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This study provides a comprehensive investigation of Cu-doped vanadium oxide (V,Os) thin films prepared
via a sol—gel/spin-coating method, correlating dopant-induced structural and optical modifications with
improved CO, sensing performance at room temperature. XRD confirmed the incorporation of Cu into
the V,0Os5 lattice without secondary phase formation, while FE-SEM revealed a morphological transition
from nanoplates to nanobelts upon Cu-doping. EDX verified uniform elemental distribution, and UV-Vis
measurements indicated a reduced optical band gap, consistent with enhanced charge transport.
FTIR spectra exhibited characteristic V-O vibrations, along with CO,-related absorption bands,
indicating favorable surface interactions. Gas sensing experiments demonstrated that Cu incorporation
significantly improved sensitivity, response/recovery times, and selectivity. At 8880 ppm CO,, the 10 at%
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(3.3 min) times, excellent repeatability, and stable operation over 30 days. These findings establish
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1 Introduction

Monitoring carbon dioxide (CO,) concentrations is vital in areas
such as indoor air quality control, industrial safety, and envi-
ronmental protection. Elevated CO, levels in confined spaces
can impair human health, while the steady rise of atmospheric
CO, continues to drive global climate change. These concerns
highlight the need for gas sensors that combine high sensitivity
and selectivity with low cost and reliable operation under
ambient conditions."* Metal oxide semiconductors (MOS) are
among the most widely studied materials for gas detection due
to their chemical stability, tunable electrical properties, and
strong surface reactivity.>® Within this class, vanadium pent-
oxide (V,0s) has drawn particular attention. Its layered ortho-
rhombic structure, variable oxidation states (V>*/V**), and high
chemisorption capability make it highly responsive to adsorbed
gas species.”® Moreover, V,0s possesses notable catalytic
activity and a relatively narrow band gap (~2.3 eV), allowing
efficient gas detection at low operating temperatures—an
essential feature for energy-efficient sensors. Despite these
advantages, pristine V,0s5 exhibits only moderate CO, sensing
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behavior. Recent research has shown that doping with transi-
tion metals can significantly improve their performance by
tailoring the electronic structure, increasing oxygen vacancy
density, and facilitating charge carrier transport.®** Among
various dopants, copper (Cu) is especially promising due to its
ability to stabilize surface states, enhance electrical conduc-
tivity, and promote active sites for gas adsorption.”> Although
several studies have reported CO, sensing using V,0Os-based
materials, most of these works have focused on bulk powders,
glass-ceramic composites, or quartz crystal microbalance
(QCM)-type devices. In contrast, this study offers a comprehen-
sive investigation of Cu-doped V,O; thin films prepared via
a low-temperature sol-gel/spin-coating route, emphasizing the
correlation between Cu-induced structural, optical, and elec-
tronic modifications and their influence on room-temperature
CO, sensing behavior. The obtained thin films exhibit phase-
pure a-V,0s, controlled nanostructure, and reduced crystallite
size. The spin-coated Cu-doped V,Os thin films that operate at
room temperature, quantifying a ~7x sensitivity enhancement
with faster response/recovery and month-long stability, estab-
lishing a link between structure and properties among (001)
preferred orientation, E, narrowing, and oxygen-vacancy-
mediated adsorption/charge transfer that underpins selec-
tivity, and narrowed optical band gap, which collectively lead to
enhanced sensitivity. Therefore, this work highlights Cu-doped
V,05 thin films as promising, low-cost, and energy-efficient
materials for ambient CO, detection, providing new insights
into dopant-driven performance enhancement in vanadium
oxide systems.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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2 Materials, film preparation, and
experimental work
2.1 Chemicals

V,05 powder (molecular weight =~ 181.9 g mol™ !, purity
=99.6%, Merck) was used as the precursor for vanadium oxy-
trichloride (VOCI;) synthesis. Concentrated hydrochloric acid
(HCl, 36%, ~36.5 g mol ', Merck) served as the solvent for V,Oj
dissolution. Oxalic acid ~126.1 g mol " acted as a stabilizing
(chelating) agent, while Cu-acetate monohydrate (Cu(CHs-
CO0), H,0, =199.7 g mol ™", purity =~98%, supplied by Pan-
reac) was employed as the dopant precursor for the 10 at% Cu-
doped V,05 films.

2.2 Synthesis procedure

Bulk V,05 powder was dissolved in concentrated HCl under
stirring at 100 °C for 2 h, producing a green VOCI; precipitate. A
2.0 g portion of this precipitate was redissolved in 50 mL of
ultrapure water, ~1.6 g of the stabilizing agent was added, and
further stirring at 60 °C for 1 h. The resulting gel was heated at
100 °C for 3 h to remove the excess water and subsequently
calcined in air at 445-455 °C for 2 h to yield nanostructured
V,05 powder. For the Cu-doped material, the same procedure
was followed with the addition of ~0.6 g of copper acetate
monohydrate to the oxalic acid solution before gel formation.
To fabricate thin films, the as-prepared pure and 10 at% Cu-
doped V,05 powders were dispersed in a dilute chitosan solu-
tion; it was used solely as a binder to improve film adhesion and
mechanical stability during spin-coating, ensuring uniform
deposition of the V,0s-based nanoparticles on the glass
substrate. Its concentration was kept very low and identical for
all samples (pure and Cu-doped), minimizing any chemical
interaction or electronic contribution to the sensing behavior.
Although chitosan is an insulating biopolymer, its presence is
not expected to significantly affect the film's electrical conduc-
tivity because the continuous V,0s5 network dominates charge
transport. Moreover, any influence on gas adsorption would be
indirect, limited to providing minor surface hydrophilicity that
stabilizes the film morphology without altering the sensing
mechanism; then deposited onto pre-cleaned glass substrates
via casting or spin-coating. The films were dried at 120 °C for 2 h
to ensure adhesion and structural stability.

2.3 Characterization and room-temperature CO, sensing
analysis

The structure, morphology, composition, and optical properties
of the pure and 10 at% Cu-doped V,Os thin films were investi-
gated using complementary techniques. X-ray diffraction (XRD)
patterns were recorded with a Smart Lab diffractometer
(RIGAKU) using Cu Ko radiation (A = 0.1544 nm) over a 26 range
of 10-80° with a step size of 0.02°, enabling phase identification
and assessment of Cu incorporation into the V,0O5 lattice. The
morphology of the powder obtained by the sol-gel route was
examined by field-emission scanning electron microscopy (FE-
SEM, QUANTA 200F), and elemental (chemical) composition
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was verified using energy-dispersive X-ray spectroscopy (EDX)
attached to the same system. These analyses confirmed the
nanostructured features of the powder and films and the
successful incorporation of Cu dopants. Bonding and vibra-
tional characteristics were studied using attenuated-total
reflectance Fourier-transform infrared spectroscopy (ATR-
FTIR, Vertex70, Bruker). Spectra were collected in the 4000-
400 cm ™' range, with glass substrate backgrounds recorded
separately to isolate the film response. Optical properties were
measured using UV-Visible spectroscopy (JASCO V-630) across
200-1600 nm with a resolution of 2 nm and accuracy of
+0.2 nm. These measurements provided information on
transmittance, absorbance, absorption coefficient, reflectance,
refractive index, and optical band gap variations upon Cu
doping. The CO, sensing performance was evaluated using
a custom-built setup based on a standard MOS sensor config-
uration. A sealed 1.0 L glass chamber was employed, fitted with
electrical feedthroughs and a side inlet for gas injection. High-
purity CO, (=99.9999) and dry air were supplied from cali-
brated cylinders, and flow rates were precisely controlled by
digital mass flow controllers (Alicat MC-500SCCM-D, Smart
Track, Sierra Instruments). Thin films were contacted with
silver paste electrodes to ensure stable ohmic electrical
connections. Electrical response, including I-V characteristics
and dynamic sensing behavior under varying CO, concentra-
tions, was measured with a Keithley 2450 source-measure unit
(Tektronix). All gas sensing experiments were performed at
room temperature to demonstrate practical ambient operation.

3 Result and discussion

3.1 XRD, SEM, EDX, cross-sectional SEM measurements,
and FTIR analyses

The crystalline structures of the sol-gel-derived pure and 10 at%
Cu-doped V,0s5 thin films were examined using X-ray diffraction
(XRD), and the patterns are shown in Fig. 1a and b. Multiple
sharp peaks were detected within the scanned 26 range, con-
firming the polycrystalline nature of the materials. These
reflections correspond to the orthorhombic a-phase of V,05 in
agreement with JCPDS card no. 89-0612.7* The phase is indexed
to space group Pmmn (No. 59), with lattice parameters a =
11.4980 A, b = 3.5450 A, ¢ = 4.3450 A, and a unit cell volume of
177.104 A%, No secondary peaks from vanadium suboxides or
copper oxides were observed, indicating phase purity and
successful Cu incorporation into the V,0s lattice. Compared
with solid-state or combustion routes that often require high
annealing temperatures (=600 °C) and may yield secondary
phases such as CuV,04 or B-Cuy 55V,05,"*** the present sol-gel
approach and spin coating produced phase-pure a-V,05 powder
and films at a lower annealing temperature of 450 °C. The use of
bulk V,0s5 as a precursor and oxalic acid as a stabilizing agent
facilitated pure phase formation while minimizing energy
consumption. Cu incorporation influenced peak intensity and
caused subtle shifts in position without altering the overall a-
phase structure.

For both pure and Cu-doped V,05 powder and films, the
(001) plane exhibited a preferred orientation, consistent with

RSC Adv, 2026, 16, 196-207 | 197


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra07026k

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 02 January 2026. Downloaded on 3/11/2026 5:01:09 PM.

(cc)

View Article Online

RSC Advances Paper
(a) Sol-gel-derived powder 1500
2000 - = ©o1) o)
—Vo £
VO0:10Cu }21000
é 500
~ 1500 ©o1) (110) =
= (400)
< 0 y J L_JL_LJL
s 20 21 22 26 31 32 33 34
z (101 10 20
o= (200) (600)
% 1000 (002) (4|1)(020) (601) (32:)710)
=
o
500 -
0 h T T T T T T
10 20 30 40 50 60
3000 -{(b) Spin- (001) 30007 ©o1)
{ coated films 2500 - —VO
VO:10Cu
2500 T ?2000_
)
— .;‘1500—
= 2000 2
3 & 1000
= E y) -
‘& 1500 500 -
g N
~—
= 1000 - 00 | aon (3351.)50 15.75 20.50 201559 2100 2200 2225
(002)
500
0 .
10 30 40 50 60
20 (degree)

Fig.1 XRD spectra (patterns) of the pure and 10 at% Cu-doped V,Os: (a) powder and (b) films. The inset shows the broadening and shift for the

most intense peak.

the formation of layered orthorhombic a-V,05." This preferred
growth and crystallite ordering along the (001) direction is
enhanced upon turning the powder into films, where the
intensity of the (001) plane strongly improved at the expense of
other directions, as seen in Fig. 1b. This behavior is consistent
with previous findings that the preferred growth direction in
Cu-doped V,0s5 nanorods shifted from (110) to (001).** The
decrease in the (001) peak intensity together with the increase in
the FWHM (B) for the undoped V,Os film arises from its lower
crystallinity and larger structural disorder compared with the
Cu-doped film. During spin-coating and annealing, undoped
V,0s5 tends to form micro-aggregated grains with partial
misorientation, leading to weaker preferred orientation and
broader diffraction peaks. Upon Cu incorporation, Cu®" ions
substitute for V°* in the lattice, introducing slight lattice strain
and additional oxygen vacancies that act as nucleation centers.
These centers promote more uniform crystal growth and

198 | RSC Adv, 2026, 16, 196-207

improved ordering along the direction (001). As a result, the Cu-
doped film exhibits higher peak intensity and narrower B,
indicating enhanced crystallinity.

The crystallite size C; was estimated using the Scherrer
equation:

0.89 x 0.154

C.(nm) = —o? X227
S(MM) = EWHM x cos 8

(1)

where 0.89 is the Scherrer constant, A = 0.154 nm is the CuKo
wavelength, and g is the full width at half maximum (FWHM) of
the peak. Using this method, the average Cs of the powder
samples decreased from 55.2 + 1.6 nm for the pure V,05 to 49.2
=+ 3.5 nm for 10 at% Cu-doped sample, while the average C; of
the films decreased from 65.2 + 2.6 nm for V,05 to 59.2 +
5.1 nm for the Cu-doped film. This reduction indicates a modest
decrease in crystallinity, supported by lower peak intensities,
and may also be influenced by the use of chitosan during film

© 2026 The Author(s). Published by the Royal Society of Chemistry
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deposition, which can suppress grain growth. Peak position
analysis revealed contrasting behavior between powders and
films. While Cu-doped powders typically exhibit leftward shifts
in the (001) and (101) peaks (see the inset of Fig. 1a) due to
substitution of V°* ions (r = 0.054 nm) by larger Cu®" ions (r =
0.071 nm), which increases interlayer spacing,'” the Cu-doped
films in this study displayed a rightward shift of the (001)
peak compared with undoped films (the inset of Fig. 1b). This
unusual effect is attributed to strain, local bonding changes, or
film-substrate interactions during crystallization.'® Both pure
and Cu-doped films remained polycrystalline, dominated by the
strong reflection at 26 = 20.68°, consistent with (001) orienta-
tion. The refined lattice parameters for the undoped film were
a=11.4992 A, b = 4.3701 A, ¢ = 3.5625 A, with a unit cell volume
of 179.03 A%, in agreement with the «-V,05 orthorhombic
structure.

The absence of distinct Cu or CuO diffraction peaks in the
XRD pattern of the 10 at% Cu-doped V,0s film indicates that Cu
ions are successfully incorporated into the V,Os5 lattice rather
than forming separate crystalline phases. The amount of Cu is
relatively small and below the detection limit required to
produce independent diffraction peaks. Instead, the Cu atoms
occupy substitutional or interstitial sites within the V,Os lattice,
which results only in minor peak shifts and broadening rather
than new reflections. This lattice incorporation is further sup-
ported by EDX analysis, which confirmed the presence of Cu in
the material, and by the absence of any secondary phase peaks
(such as CuO or Cu,0O) in the XRD pattern. Such behavior is
commonly reported for transition-metal-doped V,0Os systems
where the dopant concentration is moderate and homoge-
neously distributed. Overall, Cu doping in thin films reduced
crystallite size, altered preferential orientation, and induced
peak shifts linked to strain effects. These structural modifica-
tions are expected to enhance surface reactivity and oxygen
vacancy density, providing favorable conditions for the
improved CO, sensing performance discussed in later sections.

The morphology of the sol-sol-gel-derived powders was
examined by FE-SEM, and the results are shown in Fig. 2a and b.
The pure V,0; displayed a relatively compact surface, while the
10 at% Cu-doped V,Os film exhibited a textured microstructure
composed of densely packed nanorods and micro-baton-like
features. These structures were randomly oriented within
layered domains, providing a high surface-to-volume ratio that
is favorable for gas adsorption and diffusion during sensing.
The improved connectivity between grains also suggests effi-
cient electron transport pathways, an important factor for
enhancing sensor response. The increase in particle size and
formation of voids in the 10 at% Cu-doped V,Os film arises from
Cu-induced lattice strain and structural rearrangement during
the sol-gel and annealing processes. When Cu®" ions substitute
for V** in the V,0;s lattice, the difference in ionic radii (Cu®" =
0.071 nm; V>* = 0.054 nm) causes local lattice distortion and
nonuniform grain coalescence. This promotes partial grain
growth and the appearance of intergranular voids as the mate-
rial relaxes to minimize strain energy. Additionally, during
thermal treatment, Cu incorporation enhances diffusion and
localized densification, leading to uneven shrinkage between

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a and b) FE-SEM images for pure, and 10 at% Cu-doped V,0s

nanostructures, (c) EDX spectrum of 10 at% Cu-doped V,Os.

adjacent grains. This results in the formation of small voids or
pores among agglomerated particles, which increase the surface
area and facilitate gas adsorption.

The chemical composition and homogeneity of the powders
were investigated using the EDX technique. Fig. 2¢ presents the
EDX spectrum of the Cu-doped V,05 nanostructure, confirming
the presence of the main elements V, O, and Cu. Characteristic
signals were detected at 0.525 keV (O K,;4), 0.51 keV (V L), 4.95
keV (VK,;), 5.43 keV (V Kg;), and 0.93, 8.0, and 8.9 keV (Cu L,
K,1, and Kg,, respectively). A minor peak at ~0.28 keV originates
from the carbon support grid. No additional peaks corre-
sponding to impurities were observed, confirming the chemical

RSC Adv, 2026, 16, 196-207 | 199
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purity of the films. The measured atomic ratio [O]/[V] for the Cu-
doped V,05 nanostructure was ~33.58/64.46, slightly lower than
the ideal stoichiometry, suggesting the presence of oxygen
vacancies introduced by Cu incorporation. Such oxygen defi-
ciency is consistent with structural findings and plays a key role
in promoting surface reactivity and enhancing CO, sensing
performance. ThisFr oxygen deficiency created by Cu incorpo-
ration plays a crucial role in enhancing CO, sensing perfor-
mance. When Cu?* substitutes for V>* in the V,Oj lattice, charge
compensation occurs through the formation of oxygen vacan-
cies. These vacancies act as active adsorption and reaction sites
for gas molecules, increasing the surface reactivity of the film.
During sensing, the oxygen vacancies facilitate the adsorption
of oxygen species (O, , O) on the surface, which readily
interact with incoming CO, molecules. This interaction modu-
lates the charge carrier concentration by trapping or releasing
electrons, resulting in a larger change in resistance and thus
higher sensor response. Therefore, the presence of oxygen
vacancies directly enhances electron exchange, adsorption
kinetics, and overall CO, sensitivity.

Cross-sectional SEM measurements revealed that the pure
V,0:s film had an average thickness of 8.6 £ 0.8 um, whereas the
10 at% Cu-doped V,05 film exhibited a reduced thickness of
5.36 £ 0.55 pum, as seen in Fig. S1. This reduction is attributed to
the influence of Cu®" ions on the sol-gel chemistry, where Cu
modifies the viscosity and polymeric network of the precursor
solution, leading to a thinner deposited layer during spin
coating, while also promoting greater densification and
shrinkage during thermal treatment due to enhanced cross-
linking and the formation of oxygen-vacancy-driven lattice
relaxation. Film thickness plays a critical role in chemiresistive
gas sensing, as thicker films generally display longer gas-
diffusion paths, higher bulk resistance, and lower effective
surface-to-volume ratios, which can suppress sensitivity and
slow down response/recovery behavior. Thinner films, by
contrast, allow faster gas adsorption and desorption and
provide more accessible active sites, although extremely thin
films may exhibit poor mechanical stability or incomplete
electrical continuity. The thickness values obtained in this
study, therefore, represent a practical balance between struc-
tural integrity, continuous conduction pathways, and adequate
surface area to ensure reliable and responsive CO, sensing
performance.

The vibrational properties of the pure and 10 at% Cu-doped
V,05 films were examined using ATR-FTIR (Fig. 3). Both
samples exhibit characteristic bands below 1000 cm™", corre-
sponding to metal-oxygen vibrations. A strong absorption near
900 cm ™' is assigned to asymmetric V-O-V stretching, while
a weak shoulder around 1050 cm ' corresponds to terminal
V=0 stretching. The V-O-V (symmetric) mode appears at
~760 cm™!, and the ~450 ecm™* band is attributed to V-O
bending vibrations. These assignments confirm the layered
orthorhombic a-V,05 phase, in agreement with the XRD results.
A broad feature at ~2350 cm ™' was observed in both spectra,
attributed to adsorbed CO, from the ambient atmosphere,*
confirming the surface activity of the films toward CO, inter-
action. Compared with the undoped film, the Cu-doped film
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Fig. 3 ATR-FTIR spectra of the pure and 10 at% Cu-doped V,0Os films
obtained by casting and spin-deposition.

showed reduced intensity in the main vibrational bands, indi-
cating a decrease in crystallinity and local distortion of V-O
bonds. These effects are consistent with a smaller crystallite size
and increased disorder detected in XRD. A broad band around
3350 cm !, attributed to O-H stretching, appeared after irra-
diation, indicating enhanced water adsorption capacity.
Together, these features highlight that Cu doping modifies the
vibrational environment and enhances surface reactivity, both
of which support improved gas interaction.

3.2 UV-Vis analyses for the films

The UV-Vis-NIR spectra (data of transmission in the range of
290-1550 nm) of undoped and 10 at% Cu-doped V,0s5 films,
relevant for CO, gas sensing utilization, reveal notable changes
in optical behavior upon doping that are shown in Fig. 4. The
undoped V,Os film exhibits a moderate transmittance ranging
from 38% to 56% in the visible region, which increases steadily
in the near-infrared wavelengths, reaching up to 67%. In
contrast, the Cu-doped V,Os film demonstrates a relatively
lower optical transparency, with transmittance values of 24-
50% in the visible range and extending up to 63% in the

infrared region. The absorption coefficient
2.303 x absorption . N
= ; b of the films is shown in Fig. 4b. The
thickness

absorption peak in the spectra of pure and Cu-doped films at
288 nm and 292 nm, respectively is arising because the
absorption of V=0 and the associated ®w — w* electronic
transitions,?® as discussed in the FTIR results. This band
became wider and intense upon Cu-doping. These changes are
attributed to Cu incorporation, which modifies the electronic
structure and reduces light absorption. A research group sug-
gested that such variations in transmittance are influenced by
the dopant's location within the host lattice.”*

The measured reflectance (R) was employed to determine the

VR+1,,
VR-1

refractive index n = — as shown in Fig. 5a. V,0s film

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) UV-Vis transmittance spectra and (b) absorption coefficient
values of the pure and 10 at% Cu-doped V,0Os films obtained by
casting and spin-deposition.

has n values (in the visible part of the spectra) in the range of
2.88-2.28 with an average value of 2.58 at 500 nm. Cu-doping
raises this range to be 3.65-2.45 and the 3.14 at 500 nm. This
improvement in the n value of the doped film reflects the
enhanced film's reflectivity associated with the reduction of C;
value after Cu incorporation and indicates that the doped film
more suitable for optoelectronic applications.??

The optical bandgap (E,) of V,05 thin films, which signifi-
cantly influences their light absorption and interaction with
CO, gas molecules, was determined utilizing Tauc's equation:

(ahv)* = A(hv — E) (2)

where A is a constant and #v is the photon energy calculated as
hv (eV) = 1240/ (with A in nm). Fig. 5b presents the (ahv)” versus
hv plots for pure and Cu-doped V,Os5 films. The E, values were
obtained by extrapolating the linear portions of these curves to
the photon energy axis (hv).>* Cu doping was found to reduce the
bandgap of V,05 from 3.4 eV to 3.1 eV. The inset of the figure
indicates possible alternative values of E, (2.0 eV and 1.7 eV) for
the pure and Cu-doped V,0Os films. Similarly, Cu-doping
reduced the E, of the V,05 nanosheets prepared by the hydro-
thermal method from 2.14 and 1.87 eV,>* 4 at% Sn decreased the
E, of the V,0; nanoparticles from 2.1 eV to 1.65 eV,* and 1.0

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Refractive indices and (b) optical band gaps of the pure and
10 at% Cu-doped V,0s films.

at% Fe reduced the E; of the V,0;5 spin-coated film from
2.705 eV to 2.661 eV.*® The two optical bandgap values pre-
sented in Fig. 5b correspond to different electronic transitions
in the V,05-based system. The higher-energy gap (3.4 — 3.1 eV)
represents the direct allowed transition, which dominates the
optical absorption edge and is therefore considered the
fundamental optical bandgap of the thin films. The lower-
energy feature (2.0 — 1.7 eV) is attributed to indirect transi-
tions and sub-band tail states that arise from oxygen vacancies
and localized defect levels introduced by Cu doping.

The reduction in both values upon Cu incorporation reflects
the narrowing of the band structure and increased defect
density, which enhances visible-light absorption which facili-
tates improved surface reactivity and charge transfer, that crit-
ical parameters for effective CO, gas sensing.

3.3 Gas sensing measurements

3.3.1 [I-Vcharacteristic curve and dynamic response. The I-
V (current-voltage) characteristics of pure V,05 and 10 at% Cu-
doped V,0s5 were evaluated under ambient conditions in both
dry air and in the presence of 5550 ppm CO, at room temper-
ature. As illustrated in Fig. 6a and b, the current measured for
both materials decrease noticeably when exposed to CO,
compared to air, indicating increased resistance due to gas
adsorption. The graphs show that the current is significantly
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higher in air compared to CO, at the same applied voltages.
This behavior indicates that the electrical resistance of pure
V,0s5 increases upon exposure to CO,. This increase in resis-
tance is a typical response for n-type metal oxide semi-
conductors like V,05, where CO, acts as an oxidizing gas. When
CO, molecules are adsorbed on the surface, they interact with
adsorbed oxygen species and trap free electrons from the
conduction band. This leads to a wider depletion layer and
lower conductivity.*”

The I-V curve for CO, exposure remains linear, suggesting
ohmic contact behavior, but with a lower slope, which confirms
a higher resistance in CO,. Pure V,05 shows a smaller drop in
current compared to its Cu-doped counterpart, suggesting
higher baseline resistance but lower CO, sensitivity.”®* In
contrast, Cu-V,0; exhibits a sharp current drop and demon-
strates more consistent and linear behavior, which is advanta-
geous for stable sensor response.”**® Cu doping enhances the
electronic conductivity of V,05 and increases the surface reac-
tivity through the formation of additional oxygen vacancies.*"*
These vacancies serve as active sites for gas adsorption and
facilitate the redox interactions between CO, molecules and
surface-adsorbed oxygen species, which improves sensor
performance.*

Fig. 6c illustrates the dynamic resistance response of pure
V,0s when exposed to increasing concentrations of CO, gas
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(2220 ppm, 4440 ppm, 6660 ppm, and 8880 ppm) at room
temperature. The resistance of the material steadily increases
with each CO, injection, showing a typical n-type semi-
conductor behavior where CO, acts as an electron-withdrawing
gas. This interaction results in the trapping of conduction band
electrons at the surface, which enlarges the depletion layer and
increases the overall resistance. The resistance response is
reversible with distinct peaks during each exposure, indicating
stable adsorption-desorption behavior. However, the magni-
tude of resistance change is relatively modest, suggesting that
pure V,0s5 has limited sensitivity to CO, under these
conditions.>*?>¢

In contrast, Fig. 6d presents the dynamic resistance response
of 10 at% Cu-doped V,0s under the same stepwise CO,
concentrations. The 10 at% Cu-V,05 sample exhibits a signifi-
cantly greater increase in resistance at each concentration level,
reflecting enhanced sensitivity to CO, gas. The resistance peaks
are sharper and the recovery between cycles is faster compared
to the undoped counterpart, indicating that the doping process
has improved the kinetics of gas adsorption and desorption.
This enhancement is attributed to the introduction of Cu** ions
into the V,0; lattice, which not only modifies the electronic
structure but also creates additional oxygen vacancies and
active sites. These structural changes promote stronger inter-
action with CO, molecules and facilitate more efficient charge

© 2026 The Author(s). Published by the Royal Society of Chemistry
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transfer, resulting in a larger modulation of resistance. Previous
studies have shown that Cu doping can improve the electrical
conductivity and sensing performance of metal oxides by
increasing charge carrier mobility and promoting catalytic
activity at the surface.'** Therefore, 10 at% Cu-doped V,Os
shows promise as a more effective CO, sensing material
compared to its undoped form, particularly for room-
temperature applications.

3.3.2 Sensor response and response and recovery times.
Fig. 7a presents the gas sensing response of pure V,05 and 10
at% Cu-V,05 thin films to varying CO, concentrations ranging
from 2220 ppm to 8880 ppm. The sensor response was evalu-
ated using following equation:**

R — [Reor = Riic] 1 (3)

air

where Rco, and R, denote the resistance in CO, and air,
respectively. The response of both materials exhibits a positive
correlation with gas concentration, indicating an increase in
adsorption-driven resistance change. 10 at% Cu-doped V,0s
shows a markedly higher response compared to pure V,05, with
the values rising from 11.6% at 2220 ppm to 40.7% at 8880 ppm.
In contrast, pure V,0s displays a lower response increase, from
1.6% to 5.9% over the same concentration range. This
improvement can be attributed to the introduction of Cu
dopants, which enhance the electronic conductivity and
increase the density of oxygen vacancies and chemisorbed
oxygen species on the surface, thereby promoting stronger
interactions with CO, molecules.**"¢

Fig. 7b depicts the response time (t.s) of the sensors, defined
as the time required to reach 90% of the maximum resistance
change after CO, exposure to different gas concentrations. Both
materials exhibit a reduction in response time with increasing
CO, concentration. This trend is typical of surface-controlled
gas sensors, where higher concentrations accelerate the
adsorption kinetics. For pure V,0s, the response time increases
from 4.3 min at 2220 ppm to 6.6 min at 8880 ppm. 10 at% Cu-
V,0s5, on the other hand, demonstrates a faster response,
increasing from 3.22 min to 3.83 min over the same concen-
tration range. The superior response speed of 10 at% Cu-doped
V,0s is ascribed to the catalytic effect of Cu, which lowers the

View Article Online
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activation energy for surface reactions and facilitates quicker
charge transfer between adsorbed gas species and the semi-
conductor matrix.’”**

The recovery time (tecov.), defined as the time required for
the sensor to return to 90% of its baseline resistance after CO,
removal, is shown in Fig. 7c. Both sensors demonstrate
a decrease in recovery time with increasing CO, concentration,
suggesting faster desorption dynamics at higher surface
coverage. Pure V,05 exhibits a recovery time increasing from
3.05 min at 2220 ppm to 5.6 min at 8880 ppm, while 10 at% Cu-
V,05 recovers more rapidly from 2.3 min to 3.3 min across the
same range. This enhancement in 10 at% Cu-V,0s can be
attributed to improved surface reactivity and weaker binding of
CO, molecules, facilitating faster desorption. Additionally, Cu
doping likely alters the electronic band structure, enhancing
the reoxidation process required for recovery.*** It is noted that
the response time is slightly longer than the recovery time for
both pure and Cu-doped V,0s films, which agrees with earlier
reports on metal-oxide CO, sensors, where adsorption-
controlled kinetics dominate over the faster desorption step
due to the formation of surface carbonate species.

3.3.3 Repeatability, long-term stability, CO, selectivity, and
relative humidity. The 10 at% Cu-V,0s sensor exhibited high
repeatability in its response to 8880 ppm CO, over seven
consecutive cycles at room temperature and 60% relative
humidity, as depicted in Fig. 8a. Long-term stability assess-
ments, illustrated in Fig. 8b, demonstrated a sustained sensor
response of approximately 40.7% after 30 days of daily exposure
to the same CO, concentration under identical conditions,
indicating its operational reliability over extended periods. The
sensor's selectivity, quantified by the ratio of its response to CO,,
compared to interfering gases (H, and NH;) according to

Rother gas

equation (Selectivity(n%) = X 100) *2 and shown in

target gas
Fig. 8c, revealed a significantly higher response towards CO,,
with the percentages for H, and NH; being 20.78% and 40%,
respectively. It demonstrates that the 10 at% Cu-V,0s sensor
surface adsorbs more CO, molecules than other gases.

In addition to the CO, sensing results, the influence of
humidity on sensor performance was examined, as water
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molecules are known to interact significantly with the surface of
metal-oxide sensors. To evaluate this effect, we monitored the
response of the 10 at% Cu-doped V,05 film while increasing the
relative humidity from 60% to 90% RH under 8880 ppm CO,
concentration at RT, shown in Fig. 8d. As the RH increased,
a slight reduction in sensor response was observed due to the
competitive adsorption between H,0 and CO, molecules for the
same oxygen-vacancy sites. At higher humidity, water molecules
tend to form surface hydroxyl groups, which modify surface
charge distribution and partially hinder the adsorption of CO,,
leading to a modest decrease in resistance change. However,
despite this suppression, the Cu-doped film maintained a stable

Table 1 A comparison of gas sensors' CO, detecting capabilities
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and measurable response even at 90% RH, indicating that the
higher density of oxygen vacancies created by Cu incorporation
helps preserve CO, adsorption capability under moist condi-
tions (Table 1).*

3.3.3.1 Gas sensing mechanism. V,0s is an n-type semi-
conductor, characterized by an excess of electrons in its
conduction band. The incorporation of Cu dopants into V,05
introduces localized energy levels within the bandgap, which
enhances the electronic properties of the material.*® At room
temperature, oxygen (O,) molecules adsorb onto the 10 at% Cu-
V,05 surface, forming negatively charged O species (O, , O™) by

Nanomaterials Operating temperature (°C) Concentration Sensor response (R%) Response time Recovery time References
Sno, 240 2000 ppm 1.24 150 s 100 s 44
Co030,4 150 10 000 ppm 30 227 s 245 s 45
LaOCl-SnO, nanofibers 300 1000 ppm 3.7 130 s 50s 46
ZnO/CNTs RT 16 650 ppm 22.4 82.5s 23s 47
Ba-CuO RT 11100 ppm 9.4 568 5.44 s 48
SnO,-LaOCl nanowires 400 2000 ppm 5.6 57s 53s 49
3% Pt-La,03/Sn0O, 225 1000 ppm 4.38 — — 50
ZnO: 4.0 at% La RT 22200 ppm 114.22 24.4 s 44 s 51
SnO,@CdO RT 1400 ppm 2.18 45 s 50s 52
10 at% Cu-doped V,05  RT 8880 40.7 3.83 min 3.3 min This work
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trapping free electrons from the V,05; conduction band,
through the following reaction:**

Os(gas) + € = Oy (4)

When CO, gas interacts with the sensor surface, it reacts with
the adsorbed O species, releasing the trapped electrons back
into the V,05's conduction band. The CO, reaction can also lead
to the formation of surface-bound carbonates (COS(adS)Z_) these
carbonates act as insulating layers, impeding electron flow and
thereby reducing the conductivity of the material.>

_ 2 _
COx(gas) + Ozaas) — CO3aa5” t+ € (5)

4 Conclusion

In this work, pure and 10 at% Cu-doped V,0s5 nanostructure
and films were successfully synthesized by a sol-gel/spin-
coating method and comprehensively investigated for room-
temperature CO, sensing applications. Structural data indi-
cated the formation of pure a-V,05 with orthorhombic phase
and a strong (001) orientation, while Cu incorporation slightly
reduced crystallite size and induced lattice strain without
secondary phase formation. FE-SEM and EDX studies revealed
dense nanostructured morphologies with uniform Cu distri-
bution and mild oxygen deficiency, both of which are favorable
for enhanced surface reactivity. FTIR and UV-Vis analyses
further supported these findings, showing characteristic V-O
vibrations, E, narrowing from 3.4 to 3.1 eV, and increased
refractive index from 2.58 to 3.05 at 500 nm, all consistent with
improved electronic conductivity and defect-mediated adsorp-
tion. Gas sensing measurements demonstrated that Cu doping
significantly enhanced sensor performance at room tempera-
ture. At 8880 ppm CO,, the Cu-doped film achieved a high
response of 40.7%, with rapid response (3.83 min) and recovery
(3.3 min) times, excellent repeatability, stable operation over 30
days, and selectivity against interfering gases such as H, and
NH;. These improvements are attributed to the increased
oxygen vacancy concentration and modified electronic structure
introduced by Cu doping, which enhances charge transfer and
gas adsorption kinetics. Overall, this study establishes 10 at%
Cu-doped V,O5 thin films as a promising low-cost and energy-
efficient material for ambient CO, detection. The combination
of structural stability, optical tunability, and superior sensing
performance positions these films as strong candidates for
integration into practical environmental and industrial gas
monitoring devices. Future work may explore the optimization
of doping levels, the effects of humidity, and integration with
flexible or microelectronic platforms to advance their applica-
bility in real-world sensing systems further.
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