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1. Introduction

A multiscale perspective on the surface functional
properties of nanostructured metal-oxide
gas sensors
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Chemoresistive gas sensing is intrinsically multiscale, with macroscopic device performance emerging
from molecular surface reactions coupled to charge transport across nanostructured networks.
However, the causal relationships linking surface chemistry to device-level response remain poorly
defined, limiting predictive sensor design. Here, we establish a multiscale, operando framework that
correlates surface functional chemistry with the electrical response of WOsz-based sensors for
p-limonene detection. By integrating temperature-dependent electrical measurements with NHz-TPD,
FT-IR spectroscopy using 2,6-dimethylpyridine, and operando DRIFTS under realistic operating conditions, we
resolve structure—property—function relationships that are typically inaccessible using conventional ex situ
approaches. Surface acidity emerges as a decisive functional descriptor: optimal sensing performance coin-
cides with the highest density of acidic sites within a characteristic operating temperature window. Coordina-
tively unsaturated W®* centers are identified as active sites for C—=C bond activation in b-limonene, enabling
pronounced sensor responses at a relatively low temperature of 200 °C. Operando DRIFTS further reveals the
direct participation of surface hydroxyl groups in the sensing reaction, while moderate humidity does not
alter the dominant reaction pathway, underscoring the robustness of the mechanism under realistic
conditions. By explicitly linking surface Lewis acidity and hydroxyl chemistry to macroscopic sensing
behaviour, this work advances chemoresistive gas sensing as a mechanism-driven, predictive discipline. More
broadly, the multiscale operando strategy introduced here provides a generalizable blueprint for the rational
design of functional metal-oxide interfaces.

At the microscale, gas sensing originates from adsorption,
surface reactions, and charge-transfer events at specific surface

Nanostructured metal-oxide (MOX) sensing films used in
chemoresistive gas sensors represent a paradigmatic class of
functional materials in which macroscopic device properties
emerge from processes occurring across multiple, strongly
coupled length scales.
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sites, which generate local electronic perturbations. At the
mesoscale, these perturbations propagate through the nano-
structured sensing layer by modulating band bending, inter-
grain potential barriers, and charge-percolation pathways.
Their collective effects ultimately produce the measurable
resistance change observed at the macroscale. As such, chemo-
resistive sensing is intrinsically a micro-meso-macro multiscale
phenomenon, in which the mesoscale charge-transport regime
provides the physical transduction pathway linking surface chem-
istry to the device-level response (Fig. 1). The three scales are
closely dependent: variations in operating conditions, such as
temperature and gas composition, simultaneously affect surface
chemistry, charge transport, and device-level performance.'*
Establishing explicit causal links across these scales is
essential for advancing chemoresistive sensing beyond empiri-
cal optimization toward mechanism-driven materials design.
Nevertheless, achieving this remains a major challenge.
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Fig. 1 Mechanistic multiscale framework for chemoresistive gas sensing.

While semiconductor band theory successfully describes charge
transport at the mesoscale and macroscale, it often treats surface
chemistry at the microscale in a simplified or phenomenological
manner. Indeed, general models classically exemplified surface-
induced changes in electrical resistance through oxygen ionosorp-
tion and subsequent gas-surface reactions, modulating band
bending and intergrain barrier heights.? These descriptions rarely
capture the chemical specificity of real sensing processes.
In practice, MOX surfaces host heterogeneous and temperature-
dependent populations of Lewis and Brgnsted acid-base sites,
hydroxyl groups, oxygen species, and defects, whose nature and
reactivity critically determine sensor performance.* The identity,
density, and reactivity of these sites ultimately govern sensor
response kinetics, selectivity, sensitivity, and stability. The micro-
scale thus represents the origin of the entire sensing cascade: only
by elucidating the nature of surface sites, and their participation
in reactions with target molecules and potential interferents,
can synthetic strategies be rationally devised to tune material
properties toward specific sensing applications.

In this work, we propose an integrated multiscale strategy
that explicitly connects microscale surface chemistry to macro-
scale sensing performance. Each experimental technique is
deliberately designed to probe a specific length scale while
remaining explicitly connected to the others. Electrical char-
acterization provides the macroscale readout of the sensing
function, identifying operating regimes (e.g. sensor working
temperature or humidity levels) in which the device response
undergoes qualitative or quantitative changes. However, this
information alone does not reveal the microscopic origins
of such regimes. Temperature-programmed desorption (TPD)
and FT-IR spectroscopy with probe molecules are therefore
employed to investigate the microscale, enabling a temperature-
resolved analysis of the chemical nature, strength, and distribu-
tion of surface acid-base sites that potentially participate in gas
detection. These ex situ measurements define the population of
candidate active sites at specific operating temperatures but do
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not capture their actual involvement under sensing conditions or
the role of reactive oxygen species typically present on MOX
surfaces. Bridging this gap requires an operando approach capable
of simultaneously tracking surface chemistry and electrical trans-
duction. Operando DRIFTS fulfills this role by monitoring
the formation and consumption of surface species during gas
exposure while the sensor is actively operating under thermal or
photoactivation.”” In this way, it provides the missing causal
link between microscale reaction pathways and the macroscale
resistance response. The integration of these complementary
techniques thus transforms a set of otherwise disconnected
observations into a coherent multiscale picture of the sensing
mechanism. More broadly, the proposed strategy provides a
general blueprint for the rational, mechanism-driven design of
next-generation gas-sensing materials.

To demonstrate the approach, we selected WO; not because
it represents a novelty in chemoresistive sensing, but precisely
because it is a benchmark material whose behaviour is notor-
iously difficult to interpret without in-depth structural and
chemical analysis. Since its first application in chemoresistive
gas sensing in 1967, WO; has become one of the most
extensively investigated MOX materials, alongside SnO, and
ZnO, and has been the subject of several dedicated reviews.”™*
This sustained interest stems from the remarkable tunability
of WO; sensing properties, which can be finely tailored by
the synthesis route and annealing treatments through their
influence on crystal structure, morphology, and surface reac-
tivity. Indeed, despite its simple stoichiometry, WO, exhibits
multiple temperature-dependent polymorphs due to structural
distortions and phase transitions of its ideal ReO;-type cubic
lattice.”™” In addition, oxygen deficiencies, ranging from isolated
vacancies to ordered defect arrangements approaching Magnéli-
type substoichiometric compositions (e.g.,, WO,,), introduce
further electronic and structural complexity. Morphology and
grain size further modulate surface-site density and reaction
kinetics."® Such intertwined structural and chemical variables
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make WO; an ideal yet demanding platform to investigate how
microscale features propagate through the mesoscale architecture
to determine macroscale sensing behaviour.

As a chemically demanding and technologically relevant
analyte, p-limonene was chosen as a test case for the proposed
multiscale framework. This volatile organic compound (VOC) is
increasingly relevant in industrial process monitoring, food
quality control, agricultural emission assessment, and non-
invasive medical diagnostics, where it has been investigated
as a potential biomarker in breath analysis."*>*

Previous studies have independently demonstrated the suit-
ability of WO; for p-limonene detection. Weber et al. demon-
strated the capability of WO;-based gas sensors to detect
limonene in trace concentrations (20-500 ppb),>* while Rossi
et al. reported a systematic comparison of functional metal
oxides, including ZnO, SnO,, noble-metal-decorated variants,
and mixed oxides, and identified WO; as the most responsive
and selective material for p-limonene detection.>® Despite the
reproducible macroscopic performance of WOj3;, the mechan-
isms underlying its sensitivity to limonene remain unresolved.

From a physicochemical standpoint, po-limonene constitutes
a molecular stress test system for chemoresistive sensing.
Its structure, featuring reactive C—C double bonds, allylic
hydrogen atoms, and pronounced steric bulk within a cyclic
terpene backbone, introduces multiple potential adsorption
configurations and reaction pathways. This complexity promotes
competitive adsorption phenomena involving Lewis and Brgnsted
surface sites, hydroxyl groups, and ionosorbed oxygen species.
Consequently, the interaction of p-limonene with WO; surfaces
cannot be adequately described by simplified oxygen-ionosorp-
tion models alone, but instead requires a chemically resolved
analysis of site identity, distribution, and reactivity.

Mechanistic investigations were also conducted under identi-
cal operating conditions using acetone, selected as a representa-
tive interfering ketone, and NO,, employed as an oxidizing probe
molecule to investigate intrinsic electron-donor sites, such as
partially reduced metal cations and oxygen vacancies.”

By resolving how the operating temperature reshapes
surface-site populations and reaction pathways at the micro-
scale, and how these modifications are transduced through the
nanostructured WO; network to yield macroscopic resistance
changes, this work elucidates the multiscale functional
mechanisms underlying p-limonene detection. Beyond this
specific case, the conceptual and methodological framework
developed here establishes transferable design principles for
MOX-based sensing of alkenes and structurally related volatile
compounds.

2. Results

2.1 Structural and baseline sensing properties of nanoflaked
WO; for p-limonene detection

The morphological, structural, and chemical properties of the
nanoflaked WO; employed in this study were previously
reported in detail.'” Here, the key features are briefly summarized
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to establish the structural and functional baseline for the multi-
scale investigation.

The material consists of nanoflakes with thicknesses of 20-
30 nm and lateral dimensions ranging from 200 nm to 1 pm.
As shown in Fig. S1, the surface is characterized by a high
density of steps, kinks, and dislocations, indicative of a defect-
rich morphology. Nitrogen adsorption-desorption measure-
ments yield a Brunauer-Emmett-Teller (BET) specific surface
area of 12.11 m® g ' and an average pore size of 20.4 nm,
confirming the porous architecture of the sensing layer.

X-ray diffraction analysis reveals that the powder at room
temperature (RT) is predominantly monoclinic WO; (~98.6 wt%,
space group P2,/n), with a minor fraction (~1.4 wt%) of hexago-
nal WO; (space group P6s/mcm). X-ray photoelectron spectroscopy
identifies W and O as the main surface constituents. High-
resolution W 4f spectra indicate that tungsten is predominantly
present as W°*, with no detectable contribution from W>* species
under ambient conditions.

The gas-sensing performance of nanoflaked WO; was pre-
viously demonstrated for detection of p-limonene, highlighting
its high sensitivity and selectivity toward this target VOC and
providing the basis for the present study.”® Cross-selectivity
measurements showed that the response to 5 ppm of limonene
was almost unaffected by ethanol and acetaldehyde, while
acetone decreased the sensor response by approximately four
times. On this basis, in this work, operando DRIFTS measure-
ments were also performed under acetone exposure.

A pronounced dependence of the sensor response on oper-
ating temperature was observed between 200 °C and 400 °C,
with 200 °C identified as the optimal working condition.*®
At 300 °C, the response nearly halved;>® accordingly, the surface
properties of nanoflaked WO; were investigated at 200 °C and
300 °C as representative regimes exhibiting marked changes in
the device’s response. A second critical operating regime was
identified in the low-humidity range (2-20% RH), where the
conductance in wet increased from 0.2 to 0.8 mS, while
the response to 0.5 ppm of p-limonene decreased from 7.5
to 2.5.>° In contrast, the response remained nearly humidity-
independent between 20 and 70% RH (RT conditions inside
the reaction chamber).>® Based on this behaviour, operando
DRIFTS measurements were performed at 13% RH at 30 °C to
assess whether the observed variation in sensing response
could be related to changes in the reaction pathway induced
by surface hydroxylation.

Despite the reproducible macroscopic performance of WO,
as a robust and promising platform for limonene sensing,
the physicochemical mechanisms underlying its selectivity
and pronounced temperature dependence remain unresolved.
The following sections address this issue through a comprehen-
sive multiscale approach combining temperature-programmed
analyses, probe-molecule spectroscopy, and operando DRIFTS
coupled with electrical measurements.

2.2 Acid-base properties

TPR measurement was performed to understand the oxidation
state of W at the sensor operating temperature, while TPD with
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CO, and NH3;, used as probe molecules, investigated the acidic
or basic nature of the material surface.

In the TPR profile, as shown in Fig. S2, the WO; powder
exhibits three main reduction peaks, which according to the
literature can be attributed to the following reduction steps:
(i) the first at 620 °C (WO; — W,,0sg), (ii) a sharp peak at
775 °C (W,00s8 — WO,) and (iii) two last peak at a higher
temperature (WO, — W).>

The desorption analyses in the programmed temperature of
CO, were carried out on the sample activated at 300, 200, and
50 °C (Fig. S3). Regardless of the experimental conditions used,
completely flat profiles were obtained, indicating the absence
of interaction between the gas and the oxide surface and the
consequent absence of identifiable basic sites.

On the other hand, Fig. 2 displays that NH; TPD profiles are
strongly influenced by the temperature of sample activation. At
50 °C, the profile was flat, indicating the absence of acid sites.
When the activation temperature was increased to 200 °C,
the TPD profile exhibited a pronounced peak at 300 °C, accom-
panied by a shoulder at approximately 325 °C, along with a less
intense peak at 395 °C. Increasing the activation temperature to
300 °C resulted in the disappearance of the peaks at 300 °C and
325 °C, while a broad, less intense peak centered at approxi-
mately 370 °C emerged.

2,6-Dimethylpyridine (2,6-DMP) uptake was used as a com-
plementary technique to NH; TPD to reveal the presence of
acidic sites that differ either in nature (i.e., Lewis or Brensted)
and/or in acidic strength.”” For WO; activated at 200 °C, at a
maximum pressure (~4 torr) (Fig. 3a, solid line), the strongest
signals are represented by the two bands at 1594 cm ' and
1580 cm ™', ascribable to H-bonded and physisorbed 2,6-DMP
molecules (Fig. 3¢, orange star), respectively, besides two bands
that are located at 1642 cm ™ * and 1627 cm™ %, due to 2,6-DMPH"
held to the surface, indicating the presence of Brensted (B)
acid sites (Fig. 3c, purple star). Upon outgassing (Fig. 3a, short
dash line), the overall intensity of the envelope at lower
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Fig. 2 NHsz TPD profiles carried out on the WOz sample activated at 50,
200, and 300 °C.
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Fig. 3 Differential absorbance spectra relative to the adsorption/
desorption of 2,6-DMP on the WOz sample, activated at (a) 200 and
(b) 300 °C, after contact at RT with the vapor pressure of 2,6-DMP (solid
lines) and after RT evacuation of 2,6-DMP excess (short dash lines).
(c) Representation of H-bonded and physisorbed 2,6-DMP molecules
(orange star), 2,6-DMPH™ held to the surface, indicating the presence of
Bronsted (B) acid sites (purple star), and 2,6-DMP molecules interacting
with coordinatively unsaturated W®* cations (green star).

wavenumbers drastically decreases, as expected for the elimi-
nation of physisorbed/weakly held species, whereas a signal at
1613 cm™ ' remains still observable. This signal can be ascribed
to 2,6-DMP molecules interacting with coordinatively unsatu-
rated W' cations (Fig. 3c, green star) and the high frequency
suggests the presence of Lewis (L) acid sites with medium
strength.?® The spectral features of 2,6-DMPH" species remain
strong, with only a partial modification in intensity and profile
as well, indicating the presence of medium-strength B acid
sites. When the sample is activated at 300 °C, the transmission
strongly decreases due to a partial surface reduction of the
oxide that gives rise to electronic absorption,” but it is still
possible to recognize the signal of 2,6-DMP at the maximum
pressure (Fig. 3b, solid line). In addition to physisorbed
2,6-DMP signals, the band located at 1613 cm ™' is still evident
(related to the presence of L sites), and the lack of the bands
related to 2,6-DMPH" (B species) suggests the absence (or a
minimal) of B acidity. No signals were observed after evacua-
tion (Fig. 3b, short dash line), but this can also be due to the
low transmittivity of the sample.

Tungsten oxide WOj; is considered a very acidic transition
metal oxide. Many studies confirmed the presence of B acidity
when WO; is supported on different metal oxides (such as

This journal is © The Royal Society of Chemistry 2026
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silica, alumina, and zirconia), but only very few studies have
been devoted to the acid properties of unsupported tungsten
oxides.’® The presence of both B and L sites on the m-WO;
surface for the sample activated at 200 °C is consistent with the
literature studies on m-WO; evacuated at RT and activated at
100 °C. Surface coordinatively unsaturated W®" ions are respon-
sible for L acidity, while B acidity has been correlated to the
presence of surface W-OH groups. The modification of the
surface acidic properties, when the sample is activated at a
higher temperature (and in the present case at 300 °C), may be
related to surface reconstruction processes.

2.3 Operando DRIFTS characterization under N, and dry
synthetic air

Operando DRIFT spectroscopy on the WOj;-based sensor kept
under a continuous 100 sccm flux of N, or dry synthetic air was
performed to deeply investigate the influence of the operating
temperature on both sensing film electrical properties and
surface chemistry. In both Fig. 4a and 5a, the single channel
Ihackgrouna Was recorded after the sensor resistance was stabi-
lized at a working temperature of 50 °C, while the single
channel Ijympies Were acquired during the periods of time
evidenced in the resistance vs. the time graph by the blue
and red bars, respectively. eqn (1) described in section 5.4
“DRIFT Spectroscopy and Electrical Characterization Setup”

a)
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Fig. 4 (a) Sensor resistance in the N, atmosphere at working tempera-

tures of 50, 200 and 300 °C. (b) DRIFT AB spectra with background
subtraction and signal processing acquired on the WOsz sensing layer
during SCAN 200 °C and SCAN 300 °C, represented in (a). Circular labels
denote clear peak assignments, while the yellow star indicates one that
requires discussion. The temperature and relative humidity inside the test
chamber during the tests were ~30 °C and ~1% RH, respectively.
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was used to obtain the absorbance (AB) spectra named SCAN
200 °C and SCAN 300 °C in Fig. 4b and 5b.

Fig. 4a shows the variation of the film resistance by increas-
ing steps of operating temperature from 50 °C to 200 °C and
300 °C, while the sensor was exposed to a N, atmosphere.
The resistance of the film decreased from 6.7 MQ at 50 °C to
8.5 kQ at 200 °C, and further to 2.8 kQ at 300 °C. This behaviour
is attributed to the thermal excitation of electrons from donor
levels to the conduction band (CB), which resulted in an
increased concentration of negative charge carriers (e ),
thereby leading to a decrease in electrical resistance. Fig. 4b
displays the absorbance (AB) spectra acquired at sensor work-
ing temperatures of 200 °C and 300 °C. The AB spectrum SCAN
200 °C shows several downward peaks across a wide range of
wavenumbers, indicating that the increase in temperature
resulted in a decrease in surface chemical species, namely
physisorbed water molecules (1644 and 1620 cm ™' *'**) and
W-0 bonds (2060, 1865, 1425, 1043, and 872 cm™ " *>%*7°), The
AB spectrum at 300 °C reveals that most of these deficiencies
persisted, although the upward peak at 975 cm™* highlighted
the increase of new bonds. The attribution of this peak is
postponed in the section 3 “Discussion”, as the literature
presents challenges in identifying a definitive assignment.

Fig. 5a depicts the variation of the film resistance under the
same incremental steps of operating temperature applied in
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Fig. 5 (a) Sensor resistance in dry synthetic air at working temperatures of

50, 200 and 300 °C. (b) DRIFT AB spectra with background subtraction and
signal processing acquired on the WOz sensing layer during SCAN 200 °C
and SCAN 300 °C, represented in (a). Circular labels denote clear peak
assignments, while the yellow stars indicate those requiring discussion.
The temperature and relative humidity inside the test chamber during the
tests were ~30 °C and ~1.5% RH, respectively.
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Fig. 4a, but in dry air. The resistance of the film decreased from
35 MQ at 50 °C to 0.79 MQ at 200 °C, and further to 0.28 MQ at
300 °C. When comparing the values at corresponding operating
temperatures, the resistance in dry air was consistently higher
than that in N,. This observation can be attributed to the well-
documented phenomenon of O, ionosorption, which reduces
the number of majority carriers and increases the Schottky
barrier height between the nanostructures composing the sen-
sing film.*”"*° Fig. 5b displays the AB spectra acquired at sensor
working temperatures of 200 °C and 300 °C, emphasizing
several similarities with those collected for N,, particularly
in the position and intensity of the peaks within the 2100-
800 cm ™' range. An exception is the upward peak at 1010 cm ™"
observed in the SCAN 200 °C, which is tentatively assigned to
the formation of superoxo species (O, ). These species are
typically formed at low activation temperatures on the surface
of metal oxides as a result of O, ionosorption, and are subse-
quently converted into O~ at higher temperatures.*>*" A peak
at a similar wavenumber (1050 cm™ ') was previously reported
for WO; by Junker et al,* who discussed the scarcity of
literature assignments and suggested the O, origin based on
FTIR studies of other materials. Another visible difference in
Fig. 5b compared to Fig. 4b is the rise of a peak at 3728 cm ™" for
the spectra at both temperatures, attributed to the formation of
terminal hydroxyl groups.*! These groups are formed due to a
low content of H,O in the dry air stream.

2.4 Operando DRIFTS characterization with target molecules

Operando DRIFTS was carried out on the WO; sensor operated
at 200 °C and 300 °C in the presence of 0.5, 1, 2, 4, and 8 ppm of
p-limonene in the carrier of dry air, to explore the mechanism
governing the device sensitivity. The single channel Iyackground
was acquired after the sensor resistance stabilized in dry air at
the working temperature used for the investigation, while the
single channels Igamples Were recorded during the periods of
time evidenced in Fig. 6(a), (c) and (d) by the colored bars.
Eqn (1) described in section 5.4 “DRIFT Spectroscopy and
Electrical Characterization Setup” was used to obtain the AB
spectra named SCANs 1-5 in Fig. 6(b), (d) and (f).

The WO; film resistance decreased under exposure to
p-limonene (see Fig. 6), leading to the sensor response in the
carrier of dry air shown in Fig. S4. The best working tempera-
ture was 200 °C, as previously demonstrated with a different
testing set-up.>®> The sensor response and recovery times at
200 °C and 300 °C, calculated as described in section 5.4, are
summarized in Table S1. A shorter tgy_response Was observed at
300 °C, whereas a shorter to_recovery Was achieved at 200 °C.
Response and recovery kinetics on the order of minutes have
been previously observed for thick-film gas sensors.>

DRIFT spectra during exposure to the analyte at 200 °C and
300 °C presented up- and down-ward peaks that intensified as
the p-limonene concentration increased from 0.5 to 8 ppm
(Fig. 6). The integrated peak intensities of the most significant
signals are summarized in Table S2, while the peak fitting
of SCAN 5 (8 ppm) at 200 °C and 300 °C is presented in Fig. S5
as a representative example. Fig. 7 shows the evolution of the
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integrated peak intensities as a function of the analyte concen-
tration, whereas Fig. S6 and S7 report the correlation between
the response change and the absolute integrated intensities of
selected spectral bands.

**Both the AB spectra in Fig. 6b and d show downward
peaks at 2060, 1865, and 1430 cm™ ', whose intensities exhibit
a similar trend as a function of analyte concentration (Fig. 7a
and b). These bands are characteristic of a reduction in W-O
bonds.**?*3¢ peaks in the region of hydroxyl groups (3800-
3000 cm ™ ') indicated that these species were also interacting
with p-limonene. The spectra under both temperature condi-
tions evidenced a decrease in terminal ~-OH groups (downward
peaks at 3741 and 3730 cm™'); meanwhile, n-fold coordinated
—-OH increased at 200 °C, Fig. 6b (positive peaks at 3680 and
3610 cm™ ') and decreased at 300 °C, as shown in Fig. 6d
(a negative peak at 3635 cm '). At a working temperature
of 200 °C, the integrated intensities of the negative bands
assigned to terminal -OH groups and the positive bands assigned
to bridging -OH groups showed similar dependence on the
p-limonene concentration (Fig. 7c). The concurrent decrease of
terminal hydroxyl species and increase of bridging hydroxyl
species suggest that these two surface species are correlated
during p-limonene detection, with the formation of bridging
—-OH groups occurring alongside the consumption of terminal
—-OH groups. In contrast, at 300 °C, the absolute intensities of
the negative terminal and bridging -OH bands did not exhibit
the same gas concentration dependence. In particular, the
decrease in the bridging -OH band is more pronounced than
that of the terminal ~OH bands as the limonene concentration
increases (Fig. 7d), suggesting that the two hydroxyl species do
not evolve in a directly correlated manner during limonene
exposure. The bands centered at 3400 and 3200 cm ™ * reflect
changes in interacting -OH groups, increasing at 200 °C and
decreasing at 300 °C. A major difference between SCANs
acquired at 200 °C and 300 °C lies in the upward peaks at the
lowest wavenumbers, which was centered at 985 cm ' in
the first case and at 1030 cm ™' in the second case. As shown
in Fig. 7a and b, the intensity of both peaks increased with
increasing analyte concentration. At low p-limonene concentra-
tions, the peak at 985 cm™ " was not sufficiently resolved from
the noise to allow reliable integration. As these peaks require
a more thorough interpretation, they will be addressed in
section 3 “Discussion”.

Fig. S6 and S7 show a generally increasing correlation
between the sensor response and the absolute integrated
intensity of the specific IR bands listed in Table S2 and
discussed above. This behaviour indicates that the surface
species associated with these bands are involved in the
limonene sensing mechanism, as their evolution follows the
increasing trend of the sensor response. The only exception is
the band at 3200 cm™ " at an operating temperature of 300 °C,
whose integrated intensity exhibits a non-monotonic trend
that did not correlate with the electrical response, suggesting
that the corresponding surface species (interacting -OH)
did not play a major role in the sensing process under these
conditions.

This journal is © The Royal Society of Chemistry 2026
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Fig. 6 Electrical resistance of the WO3 sensor operated at (a) 200 °C and (c

) 300 °Cto0 0.5, 1, 2, 4, and 8 ppm of b-limonene. (b) and (d) DRIFT AB spectra

with background subtraction and signal processing acquired on the WO3 sensing layer during SCANs 1-5, represented in (a) and (c). The temperature and
relative humidity inside the test chamber during the tests in (a) and (c) were ~30 °C and ~1.5% RH, respectively. (e) Electrical resistance of the WO3
sensor operated at 200 °C to 5 ppm of p-limonene in the presence of 13% RH (the temperature inside the chamber is equal to ~30 °C). (f) DRIFT AB
spectra with background subtraction and signal processing acquired on the WOs3 sensing layer during SCANs 1-3, represented in (e). Circular labels

denote clear peak assignments, while the yellow stars indicate those requ

Negative peaks at 2960, 2920, and 2860 cm ™, corresponding
to CH stretching vibration,*’ along with signals at 1735 and
1744 cm™ ', indicative of C=0,** suggest the release of residual
surface carbon species.

DRIFT spectra recorded during sensor recovery periods
(Fig. S8a and b) indicated that the WO; surface was not fully
regenerated at either 200 and 300 °C within the duration of the
experiment, as the oxygen- and hydroxyl-related surface species
were not completely restored after being consumed during
the reaction with p-limonene, consistent with the electrical
measurements. Moreover, the positive band at 985 cm ™" dis-
appeared, whereas that at 1030 cm ™" decreased in intensity,
indicating that these spectral changes induced by p-limonene
exposure were reversible.

Under the best operating condition, namely at a working
temperature of 200 °C, the sensor was also exposed to 13%
RH at 30 °C, followed by addition of 5 ppm of p-limonene.
Transitioning from dry to wet conditions, the film resistance
decreases by approximately 2 MQ (Fig. 6e), while SCAN1
primarily indicates a reduction in W-O bonds (a downward
peak at 2060 cm™', Fig. 6f). The absence of peaks corres-
ponding to a noticeable increase in the number of hydroxyl
groups suggests that, even under dry conditions, the surface
had already almost reached equilibrium for this species and
that such equilibrium is not influenced by modest rises in

This journal is © The Royal Society of Chemistry 2026

iring discussion.

humidity. Addition of p-limonene further decreased the sensor
resistance leading to a response of 39, which is slightly lower
than the value expected from the calibration curve under dry
conditions (Fig. S4). H,O is a well-known interfering agent,
typically strongly reducing the sensor responses to the target
gases by changing the surface chemistry (e.g., through hydro-
xylation), leading to a decreased reactivity, or by covering the
active sites via steric hindrance, preventing them from inter-
acting with the analyte.>® The invariance of the sensor response
to the level recorded under dry conditions was a non-negligible
result. Comparing SCANs in Fig. 6b with SCAN 2 in Fig. 6f,
the similarities in both the position and the intensity of the
AB peaks are evident, indicating that the sensing mechanism
is not influenced by humidity. The decrease in response can
therefore be mainly attributed to the steric hindrance effect of
H,O0 layers, which only partially limits the interaction between
the active sites and the analyte.

The surface reactivity of the sensor at a working temperature
of 200 °C was further evaluated through operando DRIFTS using
NO, as the probe molecule under dry conditions. Exposure to
3 ppm NO, induced a marked increase in sensor resistance
(Fig. S9a), accompanied by the formation of surface hydroxyls,
W-O bonds, and chemisorbed NO, species (monodentate
nitrites and nitro compounds).*® The latter are associated with
coordinatively unsaturated metal cations (Fig. S9b).*°

J. Mater. Chem. C



Paper

a) Sensor working temperature: 200°C
= 0.5+ W%
5, /
> 00
2
9 -0.54
1=
%é ] \
X =
=154 "o -
=15 bongs
_5 2.0 4 W-O groups consumption
® —=— 1430 cm’ 2060 cm™”
[*)] 1860 cm’”
@ -2.5 .
= groups formation
= —v—985cm’’
'30 T T T T T T T T
0 1 2 3 4 5 6 7 8 9
Limonene concentration [ppm]
c)

Sensor working temperature: 200°C
Bridging -OH

S
o

-0.5 1

Terminal -OH

'

oy

o
1

%
/7/6/.
'90,;;)
Q.

%

-1.5 4

o
o
1

Hydroxyl groups consumption
3400 cm™ —@— 3741 cm'™

Hydroxyl groups formation

—A—3610 cm™” —v— 3680 cm™’'

-2.5

Integration Fit Peak intensity [a.u.]

o
=)

0 1 2 3 4 5 6 74 8 9

Limonene concentration [ppm]

Fig. 7 Evolution of the integrated peak intensity as a function of analyte concentration. Panels (a) and (b) show the analysis of peaks in the 2100-800 cm™

Journal of Materials Chemistry C

(=2
S

Sensor working temperature: 300°C
v///’_'

%,

%

N
1

o
1

'
N
1

,
KN
1

1
(o2}
1

W-0 groups consumption

—=— 1430 cm™ 2050 cm™’!
1860 cm’”

groups formation

—v— 1030 cm”'

T T T T T T T T

0 1 2 3 4 5 6 ¥ 8 9
Limonene concentration [ppm]

Integration Fit Peak intensity [a.u.]
&%
1

aa
o

Sensor working temperature: 300°C

— Interacting -OH
S 1.0
S,
> 05
@ . Terminal -OH
S 0.0 ‘,%A\.X =
= v B ¢ @
£ -0.5 ——— e ]
N N,
T104 NN
L a5 S,
e 9 -0y W
< - - e
o 2.0 Hydroxyl groups consumption e
® 05| v-3620cm’ —e—3730 cm! ~v
g —A— 3705 cm™!
z -3.0 4 Hydroxyl groups formation
- 3200 cm”!
'35 T T T T T T T T

0 1 2 3 4 5 6 7 8 9
Limonene concentration [ppm]

1

spectral range at working temperatures of 200 and 300 °C, respectively. Panels (c) and (d) show the analysis of peaks in the 4000-2900 cm™?* spectral range at

working temperatures of 200 and 300 °C, respectively.

To further investigate the origin of sensor selectivity, oper-
ando DRIFTS measurements were also performed during acetone
exposure (Fig. 510). Although acetone elicited only a limited sensor
response at both operating temperatures of 200 °C and 300 °C,
consistent with previous electrical measurements.” The spectra
indicate the consumption of W-O surface species. At 200 °C, a positive
band at 980 cm ! was observed, as also found during p-limonene
exposure. Instead, surface hydroxyl groups were not involved.

3. Discussion

3.1 Origin of the superior p-limonene sensing performance of
WO;: the role of surface Lewis acidity

The superior p-limonene sensing performance of nanoflaked
WO; originates from its pronounced surface Lewis acidity.
While previous studies reported enhanced responses of WO;
compared to SnO, and ZnO for p-limonene detection,> the
intrinsic physicochemical origin of this behaviour had not been
clarified in mechanistic terms.

TPD of 2,6-DMP and DRIFTS with NO, as the probe molecule
confirmed the presence of surface coordinatively unsaturated

J. Mater. Chem. C

W®" ions when the material was activated at 200 °C, namely the
best working temperature for p-limonene sensing. These sites
constitute strong Lewis’s acid centers capable of efficiently
activating C—C double bonds.

Among transition-metal oxides, WOj; is recognized as one of
the most acidic materials. The stronger Lewis acidity of W°*
compared to Zn** or Sn*" provides a rational explanation for
the enhanced interaction with unsaturated hydrocarbons.*
In this context, p-limonene oxidation likely proceeds via the
formation of carbocation intermediates (Scheme 1(a) and (b)),
followed by successive reactions with lattice oxygen species or
surface hydroxyl groups. Similar carbocation-mediated activa-
tion pathways on WOj; have been reported in alkene oxidation
catalysis.”’*° The ability of W®" to efficiently polarize and
activate n-bonds thus emerges as a key microscale descriptor
governing sensing performance.

From a design perspective, these findings suggest that next-
generation alkene sensors should be engineered by deliberately
increasing both the density and intrinsic strength of surface
Lewis acid sites. This may be achieved through doping with
high-valent, small-radius cations, such as V**, Mo®*, Zr**, Nb>*,
Ta’*, Ti*", and AI’".°°? In addition to lattice substitution,

This journal is © The Royal Society of Chemistry 2026
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Scheme 1 Carbocation intermediate formation on p-limonene (a) isopropenyl group and (b) cyclic double bond, and possible products of the reaction.

these elements may also function as promoters when intro-
duced as highly dispersed surface clusters or isolated species,
by creating new strong Lewis acid sites without signifi-
cantly perturbing the bulk structure of the host oxide.’*™>*
Beyond compositional tuning, low-coordinated cations exposed
at surface topological structural defects, such as steps, kinks,
corners, and dislocations, represent powerful levers for modu-
lating Lewis acidity.*>® Consequently, defective regions typically
display markedly higher Lewis acidity than flat, well-ordered
terrace surfaces, where metal cations are fully coordinated and
less reactive. In this respect, it is noteworthy that the WO,
employed in the present study exhibits a nanoflake morphology
characterized by surface imperfections, which likely promotes
the preferential exposure and stabilization of coordinatively
unsaturated W®" species.

These considerations demonstrate how microscale chemical
descriptors can guide rational material design, in direct align-
ment with the multiscale objective outlined in the Introduction
section.

3.2 Temperature-induced surface reconstruction

Dynamic chemisorption, differential absorbance spectra relative to
the adsorption/desorption of 2,6-DMP, and operando DRIFT mea-
surements acquired on the WO; sensor activated at 200 °C and
300 °C highlight a surface reconstruction induced by temperature,
which impacted the sensing capabilities vs. p-limonene.

Dynamic chemisorption measurements show that increas-
ing the temperature from 200 °C to 300 °C profoundly changes

the NH; TPD profiles of the WO; sample, strongly reducing the
number of acidic sites while increasing their strength.

The high sensor response observed at 200 °C suggests that
the acidic sites present at this temperature participate as active
sites for gas detection. From differential absorbance spectra
relative to the adsorption/desorption of 2,6-DMP, the acidity of
the sample activated at 200 °C is attributed to both stable
Brensted and Lewis sites on the m-WOj; surface, namely W-OH
groups and coordinatively unsaturated W°* ions, respectively.
The reactivity of these sites toward various gases has been
confirmed in previous studies,"***” and the critical role of
coordinatively unsaturated W®" ions has been discussed above
in detail.

The decrease in the overall number of acidic sites on WO; at
300 °C, as evidenced by dynamic chemisorption, may explain
the reduced sensor response at this temperature. According to
Kanan et al.,*® exposing m-WOj to a temperature increase from
200 °C to 300 °C led to a condensation of adjacent surface
W-OH groups, as depicted in Scheme 2(a), leading to the
formation of bridged oxygens. Although not acidic, W-O-W
sites may still participate in reactions with p-limonene, with
different reactivity. Indeed, the sensor response remains rela-
tively high even at low p-limonene concentrations, implying
that the surface is still rich in active sites. Moreover, the newly
emerging low intense peak centered at 370 °C in the NH3; TPD
profile suggests the presence of different acid sites. An accurate
definition of the nature of these strongly acidic sites based
on the FTIR spectra with 2,6-DMP is hindered by the low

2 OH OH2 H,0 H
| | /0@\
(b) /W\\ lW\ — _—W \O/ —~ /W\\O/IW\
o
O§V|VAO OQ|»O O§V|VAO

Scheme 2 Mechanism of adjacent surface W—OH group condensation leading to (a) W-O-W and (b)

This journal is © The Royal Society of Chemistry 2026

—-OH" sites.

J. Mater. Chem. C



Paper

transmittance of the sample. Based on the condensation of
adjacent hydroxyl groups, we hypothesize that the reaction
shown in Scheme 2(b) may occur, leading to the formation of
strongly acidic bridging ~-OH" sites.

In addition, Kanan et al.*® demonstrated by XPS that WO;
samples evacuated at room temperature exhibited mainly W°*
species, whereas additional contributions assigned to W>" and
W*" appeared after evacuation at 150 and 400 °C, indicating
that temperature can promote the formation of reduced tung-
sten species. These changes were correlated with a decrease in
the Lewis acidity of the surface, as determined from pyridine
adsorption experiments. Although in situ XPS measurements
were not performed in the present study, the electrical char-
acterization of the WO; film, together with the appearance
of negative IR bands associated with consumption of W-O,
provides indirect evidence of partial surface reduction upon
heating. Such a reduction may contribute to the decrease in
surface acidity observed by NH;-TPD, through modifications
of the electronic structure and coordination environment of
surface tungsten sites. The lower Lewis acidity of coordinatively
unsaturated W>* compared to W*" may reduce their ability to
activate the C—C bonds of p-limonene during the intermediate
steps of the gas-phase reaction.

Although dynamic chemisorption and differential absorbance
spectra related to the adsorption/desorption of 2,6-DMP are funda-
mental for studying the acidic properties of the surface, DRIFT
spectra of the sensing film activated at 200 °C and 300 °C in N, and
dry air aim to provide a broader identification of surface site
variations, including oxygen species, which are usually highly
reactive with reducing gases like p-limonene. At both temperatures,
a decrease in W-O bond content and physisorbed H,O was
observed. The main difference in the AB spectrum acquired at
300 °C compared to that at 200 °C lies in the peak at 975 cm ™',
which indicates the formation of new sites at the higher tempera-
ture. In the literature, the band has been ascribed to the W—0
stretching vibration mode of terminal oxygen.*>**' The AB

Reactions with hydroxyl groups
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g o 1o coH ("o
5+ + 1 N
oW M ~oWs o/W\‘o/’W\ ~ oW Wl W
(b) *300°C
: S _H A
AN ® —> /(DX/\ —> OH
k(’g‘ on w’o\w [v?vH WIO\W W,
\O’W‘O’W‘O'W\ \O, b5 T o ! \o, SHr g

* WO, activation temperature
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spectra in Fig. 4b and 5b exhibit similar patterns, despite being
acquired under different atmosphere (N, and dry air, respec-
tively), suggesting minimal contribution from external O, inter-
actions. Therefore, the origin of the W=—0 sites can be primarily
associated with modifications in the local coordination environ-
ment of surface tungsten sites. Previous studies have shown that
WO; samples characterized by structural disorder and oxygen-
deficient tungsten oxide structures exhibit Raman and IR bands
at around 940 and 970 cm ™, respectively, assigned to terminal
W=0 species,’”°" highlighting the sensitivity of these species to
local oxygen rearrangement. Accordingly, the emergence of the
975 cm™ " band upon heating may indicate the formation of
additional locally modified WO;_,-like surface environments at
300 °C.

3.3 Temperature-dependent divergence of reaction pathways
in p-limonene sensing

Operando DRIFTS revealed that p-limonene detection on WO;
did not proceed through a single invariant mechanism; rather,
the operative reaction pathway diverges as a function of tem-
perature, reflecting the underlying reconstruction of surface
acidity, oxidation state, and oxygen speciation discussed above.
The distinct sensing responses observed at 200 °C and 300 °C
therefore arise from chemically differentiated surface regimes.
The following hypotheses are proposed based on the interpre-
tation of the data, although they are not intended to provide
exhaustive explanations, as the complexity of the system would
recognize that multiple mechanisms may coexist simultaneously.

At a sensor operating temperature of 200 °C, Scheme 3(a)
first represents the p-limonene carbocation intermediate evolu-
tion for interaction with a W®" site. Then, it provides a mecha-
nistic interpretation for the decrease in terminal hydroxyl
groups, which results in the formation of bridged -OH, as
evidenced by the AB spectra of WOj; activated at 200 °C (Fig. 6b).
On the other hand, at 300 °C (Fig. 6d), both terminal and
bridged -OH are consumed, supporting Scheme 3(b), which

Reactions with ionosorbed oxygen species
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unsaturated W®* and terminal W-OH groups, (b) bridged —OH* sites and terminal W—OH groups, (c) superoxide ion (O,".), and (d) oxygen anion (O™.).

J. Mater. Chem. C

This journal is © The Royal Society of Chemistry 2026



Journal of Materials Chemistry C

involves the participation of strong acidic ~-OH" sites formed as
described in Scheme 2(b). Scheme 3(c) and (d) depict pathways
of surface reduction induced by the reaction of p-limonene with
oxygen ions, which have been identified in the literature as the
principal sites formed via O, ionosorption at 200 °C (O, ) and
300 °C (07).*>*" In particular, the reaction in Scheme 3(c)
would explain the rise of the peak observed in Fig. 6b at
985 cm ™, attributed to W=0.>""*%>%%> The same peak was
not detected in the AB spectra acquired at 300 °C (Fig. 6d),
where instead the growth of the peak at 1030 ecm ' was
recorded, whose interpretation is not straightforward. A band
at a similar wavenumber was recently reported in an operando
DRIFTS study of a photoactivated WO; sensor, where the
authors hypothesized that it could be associated with ionized
oxygen species, while acknowledging that no definitive assign-
ment was available in the literature.*? In our case, however, the
positive correlation between the intensity of the 1030 cm ™"
band, the limonene concentration (Fig. 7b), and the sensor
response (Fig. S7) makes this interpretation unlikely, as expo-
sure to a reducing gas such as limonene is expected to consume
ionized oxygen species rather than promote their accumulation
on the sensor surface. Previous studies have assigned bands
in the 1020-1080 ¢cm™" region on tungsten-based materials
to W-C stretching, C-O stretching, and C-C vibrational
modes.**%37%° Therefore, the emergence of the 1030 cm™* band
in our spectra may be related to the formation of a surface
reaction intermediate, although additional evidence is required
to support this hypothesis.

At an operating temperature of 200 °C, as exposed to 13%
RH at 30 °C, SCAN 2 in Fig. 6f, acquired during sensor
interaction with p-limonene, exhibits AB peaks with both the
position and the intensity closely matching those observed in
the SCANs reported in Fig. 6b, which were collected under dry
conditions. This strong similarity suggests that the sensing
mechanisms proposed in Scheme 3(a) and (c) remain operative
also under these mildly humid conditions.

Operando DRIFTS measurements performed under acetone
exposure revealed the consumption of W-O surface species,
whereas no significant involvement of surface hydroxyl groups
or reaction intermediates was observed. Although acetone
produced only a limited sensor response, it was previously
identified as a strong interferent in cross-selectivity mea-
surements.”> This behaviour can be rationalized considering
that acetone preferentially adsorbs through the oxygen atom of
its carbonyl group onto under-coordinated W surface cations,
as derived from density functional theory (DFT) calculations.®®
Moreover, similar to p-limonene, acetone also induces the
growth of the IR band at 980 cm ™', suggesting that both
analytes follow a common reaction pathway involving the
consumption of superoxide species and the formation of
W=0 surface groups. Consequently, the marked decrease in
the limonene response observed in the presence of acetone is
likely due to the competition between the two analytes for both
the same active W surface sites and reactive superoxide species,
thereby reducing the availability of the surface species required
for limonene activation and oxidation.

This journal is © The Royal Society of Chemistry 2026
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3.4 Comparative analysis, innovative aspects, and research
outlook

Vibrational spectroscopic techniques have previously been used
to investigate the gas-sensing mechanisms of MOXs towards
small molecules and simple VOCs employing both in situ and
operando approaches.>”*>*%37:67°%% while in situ spectroscopic
techniques provide an indirect observation of the sensing
process by characterizing the sensing material, operando
approaches enable the direct observation of the active sensing
layer under realistic operating conditions, accounting for the
effects of film deposition, device architecture, and film-gas
interaction kinetics on sensing performance. Accordingly, the
methodology proposed in this work employs operando DRIFTS
to directly investigate the functional properties of the sensing
layer in the actual sensing device.

For WO;-based gas sensors, operando DRIFTS has been
employed to assess the influence of WO; morphology on the
sensing mechanisms of NO, and CO,”” and, more recently, to
elucidate the sensing mechanisms of common VOCs such as
ethanol, toluene, acetone, and acetylene in combination with
catalytic combustion measurements.** The latter study demon-
strated that the widely accepted combustion model based on the
complete oxidation of VOCs to CO, via chemisorbed oxygen must
be reconsidered.** However, without a prior characterization of the
surface-site landscape, in situ and operando vibrational spectro-
scopies often lack the chemical specificity required to identify all
active sites governing sensing performance. Consequently, estab-
lishing predictive structure-property relationships for WO;-based
gas sensors operating under different conditions (e.g:, working
temperature) remains challenging.

The present case study highlights this limitation. Although
operando measurements clearly revealed temperature-dependent
changes in both the limonene response and reaction pathways, the
microscopic origin of these differences would have remained
elusive without the complementary characterization of the acid
sites and their temperature-dependent evolution by means of NH;-
TPD and FT-IR using 2,6-DMP as a probe molecule.

Moreover, to the best of our knowledge, this work provides
the first experimental framework for rational improvement of
alkene sensing by tuning the surface Lewis acidity through
coordinatively unsaturated high-valent metal cations.

Beyond the specific WOj/p-limonene case study, the
proposed methodology offers a general blueprint for establish-
ing mechanistic correlations between the microscopic surface
chemistry and the macroscopic sensing performance of gas
sensors. The same strategy can be extended to emerging sen-
sing materials, including heterojunction metal oxides,”® plas-

73,74

monic- or catalyst-modified oxides,”"”> 2D materials and

photoactivated sensing platforms, where identifying the active
surface sites remains essential for rational materials design.

4. Conclusions

This work demonstrates that an integrated, operando-oriented
multi-characterization strategy enables a multiscale understanding

J. Mater. Chem. C
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of chemoresistive sensing by providing causal links between
microscale surface chemistry and macroscale device performance.
By combining temperature-dependent sensor electrical charac-
terization with NH;-TPD, FT-IR spectroscopy using the 2,6-DMP
probe molecule, and operando DRIFTS performed on the working
sensor, we establish structure-property-function relationships
governing the sensing behaviour of nanostructured WO; under
realistic operating conditions. This approach transforms chemor-
esistive sensing from a largely phenomenological description into
a mechanism-resolved functional paradigm.

At the microscale, we reveal that the surface chemical
functionality of WO; is strongly temperature-dependent and
plays a decisive role in p-limonene detection. At 200 °C, NH;-TPD
and FT-IR analyses with 2,6-DMP identify medium-strength Lewis
acidic sites associated with coordinatively unsaturated W°* centers.
These sites are proposed to activate the C—C double bonds of
p-limonene more effectively than the corresponding cations in
SnO, or ZnO, rationalizing the superior sensing performance of
WO;. Operando DRIFTS further shows that terminal hydroxyl
groups participate directly in the sensing mechanism, leading to
their consumption and the formation of n-fold coordinated -OH
species. The emergence of a band at 985 cm ™', increasing with
analyte concentration, indicates the formation of new W—O
bonds, likely arising from reactions with superoxide ions. Impor-
tantly, moderate humidity does not alter this mechanism, under-
scoring the robustness of the surface chemistry at this operating
temperature.

At 300 °C, the microscale surface landscape undergoes a
marked transformation. NH;-TPD evidences a reduction in the
total number of acidic sites accompanied by an increase in
their strength of acidic sites, suggesting a temperature-induced
surface reconstruction. Although the low surface coverage and
reduced optical transmittance hinder a definitive spectroscopic
assignment, operando DRIFTS reveals a qualitatively different
reaction pathway. We hypothesize that the condensation of
adjacent hydroxyl groups may lead to the formation of strongly
acidic bridged ~-OH" sites, which could act as active centers in
p-limonene detection at higher sensor working temperatures.
This reaction pathway would explain the consumption of n-fold
coordinated -OH groups, together with the terminal ones, as
observed in the AB spectra acquired in operando DRIFT spectro-
scopy. The disappearance of the 985 cm ' band and the
progressive growth of a feature at 1030 cm ™" point to a distinct
sensing mechanism at 300 °C, likely involving different surface
reaction pathways or reaction intermediates. Although the
origin of the 1030 cm ' band remains uncertain, its evolution
with increasing limonene concentration highlights its close
association with the sensing process. Further investigations
are required to elucidate the nature of the surface species
responsible for this feature.

Operando DRIFTS measurements identified a common reaction
pathway f acetone and p-limonene, involving the formation of
W=0 groups. Competitive adsorption over under-coordinated W
surface cations and competition for reactive oxygen species were
identified as a mechanistic insight into the observed interferent
role of acetone.

J. Mater. Chem. C
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Beyond elucidating the sensing mechanism of WO; toward
p-limonene, this study identifies surface Lewis acidity as a key
functional descriptor for alkene detection. The results suggest
that deliberate engineering of coordinatively unsaturated high-
valent cations represents a promising strategy for next-generation
MOX-based sensors. More broadly, the presented methodology
offers a general blueprint for transforming gas sensing from
empirically optimized systems into predictively designed func-
tional materials, fully consistent with the multiscale paradigm
underpinning advanced gas-sensing technologies.

5. Experimental section/methods

Fig. 8 summarizes the integrated experimental strategy adopted
to elucidate the sensing mechanism. Temperature-dependent
electrical characterization provides the macroscale readout,
identifying characteristic operating regimes of the device.
At the microscale, temperature-programmed desorption and
FT-IR spectroscopy with adsorbed 2,6-dimethylpyridine deter-
mine the density, strength, and nature (Brgnsted/Lewis) of
surface acid-base sites as a function of thermal treatment.
Finally, operando DRIFTS measurements performed under
working conditions bridge these length scales by directly cor-
relating the evolution of surface species with the simultaneous
resistance response, enabling the identification of the active
sites governing the temperature-dependent sensing behaviour.

5.1 Materials synthesis

All materials were used as received without further purification.
Tungstic acid (H,WO,) and oxalic acid dihydrate (H,C,O,
2H,0) were purchased from Alfa Aesar (Haverhill, MA, USA)
(purity 99.5-102.5%), acetonitrile (ACN) was purchased from
Merck KGaA, hydrogen peroxide (H,0,, purity 35%) was pur-
chased from Merck KGaA, and hydrochloric acid (HCl, purity
37%) was purchased from Carlo Erba Reagents S.r.l. All the
solutions were prepared using ultrapure water (Milli-Q® systems,
Merck KGaA, Darmstadt, Germany).

The solvothermal synthesis of WO; nanoflake powders fol-
lowed the procedure described by Spagnoli et al.'® The precursor
solution was prepared by dissolving 1.25 g of H,WO, in 10 ml of
35% w/w H,0, and 10 mL of ultrapure water under continuous
stirring in a beaker placed in a water bath maintained at 95 °C.
In total, 18 ml of this H,WO, solution (0.25 M) plus 3 ml of HCI
(6 M) and 1.2 g of H,C,0,-2H,0 were mixed in 15 ml of ultrapure
water and 60 ml of acetonitrile. The precursor solution was
subsequently placed in a 1 L Teflon-lined stainless-steel autoclave
and heated in an oven at 180 °C for 2 h. After cooling the autoclave
to RT, the WO; powder was recovered from the Teflon reactor,
dried in an oven at 60 °C for few hours, and finally calcined in air
for 2 h in a muftle oven at 500 °C.

5.2. Functional material active site characterization

TPR experiments were carried out using a lab-made apparatus with
5% H,/Ar gas mixture (40 mL min~"). H, uptake was monitored
using a Gow-Mac thermal conductivity detector (TCD). 100 mg of

This journal is © The Royal Society of Chemistry 2026
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Fig. 8 Experimental workflow for mechanistic elucidation of gas sensing.

the sample were loaded in a quartz reactor and flushed with a
mixture of H, (5%)/Ar from 25 to 900 °C, at a rate of 10 °C min ",

TPD analyses were performed using the same lab-made
apparatus. The sample (50 mg or 100 mg) was first treated with
He flow (30 mL min ") at 50, 200 or 300 °C for 1 h to remove
adsorbed impurities. After cooling to room temperature or to
50 °C, CO, or NH; (30 mL min ') was adsorbed on the catalyst
sample for 1 h. Finally, the sample was heated to 900 °C at a
heating rate of 10 °C min~" in He gas (30 mL min ") to proceed
with the CO, (or NH;3) TPD. CO, (or NH3) consumption was
measured using a TCD.

FTIR spectra were recorded using a Bruker Vector22 spectro-
meter equipped with an MCT detector at a resolution of 4 cm™"
(128 scans). The solid samples, in the form of self-supported
pellets (x~10 mg cm ™ ?), were inserted into a conventional quartz
vacuum cell equipped with KBr windows connected to a glass
vacuum line (residual pressure <10~ Torr) that allows to per-
form in situ probe molecule adsorption/desorption runs. Samples
were activated at either 200 °C or 300 °C in a mild oxidizing
environment. Adsorption/desorption tests of 2,6-DMP (to assess
the total - Lewis and/or Brensted — surface acidity®® of the WO;
system) were carried out at ambient temperature: a relatively large
amount of 2,6-DMP (~4 Torr) was allowed on the samples and
left in contact for 2 min to reach a complete monolayer of the
adsorbate; then, the 2,6-DMP excess was evacuated at increasing
times in the 1-15 min range to put into evidence only the more
strongly held fraction(s). Differential spectra were obtained by
subtracting the spectra of thermally activated catalysts from the
spectra obtained after adsorption/desorption runs so as to give a
semi-quantitative meaning to the FTIR results.

5.3. Sensor fabrication

The WO3-based gas sensor was prepared by using the commercially
attractive and low-cost screen-printing process. The technique of

This journal is © The Royal Society of Chemistry 2026

deposition relied on the production of a paste based on the
synthesized nanostructured powder with the addition of alpha-
terpineol, ethyl cellulose, and ceramic frit, to provide the appro-
priate viscosity for its deposition and to aid the temperature-
induced film treatments.” The paste containing the nanostructured
WO; powder and the additives was sonicated in an Elmasonic S
120 H unit to obtain the desired homogeneity.

The paste was then printed through a AUREL C920 screen
printer with a predefined shape (an area of 1.22 x 1.60 mm?
and a thickness of about 20-30 pm) onto alumina substrates
equipped with two interdigitated gold electrodes to supply the
input voltage and extract the output signal. First, the film was
dried at 150 °C for 4 h to remove the volatile organic com-
pounds. Second, the films were fired at 500 °C for 2 h in a
muffle oven to complete the decarbonation process and sinter
of the semiconducting layer. The two-step procedure produced
a homogenous and compact film by limiting cracks. On the
substrate backside, a platinum screen-printed heater was placed
to set the operating temperature for sensor thermal activation.
The interdigitated gold electrodes and the heater were interfaced
to the electronic system by connecting them with golden wires
(a diameter of 0.06 mm) to the pins of a commercially available
TO39 support through a wedge wire bonder.

5.4 DRIFT spectroscopy and electrical characterization setup

The sensing capabilities of the WOs-based gas sensor were
investigated using a customized apparatus (Fig. S11) including
a customized gas test chamber and an interface board for the
sensor electrical characterization placed inside the sample
compartment of a Vertex 70 IR spectrometer (Bruker).”” The
set-up enabled operando studies by providing mid-IR spectro-
scopic characterization of the sensing film in real time and
under working conditions, while also reading out the device’s
electrical behaviour.
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The spectrometer was equipped with Harrick’s Praying
Mantis mirror optics to work in the DRIFT configuration.
A liquid nitrogen-cooled MCT detector was used to record
time-resolved spectra. The optics bench and sample compart-
ment were both evacuated to 2 hPa in order to prevent any
absorption interference caused by ambient CO, and water
vapor along the beam path. The WO; sensing film was aligned
with the IR beam using a vacuum compatible precision XY
micro-stage coupled with the Z-axis control system. DRIFT
spectra were recorded in the range of 4500-800 cm ™, with a
resolution of 4 cm™' and an average of 1024 scans. The IR
spectra were processed via Bruker's OPUS software. To deter-
mine the differences in the material surface resulting from
changes in the environmental gaseous composition, absor-
bance spectra were calculated as apparent absorbance (AB)
using eqn (1):

n Isam le(jv)
AB(}) = — log,, —mplel”)
(/L) Ogl(] Ibackgmund(/l)

1)
where Inaciground(4) is the intensity of the spectrum single
channel (SC) of the sensing film recorded under initial experi-
mental conditions, and Impie(4) is the intensity recorded after
a system condition variation, such as an increase in sensor
operating temperature or in the gaseous chamber composition.
To make the spectra clearer, smooth signal processing and
baseline subtraction were applied using Origin (OriginLab).
OriginLab was also used for the peak deconvolution and
integration. AB raw spectra (Fig. S12-S14) are shown in the
supporting information file for the sake of completeness. They
evidenced an increasing baseline, which has been observed in
previous works from the literature on operando DRIFT spectro-
scopy applied to chemoresistive gas sensors’®’” and that can
be explained by the increase of charge carriers in the MOX
films.>7”®

A schematic diagram of the overall setup and specifications
about the test gas chamber and electronics are provided in
ref. 5, 75 and 79. The resistance of the sensor was obtained as
the ratio of the applied voltage vs. the current. The current was
acquired continuously, while the applied voltage was fixed at
3 V. Then, the sensor response was defined as:

(Rair -

Ry,
Response = gds)
Rgas

(2)

where R,;; is the film resistance in dry air, while Ry, is the film
resistance during exposure to the analyte. The relative uncer-
tainty of the sensor response was estimated to be ~0.3%,
obtained by propagation of the current measurement accuracy
(0.2%)” and the intrinsic resistance fluctuations of the
WO; film (0.05%), assuming independent contributions. The
response time was defined as the time required for the sensor
signal to reach 90% of its total change upon exposure to
p-limonene (foo_response), Whereas the recovery time was defined
as the time required for the signal to return to 10% of its total
change after analyte removal (t1o_recovery). Since the analyte
concentration was increased stepwise (0.5-8 ppm), the
response time was determined from the dynamic response to
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0.5 ppm p-limonene, whereas the recovery time was determined
from the dynamic response to 8 ppm p-limonene.

Along with the gas sensor, the test chamber housed a
commercially available Sensirion SHT3X sensor for temperature
and relative humidity monitoring.

5.5. Experimental details and working conditions

The electrical and IR spectroscopic characterization of the
WO; films in the present work was performed at sensor work-
ing temperatures of 200 °C and 300 °C. Based on previous
investigations,” the sensor displayed the highest response
value vs. p-limonene at 200 °C and the lowest at 300 °C. These
temperatures were therefore chosen to understand the origin of
the sensor’s optimal operating temperature.

The sensor characterization was performed using N,, dry
synthetic air, and p-limonene (target gas) coming from certified
cylinders to the test chamber. Their fluxes were set through a
pneumatic system based on Brooks SLA5800 mass-flow con-
trollers (the error limit of rate is equal to 1%). The total
continuous flow rate was maintained at 100 sccm (standard
cubic centimeters) throughout all the experiments. During
p-limonene sensing measurements, the flow containing the
defined concentration of target gas was obtained by mixing
two fluxes, one from a dry synthetic air cylinder and one from a
cylinder containing p-limonene in a 10 ppm concentration with
a relative uncertainty of 2.0% (given from the producer). Eqn (3)
was used to calculate the flow rate F coming from the
p-limonene cylinder to be set to obtain a total flow of 100 sccm
with a p-limonene concentration in the range of 0.5-8 ppm. The
parameters in eqn (3) are the total flow rate F, (100 sccm), the
desired p-limonene concentration C, and the analyte concen-
tration in the cylinder C. (10 ppm).

Fio C

F:?C 3)

Humidified synthetic air for evaluating the influence of H,O
on the surface chemistry of WO; and its reactivity vs.
p-limonene was obtained by fluxing a part of the dry air flux
through a bubbler filled with deionized water kept at RT.

NO, was used as a probe molecule to further investigate the
nature of surface-active sites. A concentration of 3 ppm was
achieved by mixing the dry synthetic air flux with a flow from a
cylinder containing NO, at a concentration of 9 ppm, with a
relative uncertainty of 2.0% (given by the producer).
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