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A B S T R A C T

Despite the large number of published articles, several key questions concerning the light activation of the gas 
sensitivity in semiconductors are still open. The primary goal of this work is to validate a novel add-on tool for 
investigating gas–solid interactions at the chemoresistive sensor surface under operating conditions, using 
operando diffuse reflectance infrared Fourier transform spectroscopy. The innovative apparatus was designed to 
support a robust analysis of the sensing material properties for photoactivated applications, filling up the current 
knowledge gap concerning the involved physical and chemical reaction processes. Moreover, the design of a 
customized sample holder enables in-situ diffuse reflectance Fourier infrared spectroscopy measurements on 
irradiated functional powders, thereby limiting the signal-to-noise ratio and collecting additional information on 
chemisorption processes. The validation was conducted on a gold standard material for the photoactivation 
procedure, namely zinc oxide. The ZnO-based gas sensor was photoactivated at three different wavelengths (385, 
468, and 525 nm) and the ZnO functional powder at 385 nm, by using commercial LEDs. The measurements were 
performed with an oxidizing and a reducing gas, i.e. NO2 and ethanol, along with humidity. The distinctive peaks 
observed in operando and in-situ absorbance spectra revealed the presence of the target gases at the sensing layer, 
responsible for the corresponding changes in the sensor signal. These results confirmed the feasibility of 
employing the proposed setup to investigate photoactivated gas–solid interactions, while the method and setup 
account for geometry and illumination, ensuring reliable and comparable measurements.

1. Introduction

Chemoresistive gas sensors based on metal-oxide semiconductors 
(SMOXs) operating at room (RT) or low temperature represent a flour
ishing field of advanced electronic devices, encompassing the challenges 
associated with the usually required high operating temperatures (200 −
500 ◦C), namely high power consumption, reduced sensor lifetime, and 

unsuitability for harsh and delicate environments [1,2]. Nevertheless, 
non-thermoactivated gas sensors commonly result in low sensitivity and 
slow response and recovery time [3,4], because adsorption processes on 
their surface require a non-negligible activation energy, ranging from 
10 meV to 1 eV [5]. Hence, light activation has emerged as a potential 
alternative to thermal activation. Indeed, a proper illumination can 
change the sensing material’s reactivity by increasing the surface carrier 
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density [1]. In the case of a direct band gap semiconductor, the excita
tion of electrons from the valence band (VB) to the conduction band (CB) 
can be accomplished via light with a photon energy matching the band 
gap Eg of the material. Most SMOXs are wide band-gap semiconductors 
and, in principle, at least Ultraviolet (UV) light is needed to generate 
photocarriers. Moreover, the semiconductor’s defectivity results in the 
formation of deep donor levels within the band gap, thereby signifi
cantly impacting optical processes. Indeed, it is possible to introduce 
defectivities into the material, e.g., by doping, to enhance the photo
sensitivity of the sensing layer, as these promote the formation of im
purity absorption states at lower energy with respect to Eg [6]. 
Understanding the reactions that occur at the surface in photo-activation 
mode is an important task, as these reactions may differ from those 
observed in thermoactivated sensors, involving physico-chemical phe
nomena that have not been completely explored so far [7]. Although 
some literature reports have partially addressed this topic from a theo
retical point of view [8,9], experimental evidence of the phenomena 
leading to photoactivation are still missing [1,8,10,11]. Therefore, a 
systematic experimental investigation of this field is mandatory, and it 
can be properly performed by means of an operando approach, to 
monitor the reactions between the sensing layer and the analytes during 
the sensor operation. Advancements have been made in the operando 
direction [12], yet further research is necessary to ensure the repro
ducibility and comparability of measurements while maintaining 
experimental flexibility. The development of a more analytical method 
and a configuration that takes into account geometry and illumination 
factors is imperative.

The Sensors Laboratory at the University of Ferrara (UNIFE) has 
already employed the operando Diffuse Reflectance Infrared Fourier 
Transform (DRIFT) spectroscopy to investigate the chemical species 
interacting with the sensing layer of thermoactivated devices while 
obtaining electrical measurements [13–15]. The aim of this work was to 
extend the functionality of the apparatus for operando DRIFT experi
ments in photo-activation mode. The instrumental setup was achieved 
through the implementation of an innovative add-on tool, which ensures 
fixed positioning of the light source (e.g., LED) relative to the sensor, 

avoiding distance fluctuations. Additionally, the setup facilitates an easy 
replacement of LEDs to explore different wavelengths, offering flexi
bility for diverse experimental requirements and aiming to go beyond 
the extensive research focused on UV-light activated MOX gas sensors.

A zinc oxide-based gas sensor was selected for validation due to its 
status as a leading material in the field of chemoresistive gas sensing 
applications both in thermo- and photoactivation, making it a gold 
standard. ZnO is a direct wide band-gap semiconductor (Eg ~ 3.37 eV), 
hence a large number of photocarriers are generated when illuminated 
with a radiation wavelength corresponding to UV light [8]. In this work, 
the photoresponse of the ZnO-based sensor was evaluated under three 
distinct wavelengths, 385 nm (UV), 468 nm (blue), 525 nm (green), 
properly calibrated. The operando apparatus, which simultaneously 
conducts electrical measurements and DRIFT spectroscopy, was subse
quently used to investigate surface reactions on the ZnO surface under 
UV, blue, or green LED photoactivation, in the presence of both 
oxidizing and reducing gases, specifically nitrogen dioxide and ethanol, 
and humidity.

The small sensitive area of the device and the low intensity of the 
infrared (IR) signal in the diffuse reflectance configuration, could 
impede the detection of subtle changes in surface chemical species, such 
as a negligible shift in surface chemistry resulting from low probability 
reactions. However, these may still contribute to the sensor signal, 
which is generally lower in photo- than in thermo-activation mode, as a 
clear indication that the surface redox reactions are less consistent in 
number. Hence, a sample holder was employed to host the nano
structured ZnO powder, thereby expanding the area under examination 
and enabling the employment of a larger IR spot. A deeper under
standing of the SMOX/gas interaction in photoactivation was gained by 
analyzing the DRIFT spectra. The nanostructured powder was illumi
nated with the radiation wavelength at which the ZnO-based sensor 
exhibited optimal performance. The powder was then exposed to NO2, 
ethanol and relative humidity (RH%), as performed on the ZnO-based 
sensor.

Ultimately, this work aimed to further explore the understanding of 
the photosensitivity of functional materials and the sensing processes 

Fig. 1. a) Reaction chamber design and electronics description. b) ① screw hole to fix the add-on tool to the main body cell; ② hole designed for the LED positioning; 
b) ③ and ④ lower part and upper part of the add-on tool, respectively. c) Reaction chamber with add-on tool, namely LED support.
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occurring at the gas-solid interface during photoactivation. This 
research has the potential to contribute to significant advancements in 
the development of RT gas sensor technologies.

2. Materials and methods

2.1. Nanopowder characterization and sensor preparation

ZnO was prepared through a precipitation method involving zinc 
acetate dihydrate as precursor. An annealing treatment at 650 ◦C was 
applied to obtain a nanosized crystalline powder. The material was 
morphologically, chemically and structurally characterized by Scanning 
Electron Microscopy (SEM), Energy Dispersion X-Ray spectroscopy 
(EDX), X-ray Powder Diffraction (XRPD), X-ray Photoelectron Spec
troscopy (XPS). Ultraviolet-visible spectroscopy (UV–vis) analysis was 
carried out to determine the material’s optical properties, whereas 
electron paramagnetic resonance (EPR) measurements were performed 
to investigate its defectivity.

The functional material was then used to prepare a screen-printed 
thick-film (1 mm2 x 20 μm) sensor (Fig. S1 and S2).

All specifications about nanopowder synthesis, sensor preparation, 
instruments, equipment, data collection and evaluation are reported in 
the Supporting Information.

2.2. Sensing film characterization

2.2.1. Photocurrent measurements
Photocurrent measurements were performed at RT on the ZnO sensor 

mounted on a TO39 support (Fig. S3) [16–18]. All specifications are 
available in the Supporting Information.

2.2.2. Operando DRIFT measurements

2.2.2.1. Experimental setup. The setup is based on a Bruker Vertex 70 v 
Fourier-transform infrared spectroscopy (FTIR) spectrometer equipped 
with the Praying Mantis optical accessory by Harrick Scientific to enable 
DRIFT measurements (Fig. S4). The 3D drawing in Fig. 1a represents the 
customized reaction test chamber, located inside the mirror optics and 
housing the gas sensor [14,19]. All specifications of the apparatus pro
vided by the manufacturer, as well as previously published system up
grades, are described in the Supporting Information.

The operando DRIFT spectroscopy system was then extended with a 
custom add-on tool, properly designed on Fusion360 and 3D printed in 
matte black PLA, shown in Fig. 1b, that allowed analysis of surface re
actions in photo-activation mode. Another hole for the screw (Fig. 1b ①) 
was required to isolate the internal dome environment and to attach the 
add-on tool to the main body cell. The LED positioning hole (Fig. 1b ②) 
was designed to allow stable placement of the commercial bulb LED, as 
close as possible to the dome front SiO2 window. The main body of the 
tool (Fig. 1b ③ and ④) was designed to be tilted as the window (Fig. 1c) 
to achieve the maximum irradiation of the sensing layer. The vacuum 
flange was also modified to allow the presence of the LED in the chamber 
and the connection to a Keithley - K2000 as power source (Fig. S5a). A 
picture of the set-up with a blue LED on is shown in Fig. S5b.

This work emphasizes the importance of providing details on the 
sensor’s applied voltage and the light irradiance on the sensing layer to 
allow comparability between data. The bias voltage promotes the sep
aration of photogenerated charge carriers, alters carrier drift velocity, 
and influences their lifetime and density, all of which have a substantial 
impact on sensor performance [9]. Moreover, it is crucial to determine 
the light irradiance received by the sensing layer, as it has an impact on 
the material’s photoresponse. Other information, such as light source 
parameters or its distance from the sensing layer, is of secondary 
importance because the photon flux may encounter light interferences 
and barriers, e.g., quartz glass, along its path. Irradiance is the power per 

unit area received by a surface when exposed to electromagnetic radi
ation. It quantifies the amount of radiant energy (such as light) that falls 
onto a unit area of a surface per unit time. Irradiance depends on the 
intensity and distance of the light source, which in this case is fixed. 
Each light source used, UV (385 nm), blue (468 nm), and green 
(525 nm), see Table S1 in the Supporting information, was calibrated 
with a Hamamatsu Si photodiode S1336 series having the same geom
etry as the gas sensors produced at UNIFE (TO-39 package). The irra
diance on the surface of the sensor was 9 mW

cm2 and considering the sensing 
area (1 mm2), the study on spatial distribution on illumination 
(Fig. S6-S8) revealed an irradiance uniformity. More information about 
LEDs calibration is provided in the Supporting Information. Further
more, these light sources can be used safely to irradiate the sensor 
without interfering with the MCT detector of the FTIR spectrometer, 
which can detect wavelengths from 833 nm to 12 µm. In this study, the 
irradiation and the applied voltage were held constant for validation 
purposes, however, the system may be used in future research to 
examine the material’s performance under various voltage and irradi
ance settings.

In order to take advantage of the physico-chemical adsorption pro
cesses occurring at ZnO-gas interface, the experimentation provided 
further DRIFT measurements on the pure ZnO powder properly housed 
in a custom-made crucible that addressed the test chamber geometry 
(Fig. S9). This configuration enabled the use of a larger IR spot of 
3.5 mm, instead of 2.5 mm used for the sensing film, thus increasing the 
area involved in the analysis. A detailed description of such add-ons can 
be found in the Supporting information.

2.2.2.2. Electrical measurements. The operando DRIFT setup was vali
dated through three main steps: (i) assessment of the ZnO-based sensor 
photoresponse at RT in synthetic air (20 % O2, 80 % N2) under dark 
condition and under selected LED irradiation; (ii) electrical character
ization in presence of NO2 and ethanol gases from certified cylinders; 
(iii) evaluation of humidity effects.

For both (ii) and (iii), the sensor signal baselines were stabilized at 
the beginning of each measurement by keeping the sensors illuminated 
with the LED and in a steady flow (100 sccm) of dry air. Then, 2 ppm of 
NO2, 50 ppm of ethanol or a fixed water vapor concentration (20 RH%) 
was fluxed into the test chamber for 30 min to collect the sensor 
response. Synthetic dry air was introduced at the end of each mea
surement to recover the baseline. The target gas concentrations were 
chosen considering the analytes threshold limit value (TLV), namely 
2 ppm for NO2 and 1000 ppm for ethanol. The humidity level of 20 RH% 
was chosen because it is a concentration above which the performances 
of MOX-based gas sensors result stable [10].

Resistance measurements of the sensing film over the time were 
obtained applying a constant bias voltage of 2 V to the film.

The ZnO-based sensor is an n-type semiconductor. Hence, its re
sponses were calculated as: 

(Rbaseline − Rgas)

Rgas
for reducing gases (1) 

(Rgas − Rbaseline)

Rbaseline
for oxidizing gases (2) 

where Rbaseline and Rgas are the sensor resistance at the baseline (dry air) 
and after gas injection, respectively.

The response and recovery times were estimated as the time needed 
to attain 90 % of the response value and the time required to return to 
90 % of the baseline value, respectively.

2.2.2.3. DRIFT spectra acquisition. Operando DRIFT spectra were 
collected with a resolution of 1 cm− 1 and as an average of 1024 scans. 
The IR spectra were processed by Bruker’s OPUS software. To determine 
material surface variations due to changes in ambient gas composition, 
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absorbance spectra were calculated as apparent absorbance (AB) using: 

AB(λ) = − log10(Isample(λ)/Ibackground(λ))                                           (3)

where Isample(λ) and Ibackground(λ) are the intensity of the spectrum of 
the sample recorded during exposure to synthetic air and recorded 
during exposure to the target gas, respectively.

AB spectra were acquired directly over the surface of the sensing film 
at specific time intervals during the electrical measurements. Acquisi
tions were made during i) baseline, ii) steady state (around 25 min after 
gas injection), and iii) recovery (90 min after returning to air) [13,20].

Regarding the pure functional material, AB spectra were collected 
over the top surface of the powder in the crucible. Data were acquired i) 
during dry air stabilization, ii) 30 min after the gas injection, and iii) 
30 min after return to baseline.

The three scans were collected to observe the formation of distinctive 
peaks in the spectra and their eventual disappearance after recovery.

3. Results

3.1. Material morphological, chemical, and structural characterization

3.1.1. SEM-EDX analysis
The morphologies of the synthesized materials were investigated 

through SEM analysis. The pure ZnO grains in Fig. S10a and S10b (at 
two different magnifications) showed an irregular spherical shape. 
Adjacent particles appeared to share their boundaries as in an inter
mediate state of coarsening, possibly as a consequence of the relatively 
high calcination temperature (650 ◦C). The material was homogeneous, 
in fact each grain had a diameter of approximately 100 nm. EDX ana
lyses allowed the observation and characterization of the basic compo
nents present in the materials (see Fig. S10c). The main components of 
the powder were Zn and O, with impurities of C, due to the carbon-based 
composition of the adhesive surface on which the sample was deposited.

3.1.2. XRD analysis
The diffraction pattern of ZnO grains in Fig. S11 shows that the 

powders were monophasic, composed of zincite with space group 
P63mc, i.e., wurtzite-type structure and hexagonal phase. The unit cell 
parameters and cell volume, with their standard deviations, are sum
marized in Table S2 together with the crystallite size.

3.1.3. XPS analysis
The surface composition of ZnO was investigated by XPS analysis. 

Fig. S12 shows the survey XPS spectra acquired in the range of binding 
energies 5 − 1200 eV, highlighting the presence of Zn, O and C. The 
atomic percentage (at%), resulting from core lines and atomic sensitivity 
factors, are listed in Table S3. Pure ZnO exhibited an at% ratio of Zn and 
O corresponding to the stoichiometry (1:1) of the metal oxide.

3.1.4. UV–vis analysis
UV–visible analysis was conducted on pure ZnO to obtain the Tauc 

plot shown in Fig. S13. The direct optical band gap extrapolated through 
the straight-line portion of the Tauc plots is Eg ~ 3.24 eV.

3.1.5. EPR analysis
EPR measurements on ZnO nanopowder [21] highlighted the pres

ence of a signal at g-factor = 1.96 (Fig. S14), distinctive of the formation 
of trapped electron centers [22,23].

3.2. Film photocurrent characterization

A clear photocurrent contribution was detected across the whole 
investigated photon energy range (Fig. S15a), including photon energies 
lower than the ZnO gap. As illustrated in Fig. S15b, the typical current- 
voltage dependence under illumination reveals a minimum photocur
rent was detected at V = -0.35 V due to the lateral photovoltage, prob
ably due to light absorption inhomogeneities or different Au/ZnO 
contact resistances between electrodes. For V = -2 V, the responsivity 
was found to be approximately one order of magnitude larger than the 
values in Fig. S15a, since the employed photon energy approaches the 
ZnO energy gap Eg. More detailed results are included in the Supporting 
Information.

3.3. System validation

3.3.1. Sensing film resistance in dark and light conditions
The resistance of the ZnO-based sensor at RT in dark and dry con

ditions (1 RH% and 28◦C) was in the order of GΩ. However, precise 
measurement of this high resistance value was not feasible due to lim
itations of the available electronics. Upon exposure to UV light, a sig
nificant reduction in resistance (3.9 MΩ) was observed (Fig. S16). When 
the UV LED was deactivated, the resistance of the film gradually 
increased, suggesting a gradual recovery of the baseline in dark condi
tions. However, this effect did not influence the resistance observed 

Fig. 2. a) Resistance and b) AB spectra of a pure ZnO-based sensor irradiated with 385 nm, in dry condition, exposed to 2 ppm of NO2 (orange line), 50 ppm of 
ethanol (green line) and 20 % of RH (blue line), respectively. The gray vertical bar in a) represents the AB spectra scan in b).
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under subsequent UV-light exposure (Fig. S16). The slow signal recovery 
subsequent to the interruption of irradiation can be ascribed to the 
persistent photoconductivity of the material, as documented in previous 
studies [24,25]. The single channel spectra acquired in dark and under 
UV irradiation over the ZnO sensor in dry condition are shown in 
Fig. S17. Both spectra display the same peaks, indicating that the ma
terial in dry air interacts in the same way under both dark and UV-light 
conditions. As expected, the film resistance was higher under blue- and 
green-light irradiation than under UV light, namely 9.6 MΩ and 11.6 
MΩ, respectively.

3.3.2. Operando DRIFT measurements on ZnO sensor
The ethanol and humidity sensor responses were calculated using Eq. 

(1), while the NO2 response was calculated using Eq. (2). Negative 
values are plotted on the y-axis to highlight the sensor’s dynamic signal, 
including possible baseline drift or unpredictable sensor behavior, such 
as an initial spike following each gas injection, due to a pneumatic effect 
(Fig. S18). To improve the clarity of the graphs, only the AB spectra 
acquired at steady state are shown. The Supporting information
(Fig. S19) provides an example of the three scans performed under UV- 

light irradiation in the presence of 2 ppm of NO2.
Fig. 2 summarizes electrical measurements and DRIFT spectra ob

tained during exposure to NO2, ethanol and humidity under UV irradi
ation (385 nm) in dry air. The sensor response to 2 ppm of NO2 promptly 
reached a steady state (orange curve in Fig. 2a). When the initial dry air 
conditions were restored, the baseline was fully recovered. In this case, 
the response and recovery time were calculated to be 9 min and 7 min, 
respectively. However, when exposed to 50 ppm of ethanol (green 
curve) and 20 RH% (blue curve) under the same light irradiation, the 
sensor signals increased but did not stabilize during the exposure time or 
return to the baseline after the initial conditions were restored.

The AB DRIFT spectra under UV irradiation (Fig. 2b) display a broad 
band in the 3600 − 2900 cm− 1 range for all the three analytes tested. 
The band exhibits a maximum in absorbance at 3230 cm− 1 for NO2, 
whereas for H2O and ethanol the maximum in absorbance is observed at 
3460 cm− 1.

When exposed to blue-light irradiation (468 nm) in presence of 
2 ppm of NO2 (Fig. 3a), the sensor response (orange curve) stabilized 
only at the end of the analyte injection period and then slowly returned 
to the initial value during the restoration of the fully dry condition, 

Fig. 3. a) Resistance and b) AB spectra of a pure ZnO-based sensor irradiated with 468 nm, in dry condition, exposed to 2 ppm of NO2 (orange line), 50 ppm of 
ethanol (green line) and 20 % of RH (blue line), respectively. The gray vertical bar in a) represents the AB spectra scan in b).

Fig. 4. a) Resistance and b) AB spectra of a pure ZnO-based sensor irradiated with 525 nm, in dry condition, exposed to 2 ppm of NO2 (orange line), 50 ppm of 
ethanol (green line) and 20 % of RH (blue line), respectively. The gray vertical bar in a) represents the AB spectra scan in b).
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maintaining the signal drift that also affected the baseline. Exposure to 
50 ppm of ethanol (green curve) and 20 RH% (blue curve) did not 
significantly alter the film’s resistance, which was primarily affected by 
the signal drift. The lack of sensor response may be due to the limited 
interaction between the gas and the surface under blue-light 
illumination.

The AB spectra obtained in presence of NO2 and humidity (orange 
and blue curves, respectively) under blue-light irradiation (Fig. 3b) are 
similar to those obtained under UV light, showing a broad band in the 
3600 − 2900 cm− 1 range that was not formed in the presence of ethanol 
(green curve).

Under green-light illumination (525 nm) and during the exposure to 
2 ppm of NO2 (Fig. 4a), the sensor’s signal increased continuously and 
did not reach a plateau. Also in this case, the electrical resistance was not 
affected by 50 ppm of ethanol (green curve) and 20 RH% (blue curve), 
making it difficult to distinguish the sensor’s response from the signal 
drift. The AB spectra acquired under green-light irradiation (Fig. 4b) 
showed no peaks in presence of NO2 and ethanol.

In humid conditions, the AB spectra acquired under illumination 
with all three irradiation wavelengths revealed additional peaks in the 
ranges 1850 − 1350 cm− 1 and 4000 − 3700 cm− 1 attributable to the 
deformation vibration of physisorbed water molecules and to isolated 
− OH groups, respectively, as shown in Figs. 2b, 3b, and 4b [15].

3.3.3. In-situ DRIFT measurements on the powder under UV radiation
Fig. 5 shows the spectra obtained on the ZnO powder during expo

sure to 2 ppm of NO2 (orange line), 50 ppm of ethanol (green line) and 
20 % of RH (blue line).

The AB spectrum in presence of NO2 (orange line in Fig. 5) displays a 
peak at 3700 cm− 1, typical of isolated − OH groups, and a broad band 
centered in the range 3600 − 2900 cm− 1, indicating the formation of 
hydrogen bonds attributed to the physisorption of both NO2 and H2O. 
Peaks at 2850 cm− 1, 2795 cm− 1 and 2700 cm− 1 represent combination 
and overtone vibration of nitrato species [26]. The large peak at 
1610 cm− 1, which represents monolayers of molecularly adsorbed water 
(O− H stretching mode) [27], is partially covering the peak at 
1675 cm− 1, characteristic of adsorbed NO2 [28,29]. Peaks at 1390 cm− 1 

and 1359 cm− 1 correspond to bidentate nitrate [28,30].
The AB spectrum acquired during exposure to ethanol (green line) 

displays peaks at 2977 cm− 1, 2850 cm− 1 and 2700 cm− 1, typical of 
ethoxy species. These latter may consume − OH groups, resulting in a 
downward peak at 3700 cm− 1. Nevertheless, the peak at 1612 cm− 1 

reveals that molecular water is still adsorbed on the surface. Moreover, 
the peak at 1592 cm− 1 indicates the formation of acetate species [31], 
while the peak at 1417 cm− 1 represents CH3 and CH2 scissoring mode 
[32]. Finally, 1101 and 1054 cm− 1 can be attributed to monodentate 

and bidentate carbonates, respectively [33].
Water molecules are largely physisorbed on the ZnO powder surface 

when relative humidity is increased (blue line), as indicated by the 
strong intensity of the broad band in the range 3600 − 2900 cm− 1 of 
interacting − OH groups and the peak at 1610 cm− 1 [27]. Additionally, 
part of the H2O undergoes chemisorption, resulting in the formation of 
isolated − OH groups, as indicated by the peak at 3744 and 3700 cm− 1 

[34]. When a high water vapor content is reached in the test chamber, 
gaseous H2O molecules contribute to absorption over wide regions of the 
mid-infrared spectrum (4000–3300 cm− 1 and 2100–1300 cm− 1), 
resulting in sharp peaks [15].

4. Discussion

It is important to highlight that the preliminary LEDs calibration 
allowed for the experiment to be performed with the same irradiance 
conditions on the sensing layer. This ensured a uniform comparison of 
the electrical properties of the sensor at different wavelengths. Moving 
from dark to light condition, ZnO-based film exhibited the most signif
icant resistance variation under UV-light irradiation, due to direct 
electron excitation from the VB to the CB. In contrast, under longer 
wavelength radiations, i.e. blue and green light, the electron excitation 
could only arise from intra-gap localized levels due to material defects. 
As expected, the film resistance was higher under 468 and 525 nm 
irradiation than under 385 nm. According to the UV–vis analysis, the 
band gap energy of the nanostructured ZnO powder was determined to 
be Eg ~ 3.24 eV (Fig. S13), a value that corresponds to a light with a 
wavelength of ~ 383 nm.

Nevertheless, the sensor’s resistance in photo-activation mode by 
visible light was comparable to its response under UV-light irradiation 
(11.6 MΩ for green light, 9.6 MΩ for blue, and 3.9 MΩ for UV). The 
significant drop in resistance to visible light was likely due to the ma
terial’s high defectivity. This high defectivity was exacerbated by two 
main effects. Firstly, the ZnO-based sensor exhibited a persistent 
photoconductivity switching from light to dark conditions (Fig. S16), i. 
e., the sensor resistance did not immediately recover the value exhibited 
during the initial measure in dark condition. The origin of this phe
nomenon is usually attributed to the presence of oxygen vacancies (VO) 
in the material [4,24]. In fact, when properly irradiated, VO are ionized 
and release electrons [24]. Moreover, the irradiated VO transition from a 
nonconducting ground state to a metastable conductive state [35]. In 
order to revert to the ground state, the metastable VO must overcome a 
thermally activated barrier to recapture electrons. At RT, this process 
results in a long carrier lifetime [4]. Secondly, photocurrent analysis 
(Fig. S15) showed a contribution over the entire investigated photon 
energy range, including photon energies below Eg. This finding suggests 
the presence of multiple impurity absorption states within the Eg [35]. 
Indeed, the measured photocurrent intensity corresponding to photon 
energies in the near-infrared range could indicate photoexcitation from 
impurity states close to the ZnO CB, whereas the strong increase in 
responsivity by increasing the incident photon energy is indicative of the 
presence of other impurity states closer to the VB [36–38]. This is 
consistent with EPR analyses conducted on ZnO powders, which reveal a 
signal at g = 1.96, indicative of trapped electron centers. In particular, 
this states the presence of asymmetrical defects that might be trapped 
into oxygen vacancies. Indeed, the signal might be attributed to the 
creation of donor levels below the conduction band. This clarifies the 
role of visible light in promoting charge separation in polycrystalline 
ZnO.

It is well-known that under photoactivation, NO2 induces oxidation 
of ZnO increasing the film resistance, whereas ethanol and H2O promote 
its reduction leading to a decrease in resistance [9,39,40].

The optimal response and recovery kinetics were observed for NO2 
under UV light, considerably improved compared to those reported in 
previous studies [41], suggesting that the incident radiation is adequate 
to assist both adsorption and desorption, allowing the system to reach 

Fig. 5. AB spectra of pure ZnO nanostructured powder irradiated with 385 nm, 
in dry condition and exposed to 2 ppm of NO2 (orange line), 50 ppm of ethanol 
(green line), and 20 % of RH (blue line).
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equilibrium. In contrast, the lack of the stabilization of the signal and its 
recovery after the injection of H2O and ethanol may be due to the 
absence of a dynamic equilibrium between adsorption and desorption 
processes, or from the progressive penetration of gas molecules into the 
porous sensing layer without effective photodesorption [8]. Indeed, 
under irradiation the energy provided by the incident photons may be 
insufficient to promote the desorption of strongly bound species.

The observed different sensor behavior between NO2 and reducing 
species such as ethanol and water under light activation might be sup
ported by the mechanism proposed by Nasriddinov et al. [42]. During 
illumination, electron-hole pairs are formed, resulting in an increase in 
electron concentration and photodesorption of oxygen from the surface. 
This results in a decrease in the concentration of chemisorbed oxygen, 
whose sites can be replaced by water molecules and hydroxyl groups. 
Moreover, this might have as a consequence, oxidizing gases are 
adsorbed more efficiently, further increasing resistance, while the 
response to reducing gases is attenuated due to the reduced availability 
of chemisorbed oxygen.

With regard to UV-light activation, the ZnO sensing mechanism was 
already studied by in-situ DRIFT measurements for NO2 detection, 
highlighting the formation of nitrites and nitrates on the ZnO film sur
face [43], also confirmed by AB spectrum on ZnO powder in the present 
work (Fig. 5, orange line). On the contrary, for ethanol and water the 
detection process under UV light has only been hypothesized based on 
electrical characterization to date [44,45], then the absence of experi
mental evidence to further explore the surface chemical reactivity may 
result in speculative conclusions. For instance, Alenezi et al. proposed 
that the decrease in ZnO resistance during exposure to ethanol could be 
attributed to the interaction between the analyte and O2

- present on the 
surface, going through a supposed intermediate reaction involving 
acetaldehyde, realizing electrons in the CB [44].

In this context, the present study contributes to bridging this gap by 
providing direct spectroscopic evidence of surface reactions, as follows. 
The broad band 3600 − 2900 cm− 1 identified in all the three spectra 
(Figs. 2b, 3b, 4b) corresponds to the formation of hydrogen bonds [46]. 
This type of intermolecular forces is a common occurrence in the 
physisorption process, wherein water molecules bind to the oxygen or 
hydroxyl groups on the metal-oxide surface, as shown in Fig. S20a and 
S20b. Similarly, hydrogen bonds can be formed between an oxygen of 
the NO2 molecule and a surface hydroxyl group (Fig. S20c). In the latter 
case, the AB band peak is shifted to lower wavenumbers. This phys
isorption creates superficial dipoles over the film, which is consistent 
with the changes in resistance.

Under blue-light irradiation (Fig. 3b), a broad band of reduced in
tensity persists for NO2 and ethanol. In this regard, the lower response 
and lack of recovery can be attributed to the reduced production of 
electron-hole pairs under blue-light irradiation. Electron excitation from 
donor levels generates localized holes within the material that may not 
contribute to photoinduced gas adsorption or desorption, resulting in a 
weak and irreversible response [9]. This phenomenon can also hinder 
the establishment of a dynamic equilibrium, preventing the signal from 
stabilizing into a plateau during gas injection.

The AB spectra acquired under green-light irradiation (Fig. 4b) did 
not exhibit any peak in presence of NO2 and ethanol, consistent with the 
absence of sensor response under these conditions. In contrast, the AB 
spectra at 20 RH% showed the features previously detected under other 
illumination regimes, indicating the persistence of physisorbed water on 
the surface. This suggests that the photon energy associated with green- 
light irradiation, while possibly sufficient to induce a limited generation 
of charge carriers, is inadequate to activate the adsorption and desorp
tion processes required for gas sensing. As a result, no surface species are 
formed or removed to impact the material electrical properties in the 
presence of NO2 and ethanol. At the same time, physisorbed water 
molecules may interact with the ZnO film through weak surface in
teractions that are insufficient to significantly modify its resistance, 
thereby failing to induce a sensor response. This behavior may also be 

attributed to the inefficient activation energy provided by green-light 
irradiation.

In summary, the AB spectra collected over the ZnO sensing film 
primarily indicated the formation of hydrogen bonds resulting from the 
physisorption of analyte molecules, which can slightly modify the 
electrical properties of the film by creating superficial dipoles, i.e. weak 
interactions. Nevertheless, this interaction only occasionally correlates 
with a sensor response, so the sensor behavior remains partially hidden. 
In addition to physisorption, the ZnO surface can undergo reduction 
through the action of H2O and ethanol, or oxidation by NO2. If the extent 
of these chemisorption reactions is small enough, the formation of re
action products may not be detectable in the AB spectra collected with a 
small spot, such as the 2.5 mm spot used in the operando DRIFT set-up on 
the working sensor. In contrast, the in-situ characterization on the ZnO 
powder allows the use of larger IR spots (3.5 mm), increasing the 
number of counts and consequently facilitating the detection of subtle 
variations in surface chemistry. Moreover, these different experimental 
conditions have the potential to exert a substantial influence on the 
signal-to-noise ratio, as highlighted by DRIFT spectra acquired on the 
ZnO sensing film (Figs. 2b, 3b, 4b) and on the powder (Fig. 5).

Comparing in-situ and operando characterizations could validate the 
proposed sensing mechanism or enrich the information achieved by 
DRIFT spectroscopy. Indeed, the AB spectra collected over the UV-LED 
activated ZnO powder during the injection of the analytes, besides the 
characteristic band associated with gas physisorption, showed addi
tional peaks corresponding to the formation of chemisorbed species. In 
particular, NO2 generates nitrato and bidentate nitrate species, while 
ethanol generates ethoxy and acetate species, which may serve as in
termediates in the dehydrogenation of ethanol to form diethyl ether, 
acetic acid or other byproducts [47]. Furthermore, the dissociation of 
H2O results in the formation of hydroxyl groups. Even in negligible 
quantities, these reactions have the capacity to modify the surface 
charge and the concentration of major charge carriers in the material. 
Concurrently, dipole formation due to physisorption exerts an influence 
on the overall variation in ZnO film resistance.

The setup configuration is complemented by the ability to perform 
in-situ measurements on the photoactivated powder. Indeed, the present 
work has demonstrated that the presence of chemical species adsorbed 
on the surface of the sensing layer does not always correspond to 
observable peaks in the AB spectrum. This is due to the limited proba
bility of such reactions occurring, which complicates their identification 
on the sensing device (Figs. 2b, 3b, 4b), while the same analyses on the 
functional powder (Fig. 5) are capable of revealing these chemical 
species.

5. Conclusions

This work represents a significant step towards addressing the lack of 
knowledge regarding SMOX chemoresistive gas sensors in photo
activation, enabling a deeper understanding of the gas sensing mecha
nism and investigating material photosensitivity. An innovative 
configuration for operando DRIFTS characterization at RT was validated, 
using customized add-on tools, on both gas sensors and their relative 
functional nanostructured powders in properly calibrated photo- 
activation mode, at three different wavelengths. ZnO was used as a 
gold standard and tested in presence of NO2, ethanol, and humidity. 
During the electrical characterizations, the ZnO sensor performed as 
expected and exhibited optimal results under UV-light illumination. 
Instead, the contextually acquired AB spectra provided insights into the 
gas sensing mechanism. Indeed, the operando DRIFT spectra revealed the 
physisorption of the target gas on the sensing layer through the forma
tion of hydrogen bonds between the analyte molecules (NO2, 
CH3CH2OH and H2O) and hydroxyl groups on the surface. However, the 
observed change in resistance could not be fully explained by phys
isorption alone, suggesting the potential presence of chemisorbed spe
cies on the surface. These species could be undetectable if present at low 
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concentrations on the sensor surface, necessitating further investigation. 
In this perspective, the material was subjected to in-situ DRIFTS mea
surements on the functional powder under UV-light irradiation. In 
addition to the characteristic band associated with gas physisorption, 
these measurements revealed the presence of additional peaks which 
were attributed to the formation of chemisorbed species. Indeed, NO2 
generates nitrato and bidentate nitrate species, while ethanol produces 
ethoxy and acetate species. These chemisorptions induce resistance 
changes, which could be further investigated by RT chemisorption 
analysis [48,49]. Nevertheless, additional operando DRIFT analysis 
using deuterated gases (D₂, D₂O) [50] may provide further insights into 
the composition and chemistry of water-related surface species and 
metal-oxide lattice overtones, through comparison of H2O and D2O 
spectra [51].

The development of technologies for low-power consumption - on 
the order of tens of milliwatts - and the monitoring of hazardous gases in 
specific contexts, such as medical applications and cultural heritage 
preservation, is contingent upon a deeper knowledge of RT operating 
devices. Moreover, this is leading to a viral overspreading of miniatur
ized devices in which sensing layers and light-emitting elements are 
embedded, e.g., for portable/wearable sensors, with a power consump
tion in the order of μW [52,53].
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