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environmental CO2 monitoring
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This work investigated an innovative CO2-sensitive nanostructured semiconductor material through

a three-level approach, i.e., materials and electrical characterization, chemisorption with probe

molecules analyses, and operando Diffuse Reflectance Infrared Fourier Transform (DRIFT) spectroscopy

under thermoactivation. By integrating these advanced techniques, a complete scenario of the sensing

mechanism can be obtained, paving the way for the development of highly sensitive and selective CO2

sensors. It emerged that doping with alkali metals, such as sodium, has proven to be an effective strategy

to improve the performance of CO2 devices. This study presents a sustainable and fast synthesis of three

samples with varying sodium content and characterization of each material to explore the role of sodium

doping. Therefore, extensive materials characterization confirmed the nanostructured nature of the

mesoporous Na-doped In2O3 materials as nanoparticles and the presence of intra-structural sodium.

These material surfaces were found to possess different acid and basic sites ratio, which can be

rationalized by the presence and the amount of sodium. From electrical characterization, a key feature

of Na-doped In2O3 was the marginal influence of humidity, which enables such sensors to a wide range

of possible real-world applications. Operando DRIFT spectroscopy clarifies which ones and under what

conditions the carbonate species formed upon CO2 adsorption interact with the material as a function of

the presence of acidic and basic sites, a crucial factor influencing the mechanism of transduction. This

study uniquely captures the balance of active sites to motivate and explain the optimal sensing behaviour.
1. Introduction

Carbon dioxide (CO2) emissions are driving global warming and
anthropogenic climate change. With current outdoor atmo-
spheric background levels now hovering around 420 ppm,
a multifaceted approach to decreasing and monitoring such
levels is demanded, which includes research on renewable and
green energy sources and the development of reliable, cost-
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effective, and “smart” CO2 sensors. Probably less known to the
general public, but still more affecting human health is an excess
concentration of CO2 in indoor and conned environments,
where people spend most of their time (90%). Here, CO2 oen
reaches substantially higher levels than outdoor concentrations.1

Indeed, indoor CO2 concentration quanties an indicator for
indoor air quality (IAQ), for the need for air-ow exchange in case
there is not sufficient fresh air within conned spaces in build-
ings.2 CO2 concentration is regarded as tolerable up to 800–
1000 ppm.1 Beyond this threshold, fall in cerebral attention, signs
of drowsiness, and more generally of environmental discomfort
take place. At highest concentrations (>2500 ppm) — especially
for prolonged exposures — various health issues, including
reduced cognitive function and Sick Building Syndrome3

commence. Thereby, the need for CO2 monitoring in both
outdoor and indoor contexts becomes impelling. Naturally, an
extensive and capillary detection network must rely on compact,
inexpensive and low-power-consuming devices, assisted by an
Internet of Things (IoT) platform.

A straightforward solution would be the usage of a solid-state
chemoresistive sensor owing to high sensitivity, rapid response,
stability, and reproducibility combining simple and low-cost
J. Mater. Chem. A
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production. In this study, we propose a metal-oxide (MOX)
sensor for CO2 detection over a wide range of concentration
(250–5000 ppm). Such devices could be an alternative to
commercially available optical devices, such as non-dispersive
infrared gas sensors (NDIR). However, the inherent chemical
stability of CO2 molecules makes its transduction difficult as
witnessed by the scarce literature with this regard. Among the
wide palette of MOX material for gas sensing,4 indium oxide
(In2O3) would represent an interesting candidate because it
proved to be an efficient catalyst for hydrogenation of CO2 to
methanol.5 A widely used approach for improving the sensing
performance involves the use of dopants to modify their elec-
tronic and surface properties. Possibly material synthesis
should be carried out via sustainable routes. With this
perspective, alkali metal doping, in particular with sodium, has
shown promise in improving the sensitivity of MOX sensors
towards CO2. In particular, a recent study demonstrated the
synergistic effect of sodium and In2O3, signicantly improving
sensing material performance through the use of sodium-
doped indium oxide (Na:In2O3).6

Despite the successful exploitation of these devices—such as
monitoring CO2 concentrations in academic classrooms1—
a comprehensive understanding of the surface sensing mech-
anism remains a crucial, limiting factor for advanced material
development and performance optimization. Conventional
analytical approaches have proven insufficient for establishing
the denitive structure–activity relationship.

Indeed, current models of general MOX materials for CO2

interactions, as outlined in recent studies,7,8 predominantly
emphasize the essential surface chemistry and the spectro-
scopic characterization of carbonate species (including mono-
dentate, bidentate, or bicarbonate) in relation to temperature or
site strength. These studies, however, are typically limited to
pure materials (e.g., TiO2, Y2O3, and ZrO2) and do not transduce
these insights directly to the operational sensing mechanism of
a device. Other works focusing on sensing applications, e.g., on
La2CO3 (ref. 9) successfully demonstrate CO2 detection via
Diffuse Reectance Infrared Fourier Transform (DRIFT) spec-
troscopy but oen lack the detailed chemical resolution to
distinguish between specic carbonate species or to map their
formation to the underlying acidic and basic site chemistry.

Therefore, this work aims to elevate the mechanistic inves-
tigation through a robust three-level characterization approach,
paying particular attention to the catalytic role of sodium,
which boosted the sensor performance.

For this purpose, techniques eminently used in catalysis,
such as Temperature Programmed Desorption (TPD) and
Temperature Programmed Reduction (TPR) were performed to
assess the acidic or basicity nature and strength of surface
reaction sites and how they were affected by Na.10,11 Finally, the
mechanism of chemical reactions taking place at surface was
investigated through DRIFT spectroscopy, conducted while the
sensor was in operation, i.e., in operando mode.

The combination of the above techniques allowed one to
model the reaction behind sensing mechanism, to identify the
role of sodium, and ultimately to dissect the way that functional
groups anchor the surface for CO2 chemisorption.
J. Mater. Chem. A
2. Results and discussion

X-Ray Diffraction (XRD) pattern of the functionalized powders
reveals that both pristine and Na-doped samples were mono-
phasic with cubic crystal structure (s.g. Ia-3) (Fig. 1a–d) while
the absence of additional phases conrmed that introduction of
Na+ cations did not change the In2O3 lattice structure. Incor-
poration of sodium in the In2O3 lattice is supported by the
increase in unit–cell parameters proportionally to its content
(Fig. S1, in the SI). It can be observed that addition of sodium
yielded a crystalline structure that has nearly the same crystal-
lite size (XXRD) but a lower microstrain (e0) as compared to pure
In2O3 (see Table 1). This evidence is expected in the case of
substitutional Na for In in the In2O3 octahedral site because of
the larger ionic radius of Na+ (1.02 Å) than that of In3+ (0.8 Å) in
octahedral coordination.12 In summary, Na is very likely incor-
porated into the In2O3 lattice substitutionally. The morphology
of In2O3-based powders was investigated by Scanning Electron
Microscopy (SEM) and Transmission Electron Microscopy
(TEM) analyses (Fig. S2). SEM images conrm that the powders
consisted of monodisperse nanoparticles and averaged 10–
20 nm, with no aggregation phase. High Resolution Trans-
mission Electron Microscopy (HR-TEM) showed regular nano-
metric spherical particles with an equiaxed shape. The
morphologies of the grains in Fig. 1e–h for samples 0.4 and
0.5Na:In2O3 look cubic-like while the other two, i.e. pristine one
and 0.7Na:In2O3, take the shape of spheroids. Scanning
Transmission Electron Microscopy combined with Energy-
Dispersive X-ray (STEM-EDX) analysis conrmed the localiza-
tion of Na within nanometric In2O3 particles (Fig. S3). In
particular, to quantify the sodium content in the doped
samples, Inductively Coupled Plasma Mass Spectroscopy (ICP-
MS) measurements were performed. As shown in Table S1,
sodium concentration increased with the amount of sodium
used during chemical synthesis.

The presence of sodium was also conrmed by X-ray
Photoelectron Spectroscopy (XPS) investigations, which high-
lighted the nature of its chemical neighbourhood. The survey
spectrum of high-resolution XPS on the powders revealed the
presence of four main elements, i.e. In, O, Na, and C (this latter
probably due to carbon impurities). To investigate the chemical
state of the main elements, the high-resolution spectra of In 3d
(440–455 eV), O 1s (526–535 eV), and Na 1s (1066–1075 eV) core
levels were collected. Their quantication (atomic%) in the
pristine and doped samples is reported in Table S2. The
0.4Na:In2O3 exhibited higher sodium concentration at the
surface, around 8.400 at%. Fig. 2a compares the XPS spectrum
of the In 3d core level for the powders with and without Na,
which clearly shows the doublet corresponding to 3d5/2 and
3d3/2. For the pristine In2O3 sample, In 3d5/2 and In 3d3/2 peaks
appeared at 444.1 and 451.6 eV, respectively. The energy of the
In 3d doublet corresponds to the In3+ oxidation state and In–O
bonds. A slight change in the binding energies of the In 3d
peaks was observed between pristine In2O3 and Na-doped
samples. The displacement of these peaks indicates different
chemical neighbourhoods due to the incorporation of sodium
This journal is © The Royal Society of Chemistry 2026
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Fig. 1 Rietveld refinement plots of powder diffraction pattern for (a) pure In2O3 sample and (b–d) those doped with Na. The experimental profile
is represented by black dots, and the best-fit refinement profile is the continuous red line. The lower green curve is the weighted difference
between observed and calculated patterns. Vertical ticks mark the position of reflections for the In2O3 cubic phase. HR-TEM images of (e) In2O3,
(f) 0.4Na:In2O3, (g) 0.5Na:In2O3, and (h) 0.7Na:In2O3 powders.
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into the In2O3 lattice. In addition, for both Na-doped and In2O3

powders, Fig. 2b illustrates the deconvolution of O 1s high-
resolution spectra in three peaks, corresponding to the O
lattice (In–O–In) and surface hydroxyl groups HO–In. The main
This journal is © The Royal Society of Chemistry 2026
O 1s peak around 529.6 eV for In2O3 (around 529.2 eV for Na-
doped powders) corresponds to the O lattice. Binding energies
at 531.4 eV for In2O3 (average around 531.0 eV for Na-doped
samples) are ascribed to adsorbed –OH terminations. To
J. Mater. Chem. A
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Table 1 Main crystallographic information such as crystal system, space group, lattice parameter (a), volume cell parameter (V), crystallite size
(XXRD), and microstrain (e0) for the investigated powders

Sample Phase Space group a (Å) V (Å3)
Crystallite size,
XXRD (nm)

Microstrain
e0 x 100

In2O3 In2O3 (cubic) Ia-3 10.1193(4) 1036.22(11) 10.4(1) 0.101(2)
0.4Na:In2O3 In2O3 (cubic) Ia-3 10.1212(3) 1036.81(08) 11.6(1) 0.021(7)
0.5Na:In2O3 In2O3 (cubic) Ia-3 10.1213(2) 1036.85(07) 10.9(1) 0.060(3)
0.7Na:In2O3 In2O3 (cubic) Ia-3 10.1215(2) 1036.90(06) 12.1(1) 0.056(2)
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deeply investigate the peaks of O 1s of Na-doped powders,
a Shirley background was employed using the Pseudo Voigt with
coefficients of the Lorentzian 0.25 and Gaussian 0.75. Fig. S4
and Table S3 show the results of the deconvolution of the O 1s
high-resolution spectra, in three peaks, corresponding to the O
lattice (In–O–In), H2O–OH (water chemically adsorbed), surface
hydroxyl groups HO–In, and H2O (∼533.0 eV). Finally, Fig. 2c
presents and conrms the presence of Na, as a cation incor-
porated in the crystalline structure.

Adsorption and desorption isotherms are shown in Fig. 3.
The corresponding N2-Brunauer–Emmett–Teller (BET) surface
area and pore size for Na-doped samples averaged 42.32 m2 g−1

and 21.48 nm, respectively. The isotherm prole can be classi-
ed as type-IV, with a small hysteresis loop in the range of 0.8–
1.0 p/p0, which indicates the presence of a mesoporous struc-
ture according to IUPAC classication.13
2.1 Active sites evaluation – TPD and TPR analyses

Fig. 4a shows the results of CO2 TPD measurements on pristine
and Na-doped indium samples following CO2 desorption at two
different pre-treatment temperatures, i.e., 150 °C and 300 °C.
Fig. 2 XPS investigations on 0.4, 0.5, and 0.7Na-doped and pristine In2O3

(b) O, and (c) Na.

J. Mater. Chem. A
For the pristine sample, TPD prole indicates a limited pres-
ence of basic active sites at the surface. This is evident owing to
the absence of signicant desorption bands at medium-to-high
temperatures, with only a minor peak observed at approxi-
mately 450 °C.

On the other hand, according to the literature,10 addition of
In2O3 with alkaline promoters improves the interaction with
CO2, and the higher the difference in electronegativity between
In and the alkaline species the stronger the interaction with the
analyte. TPD measurements performed on Na-doped samples
conrm this hypothesis. Indeed, all desorption proles were
characterized by the presence of well-dened desorption bands
localized, predominantly, at medium–high temperatures to
indicate basic sites of high strength on the surface of the Na-
doped powders. All CO2 TPD proles depicted in Fig. 4a can
be divided into two main regions, i.e., region I (from 0 to 200 °C)
and region II (from 400 to 900 °C). The small desorption peak
(around 100 °C) in region I can be assigned to physically
adsorbed CO2 while the broad band in the high-temperature
region (450–800 °C, region II), is ascribable to the presence of
strong basic sites interacting with the analyte, which can be
powders. In particular, the figure shows the core-level spectra of (a) In,

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 N2 isotherm profiles, classified as type-IV, with pore-size
distribution in the insets for (a) 0.4Na:In2O3, (b) 0.5Na:In2O3, (c)
0.7Na:In2O3, and (d) pristine In2O3 powders.
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ascribed with the decomposition of bicarbonate (HCO3
−) and

carbonate (CO3
2−) species.14 As sodium concentration

increases, the desorption bands in the second region moder-
ately shied to higher temperature and became more evident.
As one can observe, the sample doped with the highest sodium
amount (0.7Na:In2O3), conrmed by ICP-MS, exhibited two
dened bands, at 550 and 720 °C, indicating the presence of the
strongest adsorption sites. Fig. 4b illustrates the surface acidity
of pristine and Na-doped powders, presenting the TPD proles
of ammonia (NH3) desorption as a function of temperature. The
samples were analysed at 300 °C, since no signicant desorp-
tion bands were observed at room temperature (RT). The low
temperature bands (50–200 °C) indicated the desorption of NH3

from weak acidic sites, most probably Brønsted-type, associated
with the –OH groups. In contrast, desorption at temperatures
above 400 °C suggested the presence of strong Lewis-type acidic
sites, bound to coordinatively unsaturated cations on the MOX
surface. In summary, all samples showed amphoteric behav-
iour. Fig. S5 highlights the result obtained with TPR analyses. In
particular, the peak at low temperatures is associated with the
reduction of surface Na-doped powders, while the peak at high
Fig. 4 TPD measurements on pristine and Na-doped powders were ca
formed on samples pre-treated at 150 and 300 °C, while TPD measurem

This journal is © The Royal Society of Chemistry 2026
temperatures could be attributed to the reduction of their bulk.
The ease in reduction at low temperatures for doped materials
can be correlated to their higher content of oxygen defects.15

Indeed, a larger concentration of oxygen defects favours the
adsorption of CO2 because the C]O bond can be broken to
enable CO2 adsorption and generation of O radicals. This
observation is consistent with recent investigations, showing
that several metallic elements (including transition metals, rare
earth metals, and alkaline earth metals) have been shown to be
effective in generating abundant oxygen defects and improving
the catalytic performance.16
2.2 Electrical characterization

This section briey reviews the main characteristics of the lms
as chemoresistive gas sensors for CO2 detection.

2.2.1 Optimal working temperature. As shown in Fig. S6,
the optimal working temperature for the lms, lay in the range
200–250 °C, with a peak at 250 °C. Each lm exhibited the
highest response at this specic working temperature that
maximized its catalytic activity vs. CO2, thus promoting surface
redox reactions and the reversible interactions.

2.2.2 Sensitivity. The dynamic response to 1000 ppm of
CO2 in Fig. 5a steadily increased from 2 for In2O3 to 11, 8, and 6
for 0.4Na:In2O3, 0.5Na:In2O3, and 0.7Na:In2O3, respectively.
These results underscore the extraordinary potential of Na-
doped sensors for CO2 sensing. The calibration curves of the
sensors were tted with an allometric function (y = a$xb), as
shown in Fig. 5a with all metric parameters listed in Table S4.

2.2.3 Effect of humidity. As shown in Fig. 5b, the responses
vs. CO2 signicantly dropped down until 20 RH% while it kept
constant beyond this level. In particular, Na-doped In2O3

sensors exhibited an important decrease in response (drop
ranging from 59% to 75%), whereas pure In2O3 nearly vanished.
In other words, Na doping renders the sensors more robust vs.
humidity. In addition, one can observe an increase in the
conductance of the sensitive lm (insert in Fig. 5b) when the
sensor was exposed to 20 RH% with respect to dry conditions (2
RH%), due to homolytic dissociation of water, which reacted
rried out with (a) CO2 and (b) NH3. TPD analyses with CO2 were per-
ents with NH3 were performed on powders pre-treated at 300 °C.

J. Mater. Chem. A
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Fig. 5 Electrical characterization of pristine and Na-doped In2O3 sensors. The figure illustrates the sensors' key electrical properties: (a) cali-
bration curves, (b) the effect of humidity on sensor response and conductance injecting 1000 ppm of CO2, (c) selectivity, and (d and e) cross-
selectivity with ethanol (1 ppm) and CO2 (1000 ppm) in dry and humid air. (f) Shows the long-term stability of the sensor over a one-week period
with 250 ppm of analyte. The calculated error on the response value is 5%, determined by applying error propagation to account for load
resistance tolerance and instrument uncertainty.
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with the metal site and a lattice oxygen to form a terminal and
a bridged hydroxyl group.17,18 However, the conductance was
only slightly affected by humidity increases above 20 RH%,
demonstrating that Na-doped sensors were humidity-
independent. In this context, water acted as a surface donor,
releasing electrons into the CB. Operando DRIFT results pre-
sented in the next section will provide an in-depth explanation
for the sensing mechanism under dry and wet environments.

2.2.4 Selectivity and cross-selectivity. From Fig. 5c, it
turned out that Na-doped sensors showed moderate responses
than for pristine In2O3 to all the interfering gases tested, i.e.,
ethanol, carbon monoxide (CO), nitrogen dioxide (NO2), and
toluene, probably due to the high reactivity of such lms. In
particular, ethanol may represent a common interferent.
Therefore, a cross-selectivity test with both ethanol and the
analyte were performed under dry and humid environments
(Fig. 5d and e). Simultaneous presence of ethanol during
exposure to CO2 marginally affected the response of such
devices. The response of 0.4Na:In2O3 sensor to 1000 ppm of CO2

decreased from∼3.5 in dry to∼1 in wet conditions. Instead, the
response of 0.5Na:In2O3 sensor dropped from ∼3.5 in dry to
∼0.7 in wet air. Sensor 0.7Na:In2O3, on the other hand, showed
a less pronounced decrease, ranging from ∼2 in dry to ∼1.3
under humid conditions. This effect can be attributed to
competitive reactions between the reactive gases. Both ethanol
and water vapor can interact with active sites on the material,
potentially blocking and covering neighbouring active sites.19

Additionally, reaction products such as chemisorbed alkyl
J. Mater. Chem. A
chains can accumulate on the surface, further hindering the
accessibility of active sites. However, Na-doped devices
demonstrated the effective ability to discriminate against CO2

in presence of ethanol gas.
2.2.5 Stability. To investigate the stability of the

0.4Na:In2O3 lm, the most promising from the previous
thermo-activated measurements, it was kept at 250 °C under
a ux of dry air and every day it was exposed to 250 ppm of CO2.
The measurements were carried out during a period of seven
days and are shown in Fig. 5f. The response average remained
stable over seven days, with a slight decrease in the last two
days. However, the response value remained high, consistent
with the expected values based on the calibration.
2.3 Operando DRIFT measurements

To elucidate the sensing mechanism that enables analyte
sensing, operando DRIFT measurements in thermoactivation
under dry and wet conditions were performed. This advanced
characterization technique provides an insight into the species
adsorbed or consumed over the surface, aiding the analysis of
the products formed as a result of chemical reactions. The
solid–gas kinetics occurring at the surface of In2O3–based
sensors was investigated by acquiring the operando DRIFT
spectra at specic intervals of the sensor working, namely
during baseline stabilization, transient response, steady state,
and baseline recovery. Complete reversibility under exposure to
1000 ppm of CO2 was inferred (Fig. 6) with the four sensors
This journal is © The Royal Society of Chemistry 2026
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working at 250 °C in dry air (2 RH% and 25 °C inside the test
chamber). The pristine In2O3–based lm exhibited an initial
resistance of approximately 0.5 kU while exposure to 1000 ppm
of CO2 lowered to 0.3 kU, resulting in poor response. Instead,
the Na-doped lms displayed resistances of 3.5 (0.4Na:In2O3),
4.2 (0.5Na:In2O3), and 4.7 MU (0.7Na:In2O3), demonstrating an
increase in lm resistance as sodium concentration was
increased. Upon CO2 injection (1000 ppm), the resistance of all
lms signicantly decreased to 0.5 MU. Then, the Na-doped
sensors showed a variation in response as a function of
dopant concentration, as was shown in the previous section. In
particular, 0.4Na:In2O3 sensor showed the highest response
(13), followed by sensor 0.5Na:In2O3 (9) and sensor 0.7Na:In2O3

(8.5). In terms of response and recovery times, the devices
exhibited 3 min and 9 min (0.4Na:In2O3), 5 min and 6 min
(0.5Na:In2O3), and 11 min and 12 min (0.7Na:In2O3), respec-
tively, providing the superior capabilities of 0.4Na:In2O3 at the
operating temperature of 250 °C. The kinetics of the reaction
Fig. 6 (a, d, g, and j) DRIFT spectra that are acquired before, during, and a
spectral region between 1000 and 850 cm−1. (b, e, h, and k) Measuremen
to 1000 ppm CO2 in dry air at the best operating temperature (250 °C).
which the corresponding spectra were recorded.

This journal is © The Royal Society of Chemistry 2026
mechanism are comparable to those reported for other che-
moresistive gas sensors based on MOX materials.20,21 In addi-
tion, these times and the low operating temperature (250 °C)
represents a good trade-off for CO2 detection over a wide range
of concentrations.

Operando DRIFT spectra (Fig. 6a, c, d, f, g, i, l and n) revealed
the presence of hydroxyl groups, i.e., isolated at 3711 cm−1 and
bridged between 3640 and 3040 cm−1 (broadband) adsorbed on
the surface during CO2 feeding (steps 2 and 3), except for the
0.7Na:In2O3 sample.22 These hydroxyl groups probably origi-
nated from residual water vapor in the inlet tube or in the gas
bottle, which decreased during the recovery to dry conditions
(steps 4 and 5). However, gaseous CO2 molecules and carbonate
species built up the highest-intensity peaks in the spectra,
especially for doped samples. Indeed, no carbonate species
were recorded for pristine In2O3 lms. On the other hand, the
formation of the latter was conrmed by in-situ DRIFT spec-
troscopy on the powder, as shown in Fig. S7, since the use of
fter CO2 injection. (c, f, i, and l) Magnification of the DRIFT spectra in the
ts scheme and temporal evolution of sensor resistance during exposure
The coloured bar in these graphs indicates the specific time points at

J. Mater. Chem. A
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Fig. 7 (a) DRIFT spectra of Na-doped In2O3 sensors recorded in the presence of water vapor and 1000 ppm of CO2. (b) A detailed view of the
2000–800 cm−1 region, highlighting the spectral features associated with surface interactions.
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a larger spot on functional powders enhances the signal-to-
noise ratio allowing to enrich the information obtained by
DRIFT on the sensing lms. Unlike for doped samples, presence
of the characteristic peaks for CO2 molecules at 2339 and
2365 cm−1 and of two main carbonate species within 1600–
1200 cm−1 regions were acquired (see steps 2 and 3).9 More
specically, bidentate carbonate (b-CO3

–) was at 1607 and
1291 cm−1 and bridged bidentate carbonate (br-CO3

2–) was at
1564 cm–1.8 Instead, according to Can et al.,23 the bands at 1059
and 1028 cm−1 are assigned to In–O lattice vibration.

One can conclude that the decrease in electrical resistance
observed upon exposure to 1000 ppm owed to the formation of
carbonate species (steps 2 and 3). Conversely, during the
recovery phase (steps 4 and 5), lm resistance increased as CO2

was being desorbed, vanishing carbonate species and –OH
groups. All sensor characteristics, including material proper-
ties, spectroscopic results and electrical behaviour were re-
ported in Table S5.

The behaviour of Na-doped sensors under humidity expo-
sure (22 RH%), was also investigated through operando DRIFT
technique. Under wet conditions in the presence of 1000 ppm of
CO2 (Fig. 7), the DRIFT spectra can be explained in terms of
chemical activity of different types of adsorbates on the surface,
i.e., –OH groups, carbonates and bicarbonate species. These
latter are generated from the reaction between –OH groups and
the analyte. The narrow and intense peaks between 4000–3300
and 2100–1300 cm−1, which increased with the humidity
concentrations, are assigned to –OH modes (terminal and
interacting).17 The broad feature below 3500 cm−1 can be
associated with interacting hydroxyl groups. In particular,
despite the results obtained in dry conditions, the 0.4Na-doped
In2O3 lm exhibited the formation of bidentate bicarbonate
species at 1426 cm−1. These latter with carbonate species within
1600–1200 cm−1 regions can release electrons onto the surface,
thereby increasing the material's conductivity. This constitutes
a synergistic effect where water plays an active role in the
reaction mechanism, rather than simply passivating the
surface.
J. Mater. Chem. A
3. Gas sensing mechanism

The gas-sensing mechanisms of Na-doped In2O3 lms, will be
shown to rely on three factors, such as (i) activation of chem-
isorbed active sites from oxidative and reductive reactions, (ii)
creation of acidic or basic centers, and (iii) hydrate–hydroxyl
layers, which, synergically combined, play a crucial role to
explain the reactivity.

(i) The sensing mechanism can be explained in terms of
band-bending theory (Fig. 8a). As mentioned in previous
work,24,25 carried out in dry environment at operating temper-
ature ranging within 100–500 °C, the interaction of the sensing
layer with atmospheric oxygen leads to its ionosorption as
molecular (O2

−) and/or atomic (O− and O2−) species. Accord-
ingly, since the operating temperature of the sensors in present
work was 250 °C, pre-adsorbed oxygen species are O−. As
a result, atmospheric oxygen traps electrons from the CB,
building up a potential barrier hence increasing the lm resis-
tance as compared to RT operation. By exposure to CO2, such
molecules react with pre-adsorbed oxygen ions through eqn (1)
and (2), resulting in the formation of carbonate ions with
release of electrons in CB. An increase in the concentration of
free electrons in CB lowers the potential barrier and then lm
resistance, too.

O2(ads)
− # 2O(ads)

− (1)

CO2 + O− 4 CO3 + e− (2)

(ii) Due to their intrinsic basicity and high abundance, alkali
and alkaline-earth metals are widely used as promoters to
increase the concentration of surface basic sites so as to
promote CO2 adsorption.16 However, it is important to note that
Na-doped In2O3 possesses both acidic and basic sites, which
further complicates the interaction with the analyte. In partic-
ular, CO2 can be adsorbed or reacted on acid-base materials,
resulting in three common forms: (1) carbonate (CO3

2−) formed
by reaction with the O sites, (2) bicarbonate (HCO3

−) formed by
This journal is © The Royal Society of Chemistry 2026
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Fig. 8 Sensor mechanism reaction. (a) Surface states in dry air (stage I) vs. CO2 exposure (stage II) and (b) the reaction pathways under analyte
injection. (c) Band diagram in wet air (stage I) and under CO2 exposure (stage II). (d) Gas sensing mechanism under humidity conditions. Symbols
Ec and Ev are the conduction and valence bands, EF is the Fermi level, and ED is the donor level created due to the doping by Na.
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reaction with surface –OH, and (3) adsorption without molec-
ular bending (parallel or perpendicular to the surface). Higher
surface acidity can foster adsorption without bending, while
more basic metal oxides favour the formation of bent and
reactive CO2

− radical on the surface, due to the electron-
donating character of the surface (1 and 3). Forms (1) and (2)
can be regarded as the products through such activation on
basic sites, mainly consisting of surface oxygen atoms.26

However, presence of excessively strong basic sites (like Lewis's
sites) may excessively retain CO2, preventing its desorption
(release) and ultimately the sensor reversibility. Therefore, the
optimal concentration of 0.4 M must be a trade-off between
these two counteracting factors. Based on previous character-
isations, the 0.4Na:In2O3 material, which exhibited best
performance vs. CO2 detection, was the optimal choice. The
proposed sensing mechanism of these sensors under dry
This journal is © The Royal Society of Chemistry 2026
conditions is detailed in Fig. 8b, which illustrates the principal
species formed over the surface.

(iii) Under a wet environment, water molecules both interact
with and hinder chemisorbed oxygen at the surface and reduce
the sensing performance. Indeed, the amphoteric nature of water
plays a twofold role. While H2O molecules can be directly
adsorbed on the surface (Lewis's base), they can interact with
metal cations (Lewis's acid), forming a strong binding and
resulting in their dissociation, then generating –OH groups. In
this second case, Lewis acidic cations, i.e., W6+, Sn4+, In3+, and
Zn2+ (in descending order), can bind –OH groups, then acquire
an acidic proton and behave like Brønsted acid sites. This effect
leads to an increase in the semiconductor conductance because
redox reactions feed electrons into the sensing materials19

(Fig. 8c). This effect lowers the potential barrier in humid air
making the lm more conductive than in dry air. Indeed, by
exposing the sensor to CO2 in wet conditions, hydroxyl groups
J. Mater. Chem. A
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promote the formation of bicarbonate species, ultimately
decreasing the potential barrier (Fig. 8c and d). The presence of
humidity is typically seen as a drawback that passivates the
sensor surface, competes for the same active sites and reduces
response, instead this work demonstrates the opposite. In
particular, this study demonstrated that these Na-doped In2O3

materials present both acidic and basic sites. As described above,
In2O3 is classied as a moderately acidic semiconductor which
can bind –OHgroups and promoted bicarbonates production. On
the other hand, due to CO2 acidic character and its electrophilic
nature as a Lewis acid, it preferentially tends to interact with the
basic sites11 and forming carbonates, such as bidentate and
bridged species. Therefore, it is highly reasonable that water does
not compete with CO2 for the occupation of the same basic sites.
This investigation shows that water plays a crucial, synergistic
role in the sensing mechanism itself. By providing an in-depth
explanation of water's participation, the study accounts for the
remarkable observation that the sensor's performance is main-
tained also in humid conditions, proving that water actively
participates in the reaction instead of simply hindering it.

4. Conclusions

The fundamental novelty of present work consists of a study on
CO2 sensing properties of Na-doped In2O3 vs. Na content. Such
concentration modulated the density and strength of basic sites,
thereby promoting CO2 adsorption. In particular, this study
focused on a three-level approach i.e., materials and electrical
characterization, chemisorption with probe molecules analyses,
and operando DRIFT spectroscopy under operating temperature.
To understand these aforementioned features, inter- and multi-
disciplinary approaches were worked out. The structural,
morphological, chemical and elemental, pore volume and surface
area, and optical properties of the produced powder nano-
structured sodium-doped indium oxidematerials were thoroughly
examined. Therefore, an extensive characterization by XRD, SEM-
TEM, EDX, ICP, BET, XPS, and TPD/TPR conrmed the nano-
structured nature of the meso-porous materials as nanoparticles
and the presence of sodium dispersed in the crystalline structure,
slightly increasing their cell volume. In addition, these material
surfaces were found to possess different basicity, which can be
rationalized by the presence and the amount of sodium. Then, the
sensing performance of such functionalized materials were ana-
lysed by an extended electrical characterization by investigating
the sensitivity in dry and in humid conditions. A deeper analysis of
selectivity, cross-selectivity, stability, and possibility of working at
a low operating temperature was addressed. A key feature of Na-
doped In2O3 was the marginal inuence by humidity, which
enables such sensors to a wide scenario of possible real-world
applications. The sensing mechanism behind CO2 detection was
studied too. Operando DRIFT spectroscopy was used for the
purpose with the sensor operating under thermal activation.
Formation of carbonate species, such as bridged and bidentate
carbonates, upon CO2 adsorption were identied as a key factor
inuencing themechanism of transduction. Among the tested Na-
doped lms, the material with the lowest Na concentration, i.e.,
0.4Na:In2O3 exhibited superior performance in dry and humid
J. Mater. Chem. A
environments with a response rate higher of 35% and 45% at
1000 ppm analyte, respectively, than 0.7Na:In2O3. This conclusion
was attributed to the amphoteric nature of Na-doped In2O3 that
features an optimal distribution and presence of both active sites,
specically acidic and basic sites. Considering that both the
response and recovery times are less than 10 minutes, this sensor
is considered suitable for continuous CO2 monitoring in real-
world applications. Unlike what is oen assumed, our ndings
show that humidity does not reduce sensor performance but
rather plays an active and synergistic role in the reaction mecha-
nism. This explains the sensor's consistent and stable response,
even in the presence of water vapor. Therefore, this study claries
which ones and under what conditions the carbonate species
formed interact with the material as a function of the presence of
acidic and basic sites.

To further investigate this mechanism, it might be necessary
to conduct H2O/D2O isotope exchange experiments to discrim-
inate the different groups on the surface. Furthermore, to better
understand the nature and quantify the active sites in such
materials it might be imperative to conduct quantitative TPD
and TPR measurements and FT-IR analyses with probe mole-
cules to discriminate the different acidic and basic active sites,
i.e., Lewis and Brønsted–Lowry.
5 Experimental section

In this work, three different Na-doped indium oxides were
synthesised by means of sol–gel method, as detailed in the
following subsection. Morphology, elemental composition,
structural, porosity and specic surface area, and specic
surface area, active sites of the nanopowders were investigated
by X-ray diffraction (XRD), scanning electron microscopy (SEM),
high-resolution transmission electron microscopy (HR-TEM),
energy-dispersive X-ray (EDX), scanning transmission electron
microscopy combined with energy-dispersive X-ray (STEM-
EDX), Inductively Coupled Plasma Mass Spectrometry (ICP-
MS), N2 physisorption analysis (Brunauer–Emmett–Teller
(BET)), Temperature-Programmed Desorption (TPD) with probe
molecules, and Temperature-Programmed Reduction (TPR)
analyses. The effect of sodium incorporation in the indium
oxide nanostructure was derived from the optical properties
obtained by X-ray photoelectron spectroscopy (XPS). Then,
sensing devices were produced by a scalable and controllable
fabrication technique such as screen printing. The sensors
based on pristine and Na-doped indium oxide were electrically
characterized to probe their sensing performance vs. operating
temperature. Finally, the impact of sodium addition on sensing
was investigated using operando and in situ DRIFT spectroscopy
under operational conditions in dry and wet conditions. All
specications about the instruments, equipment, data collec-
tion, and their setting up are reported in the SI.
5.1 Powder synthesis and gas sensors fabrication

According to recent work by Rossi et al.,6 powder synthesis was
carried out through sol–gel method. In this study, the range of
sodium concentration was extended with the aim of
This journal is © The Royal Society of Chemistry 2026
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performance optimization. Here, three different samples were
synthesized in powders through the sol–gel approach, by
varying the sodium content. Firstly, 0.1 M of In(NO3)3$5H2O
(Sigma-Aldrich, 99.9% trace metals basis) was dissolved in
60 mL of distilled water (DI). Secondly, 0.4, 0.5, and 0.7 M of
NaOH were added to the above precursor aqueous solution and
stirred for 40 min at 70 °C. Specically, the In : Na molar ratio
was 1 : 4, 1 : 5 and 1 : 7, and the sensors labels were 0.4Na:In2O3,
0.5Na:In2O3, and 0.7Na:In2O3 respectively. The slurries, ob-
tained from the three syntheses, were washed with isopropanol
and DI water several times using a centrifuge at 5000 rpm for
2 min. The white precipitates were dried at 150 °C for 3 h and
consecutively at 250 °C for 2 h. The dried powders were ther-
mally treated at 450 °C for 3 h in ambient air. Then, the powders
were mixed with organic excipients, i.e., a-terpineol, ethyl
cellulose, and silica, to form a homogeneous paste. The role of
the organic precursors was to strengthen the adhesion both
among the nanostructures of the functional material itself and
between the sensing layer and the alumina substrate. The
resulting pastes were treated by sonication and screen-printed
onto alumina substrates (2.54 × 2.54 mm2). The semi-
conducting MOX lms (1 mm2) were sintered in air for 3 h at
450 °C to remove the organic binder and improve mechanical
stability. The substrates were equipped with interdigitated gold
contacts on the front side, to provide the bias current for
measuring the resistance of the sensitive lm, and with a plat-
inum heater on the back side, to thermally activate the sensing
material at its optimal working temperature. The alumina
substrates were bonded to a standard TO-39 support through
thermo-compression of 60 mm diameter gold wires.19

5.2 Characterization of functional materials

To investigate the correlation between gas-sensing performance
and surface properties of In2O3-based lms, three approaches
were exploited.

5.2.1 Electrical characterization vs. CO2. Experimentation
in a standard test chamber for identifying optimal working
temperature, sensitivity, response and recovery times, humidity
inuence, selectivity, cross-selectivity, and stability.

5.2.2 Catalytic sites. Identication of the strength of the
active sites, present at the surface level, and their affinity for the
target gas. In particular, the functionalized nanostructured
powders were heated at 150 and 300 °C in presence of CO2, to
evaluate the presence of basic sites over the surface.

5.2.3 Operando DRIFT investigation. This study focuses on
the exploration of the sensing mechanism and the formation of
intermediate species over the surface of In2O3-based sensors
and powders when exposed to the analyte. For this purpose, the
sensors were thermo-activated at their operational temperature
while a spectroscopy analysis was carried out under both dry
and humid conditions.

5.3 Electrical characterization setup

The sensors were electrically characterized using an experi-
mental setup and specic schematization detailed in.6,19 In
particular, the sensors were tested in a 622 cm3 gas-ow sealed
This journal is © The Royal Society of Chemistry 2026
chamber. Synthetic air (20% O2 and 80% N2) and target gases
from certied cylinders (N5.0 degree of purity, SAPIO) were
mixed and uxed throughmass-ow controllers at 500 standard
cubic centimetres per minute (sccm). The lling time of the test
chamber was calculated to be about 1 min and 15 s, as it
depends on the size, the geometry of the chamber, and the
velocity of the gas ow. A commercial Honeywell HIH-4000
humidity sensor was used to monitor the temperature and
relative humidity within the test chamber. A portion of the
overall ux (air) was uxed via a bubbler lled with distilled
water to achieve the moist conditions.

Considering the n-type behaviour of indium oxide, the gas-
response (R) was calculated according eqn (3), where Gair and
Ggas are the conductance in dry air and the conductance under
target-gas exposure, respectively.

R ¼

8>>>><
>>>>:

�
Ggas � Gbaseline

�
Gbaseline

for reducing gas

�
Gbaseline � Ggas

�
Ggas

for oxidizing gas

(3)

5.3.1 Working temperature. Optimal working temperature
of the sensors was determined by measuring the conductance
change before and aer injection of 1000 ppm of CO2 in the dry
carrier within 150–300 °C.

5.3.2 Sensitivity. To evaluate the sensitivity vs. CO2, Na-
doped and pure sensors were exposed to different analyte
concentrations within 250–5000 ppm, a range of interest for
both indoor and outdoor applications. For the former,
5000 ppm is the Threshold Limit Value (TLV).27

5.3.3 Humidity effect. The inuence of humidity on the
sensing performance vs. CO2 was investigated at midrange
(1200 ppm) vs. increasing concentrations of water vapor starting
from 2 to 70 relative humidity (RH%).

5.3.4 Selectivity. To assess real-world applicability, lm
selectivity was recorded in presence of common interferents,
such as ethanol, toluene, NO2, and CO, at various concentra-
tions. These gases were chosen based on their relevance to
indoor and outdoor air quality, as for National Institute for
Occupational Safety and Health (NIOSH) and American Society
of Heating, Refrigerating and Air-Conditioning Engineers
(ASHRAE) guidelines.28–30

5.3.5 Cross-selectivity. The cross-selectivity of the Na-
doped sensors towards 1000 ppm of CO2 in the presence of
1 ppm (baseline) of ethanol was performed in dry and wet
conditions (20 RH%). These tests with ethanol, a common
Volatile Organic Compound (VOC) and a highly responsive
target for MOX sensors, were carried out to establish the
material's selectivity towards CO2 over common reducing gases,
demonstrating its suitability for several applications, e.g. indoor
air quality monitoring.1

5.3.6 Stability. The stability test was performed on themost
promising sensor by exposing it to 250 ppm for one week.

5.3.7 Response and recovery times. The response (sres) and
the recovery (srec) times of the sensors were estimated as the
times needed to attain 90% of the steady-state response and
J. Mater. Chem. A
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required to switch back to 90% of the baseline value,
respectively.19

5.4 Catalytic sites investigation

Chemisorption analyses carried out by a custom-made Chemi-
sorb analyser, available at Università Ca' Foscari in Venezia.31,32

The surface basicity and acidity of the materials were assessed
via TPD with probe molecules such as CO2 and NH3, respec-
tively. The resulting desorption proles allowed for the precise
determination of the site's strength (differentiated by their
desorption temperature). Furthermore, TPR experiments were
conducted to evaluate the reducibility of the oxide and the
presence of labile oxygen species, a key factor inuencing the
material's activity and sensingmechanism. This comprehensive
approach allowed for a complete understanding of the mate-
rial's surface properties.

For TPD analyses with CO2, the powders were desiccated in
an oven at 110 °C overnight in dry air to desorb humidity then
cooled down to room temperature. Then, 50 mg of powder was
introduced into a quartz reactor and pretreated in CO2 atmo-
sphere (30 mL min−1) at 150 and 300 °C for 1 hour. Aer
cooling, programmed heating at 10 °C min−1 to 900 °C in He
ow was carried out, monitoring CO2 desorption by thermo-
conductivity detector (TCD).

Prior to TPD analysis with ammonia (NH3), samples were
dried overnight at 110 °C. Next, 50 mg were introduced into
a quartz reactor and treated in a He atmosphere (40 mL min−1)
at 25 and 300 °C for 1 hour. Aer cooling, the sample was
exposed to 5% NH3 mixture in helium for 30 min at the same
temperatures (25 and 300 °C). A trap of sulfuric acid (H2SO4)
was placed at the reactor outlet to complex the ammonia.
Finally, programmed heating was carried out at 10 °C min−1 to
900 °C in He ow, monitoring NH3 desorption by TCD.

TPR experiments were carried out in a lab-made apparatus
with 5% H2/Ar gas mixture (40 mL min−1). H2 uptake was
monitored by a Gow-Mac TCD. 100 mg of the sample were
loaded in a quartz reactor and ushed with a mixture of H2

(5%)/Ar from 25 to 900 °C, with a rate of 10 °C min−1.

5.5 Operando DRIFT setup

The kinetics at the gas–solid interface was elucidated through
operando DRIFT experiments utilizing a Bruker Vertex 70v
vacuum FTIR spectrometer equipped with a Praying Mantis
accessory. In parallel, the electrical characterization of In2O3-
based sensors was performed by using a dedicated apparatus,
including a customized sealed gas test chamber with a void
volume of 0.5 cm3 and a data acquisition system, namely Zero
(Java soware). The test chamber's lling time was calculated at
approximately less than 1 s. Complete details regarding the
experimental setup are provided in previous works.33,34

5.5 1 DRIFT measurements. Single-channel spectrum is
related to the absorption caused by functional groups of
chemical species adsorbed on the surface and by outermost
atoms of the sensing material. The spectra were acquired
through a liquid nitrogen-cooled mercury cadmium tellurium
mid-band detector, with a spectral range from 800 to
J. Mater. Chem. A
4000 cm−1. Absorbance spectra (AB) were calculated by using
the following equation:6,35

AB ðlÞ ¼ �log10
Isample ðlÞ

Ibackground ðlÞ
(4)

where Isample (l) and Ibackground (l) are the sample and back-
ground spectra, respectively. Each spectrum was collected at
a resolution of 4 cm−1, averaging 1024 scans with a beam spot
size of 2.5 mm. All the optical bench settings and spectral data
acquisition were performed through Bruker OPUS soware.

5.5.2 Characterization of the sensing lms: operando
measurements. Before CO2 exposure, the measuring chamber
was kept in a constant ow of 100 sccm of dry air, while the
sensor operating temperature was gradually increased with
steps of 50 °C up to 250 °C. Each temperature step was kept for
as long as needed to allow thermodynamic stabilization of the
surface. Surface reactivity of the sensor was evaluated aer
maintaining the device at 250 °C for 1 day under a 100 sccm
constant ow of synthetic dry air and an applied voltage
between the electrodes of 1.0 V. Then, we evaluated the spectral
background for each reported measurement. Aer baseline
stabilization for a few hours, the device was exposed to
a mixture of 1000 ppm of CO2 and synthetic air under dry (z1%
RH at 30 °C) and wet conditions (up to 22 RH% at 30 °C).

5.5.3 Characterization of the sensing powders: in-situ
measurements. To effectively study the physico-chemical
adsorption processes at the In2O3-gas interface, further in-situ
DRIFT measurements were conducted on both pure and doped
powders at 250 °C in dry and wet conditions. These samples
were carefully housed in a custom-made crucible, designed to t
the specic geometry of the test chamber.35 In-situ powder
DRIFTS technique used a larger sample holder (area 78.5 mm2)
than the sensing lms (area 2.11 mm2). Owing to the limited
sensing area of the lm, a 2.5 mm IR spot diameter was used for
those measurements, while the bigger powder holder permitted
the utilization of a 4 mm IR spot diameter. Therefore, a greater
IR spot results in a signicant boost in overall signal intensity
and instrument sensitivity.
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