of the sensor, which slows down the response and leads to an
increase in response time.*

Gas sensing should be considered as a coupled diffusion-
reaction process, where the sensor response is governed not
only by the chemical composition of the material but also by its
structural organization.®*®” The presence of phase boundaries,
porosity, and structural defects significantly affects gas trans-
port pathways and surface reaction kinetics, thereby influ-
encing both the sensor response and, in particular, the
response and recovery times. Consequently, gas-sensing
performance is strongly controlled by the microstructural and
textural features of the sensing layer, which determine the
accessibility of active sites and the dynamics of adsorption-
desorption processes.

An additional contribution to the increased response time
may arise from the presence of phase boundaries between PANi
and GO, as well as grain boundaries. Moreover, the response
time depends on the balance between adsorption and desorp-
tion processes occurring at the surface of the gas sensor.
Overall, investigations of interaction mechanisms at the atomic
level are of fundamental importance for a deeper under-
standing of sensing processes and for the atomic-scale tuning of
structure to achieve optimal sensitivity and selectivity.

Thus, the incorporation of GO leads to nearly a threefold
increase in sensor response, although it is accompanied by
a longer recovery time, which is consistent with literature
reports indicating a higher density of active sites on the surface
of composite materials.®® As shown in Table 1, gas exposure
even at room temperature leads to a noticeable increase in
resistance; however, the sensitivity and kinetics of pristine PANi
depend strongly on both concentration and film morphology.
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Table 1 Summary of CO sensing performance of PANi-based and PANi/GO composite sensors at room temperature

Material Response, % Response/recovery time, s Operating temperature, °C Analyte Concentration, ppm Ref.

PANi 27 180/200 RT CcO 6000 69

PANi — 66/330 RT CcO 1000 63

PANi 0.26 45/121 RT CcO 100 72

PANi 9.4 N/A RT CcO 1000 68

PANi 9.72 168/16.78 min RT CcO 500 This work
PANi/GO 31.48 360/9.95 min RT CcO 500 This work

At 6000 ppm CO, the response reaches 27%,* whereas at
1 ppm it decreases to 18%.”° The highest reported response of
37% at 2.5 ppb with a response time of approximately 20 s was
obtained for a thin-film system with a high degree of proton-
ation, highlighting the crucial role of the concentration of h*
charge carriers in signal formation.”™

Overall, studies demonstrate the promising potential of
developing sensitive and selective PANi-based gas sensors,
particularly those modified with GO, which may find practical
application for CO detection in environmental monitoring and
industrial process control and safety.”

Conclusions

The present study demonstrates that chemiresistive sensing
materials based on polyaniline deposited onto graphene oxide
exhibit strong potential for room-temperature detection of
carbon monoxide. Pristine PANi displayed a typical p-type
sensing behavior with a CO response of ~9.7% and
a response time of ~168 s. Incorporation of graphene oxide
resulted in a significant improvement in sensing performance:
the PANi/GO composite exhibited an enhanced response of
~31.5%, indicating a pronounced synergistic interaction
between the conducting polymer and the carbon framework.

Electron microscopy confirmed that the PANi/GO composite
retains a highly porous and morphologically complex structure,
providing a large number of accessible adsorption sites for CO
molecules and facilitating gas diffusion within the sensing
layer. Raman spectroscopy and XPS analysis revealed partial
reduction of the initial graphene oxide during composite
formation, as evidenced by C 1s peak deconvolution showing
contributions from both sp>- and sp*-hybridized carbon. Such
structural evolution promotes improved electrical conductivity
and interfacial charge transfer within the composite.

The sensing mechanism is attributed to the interaction of
CO molecules with imine groups of the PANi/GO composite,
leading to additional protonation of the polymer chains and
a decrease in electrical resistance. Simultaneously, w-m inter-
actions between polyaniline chains and sp®> domains of gra-
phene oxide facilitate charge transfer processes and enhance
carrier delocalization throughout the hybrid structure. These
combined effects result in a higher sensor response and
improved signal stability.

Overall, the results highlight several key design principles for
high-performance PANi-based gas sensors operating at room
temperature: (i) precise control over the protonation level and

20138 | RSC Adv, 2026, 16, 20131-20142

redox state of polyaniline to achieve optimal conductivity and
sensitivity; and (ii) integration of carbon nanostructures such as
graphene oxide as a conductive and structurally adaptive
framework that effectively modulates the electronic structure of
the composite, promotes charge delocalization within the
hybrid sensing layer. The obtained findings confirm the
promising potential of PANi/GO composites as efficient room-
temperature sensing materials for carbon monoxide detection
and provide guidance for the rational design of next-generation
polymer—carbon hybrid gas sensors.
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