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ABSTRACT
Flexible carbon nanotube (CNT) chemoresistors offer a scalable, low-cost platform for wearable gas detection. However, a clear
understanding of their sensingmechanism remains essential to optimize sensitivity, selectivity, and overall reliability. In this work,
we complement electrical response measurements in both dry air and ultra-high vacuum (UHV) with synchrotron-based in situ
X-ray photoelectron spectroscopy (XPS) to directly probe ammonia (NH3)–CNT interactions. In both environments, the response
can be described by Langmuir-type adsorption–desorption kinetics. In dry air (3–50 ppm), the devices exhibit a reproducible
increase in resistance with a sensitivity of ∼0.4% ppm−1. Under UHV, a nominal NH3 concentration of ∼8 ppm produces a
smaller relative response of ∼0.5%, comparable to that obtained at 3 ppm in dry air. In situ micro-focused XPS reveals reversible
(≈1 eV) shifts in the C 1s core-level binding energy during NH3 exposure, confirming that NH3 acts as an electron donor. This
spectroscopic evidence correlates quantitatively with the chemoresistive response, establishing intra-CNT charge transfer as the
dominant transductionmechanism. These findings underscore the effectiveness of coupling XPSwith electrical analysis to unravel
gas-sensor transduction in nanomaterials and pave the way for the rational design of high-performance CNT-based sensors.
1 Introduction

Carbon nanotubes (CNTs) have emerged as highly promising
materials for scalable gas sensing applications due to their
exceptional sensitivity and rapid response times, which remain
effective even at room temperature [1, 2], unlike conventional
metal-oxide based sensors that typically require elevated operat-
ing temperatures [3]. In parallel, CNT-based chemoresistors as
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well as alternative gas-sensing platforms based on metal-oxide
systems and 2D semiconductors have been explored for detecting
environmentally and industrially relevant gases such as NO2,
CO, H2, and various volatile organic compounds, underscor-
ing the growing need for reliable gas-monitoring technologies
[4–6]. Within this broader landscape, CNT-based chemoresistive
sensors offer tunable conductivity and mechanical flexibility
while enabling simple, low-cost fabrication and miniaturization
its use, distribution and reproduction in any medium, provided the original work is properly
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potential [7–9]. Despite their poor selectivity, recent works
have also demonstrated that careful covalent or non-covalent
functionalization strategies, such as polymer coatings or metal
nanoparticle decorations, can impart selectivity capabilities to
CNTs for various analytes [10, 11].

The chemoresistive sensing mechanism of CNT-based sensors
has usually been attributed to: i) intra-CNT interactions, namely
charge transfer between the analyte and individual CNTs, ii)
inter-CNT interactions such as changes in the spacing between
adjacent CNT sidewalls, and iii) Schottky barrier modulations
at the CNT-electrode interface [8, 12]. However, distinguishing
which of these possibilities dictates device response remains a
subject of interest, and it depends on both material and device
characteristics. For example, it has been shown that inter-CNT
interactions become considerable in devices comprising of a
network of CNTs [13, 14], while the electronic character of CNTs,
defined by the position of the Fermi level relative to the electronic
density of states, can be substantially influenced by the content
of defects, impurities or functionalization strategies, leading to
varied device responses [15–18]. Electrical measurements have
been the primary tool to observe sensing behavior, but even
though two-terminal devices readily capture resistance changes,
they do not explicitly reveal which of the mechanisms dominates
under a given condition [2, 19].

In recent years, device miniaturization has driven the need for
advanced spectroscopic techniques to reveal electronic behavior
at micro- and nanoscale dimensions. For example, scanning
photoelectron spectroscopy has directly tracked charge transfer
between NOx and MoS2 in gas-sensor field-effect transistors
[20]. By contrast, studies of CNTs have largely relied on ex
situ Raman spectroscopy and X-ray photoelectron spectroscopy
(XPS) to assess chemisorbed species after gas exposure [21–23].
In situ spectroscopic investigations of CNTs based chemorestive
devices, complemented by electrical measurements to capture
adsorption–desorption dynamics during gas exposure, are still
lacking [24, 25].

Micro-focused XPS under controlled gas atmosphere is a pow-
erful technique for directly observing the electronic core-levels
during gas exposure [26, 27]. By monitoring binding energy
shifts of the core levels, one can capture surface charge trans-
fer processes associated with intra-CNT interactions between
the CNTs and the analyte gas. Notably, core-level shifts are
predominantly influenced by local electronic environments and
are less affected by inter-CNT interactions, such as changes in
inter-tube distances. Furthermore, by focusing the X-ray beam
on the device’s sensing region, spatially resolved investigations
become possible, enabling correlation of the device response with
resistance modulation within the sensing material, as opposed
to Schottky barrier modulations occurring at the electrode
interfaces.

Sensing NH3 in concentrations lower than 25 ppm presents
valuable early-warning detection, since occupational safety reg-
ulations typically set exposure limits in the 25–50 ppm range,
with 25 ppm already considered hazardous over time. A previous
theoretical study predicted that NH3 adsorption on single-walled
CNTs induces electron transfer from NH3 to the CNTs [28].
In CNTs exhibiting p-type conductivity, electron donation is
2 of 9
expected to cause an increase in electrical resistance. Indeed,
several experimental works using semiconductive single-walled
CNTs spray-coated on flexible polyimide (PI) substrates have
reported an increase in resistance upon each NH3 exposure
[29–32]. In contrast, common interfering gases or ions induce
significantly lower charge transfer with the CNT networks, thus
smaller responses [33, 34].

Although studies on CNT-based gas sensors have been widely
reported, most of them focus primarily on improving device
architecture or optimizing performancemetrics, while the funda-
mental surface processes occurring during gas exposure remain
insufficiently addressed [7, 8]. In this work, we investigate
these intrinsic mechanisms by correlating the resistive response
of flexible CNT-based chemoresistors with in situ XPS dur-
ing controlled NH3 dosing. Using the dynamic high-pressure
NH3 system available at the ESCAmicroscopy beamline of
the Elettra synchrotron [35], we observe significant binding
energy shifts of up to 1 eV in the C 1s core level during NH3
adsorption. We attribute these shifts primarily to charge-transfer
processes associated with reversible Langmuir-type adsorption–
desorption kinetics of NH3 molecules on the CNT surface,
with a smaller contribution from irreversible chemisorption.
In other words, the electron-donating NH3 molecules effec-
tively decrease the hole concentration, leading to a downward
shift in all electronic core levels consistent with previous
findings [36, 37].

While our XPS measurements are performed under ultra-high
vacuum (UHV) conditions, which are necessary for the tech-
nique, they remain directly relevant to gas sensors operating
in ambient conditions. As shown in our comparative measure-
ments, adsorption–desorption kinetics in dry air can indeed
become slower due to competing gas interactions, yet the underly-
ing charge transfermechanism, namely the formation of a surface
depletion layer and the resulting increase in resistance, remains
consistent. Our spatially resolved measurements thus support
intra-CNT charge modulation as the primary transductionmech-
anism for NH3 sensing in these CNT devices. Moreover, the use
of fully scalable fabrication, namely spray-coating CNT networks
onto flexible PI substrates and screen-printing silver electrodes,
demonstrates that technologically relevant devices can serve as
simple yet innovative model systems for fundamental studies,
paving the way towardmore reliable gas-sensing technologies. To
our knowledge, this is the first systematic study that complements
electrical response measurements with in situ XPS signatures
of surface charge transfer interactions between NH3 and CNT
networks.

2 Results and Discussion

2.1 Chemoresistive Response of CNT Films
During NH3 Exposure in Dry Air

Figure 1a–c shows the device architecture of our CNT-based
chemoresistors. Scanning electron microscopy (SEM) images
(Figure S1a,b) reveal a randomly oriented, interconnected net-
work of CNTs forming the sensing film, consistent with atomic
force microscopy images reported in previous works [30]. Indi-
vidual CNT bundles appear uniformly distributed across the
Advanced Materials Interfaces, 2026

 C
om

m
ons L

icense



FIGURE 1 a) Photograph of the flexible CNT-based NH3 sensor. b) Schematic illustration of the interdigitated silver electrodes (300 µm finger
width), screen-printed over the CNTs to form the resistive sensor. c) Cross-sectional illustration showing the CNT network agglomerated within the
interdigitated spacing region, forming a porous film that bridges the interdigitated Ag electrodes. d) Dynamic resistance response of CNT-based sensors
upon exposure to increasing NH3 concentrations (3–50 ppm) in dry air. Blue shaded regions indicate NH3 dosing at the specified concentration, while
red shaded regions mark active recovery steps at 60 ◦C for 15 min.
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polyimide substrate with minimal agglomeration, confirming
that thewater-based dispersion and deposition process effectively
prevented CNT clustering. This percolative structure provides
multiple conductive pathways, ensuring stable baseline conduc-
tivity and enabling robust signalmodulation during gas exposure.
Figure 1d shows the dynamic resistance response upon exposure
to increasing NH3 concentrations (3–50 ppm) in dry air at room
temperature. After each NH3 exposure, the sensor undergoes an
active recovery at 60 ◦C for 15 min, followed by cooling back to
25 ◦C before the next gas pulse [29, 30]. Following this heating
step, as the sensor cools down to room temperature (25 ◦C),
prior to gas exposure, the resistance gradually increases due
to the reduction in thermal carrier mobility, an effect clearly
visible as a pre-exposure upward trend in the resistance curve.
Upon NH3 injection, a further resistance increase is observed,
with the response magnitude correlating to gas concentration.
Despite this thermal treatment, a gradual upward drift of the
baseline resistance is observed over successive cycles. This trend
may be indicative of partial chemisorption or irreversible surface
interactions, leading to cumulative changes in CNT surface
chemistry.

As the NH3 concentration increases, the normalized response
(ΔR/Ri, where Ri is the baseline resistance immediately before
dosing and ΔR is the total resistance change from start to
end of dosing) grows monotonically, reaching ∼20 % at 50
ppm. Notably, the 25 and 50 ppm curves display well-defined
adsorption plateaus, whereas the 10-ppm curve exhibits a more
gradual, quasi-linear responsewithout clear saturationwithin the
measurement window. These observations reflect the expected
scaling of adsorption kinetics with analyte concentration: higher
NH3 doses accelerate site occupancy and reveal the characteristic
exponential response shape, while at low concentrations the
kinetics become slower and more difficult to distinguish from
noise. This trend is consistent with the impedance spectra shown
in Figure S2, where the low-frequency magnitude remains purely
resistive and shifts upward with increasing NH3 concentration.
Advanced Materials Interfaces, 2026
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To assess the stability and reusability of the CNT-based sensors,
they were subjected to four consecutive measurement cycles
at 3 ppm NH3 under identical conditions (see Figure S3a),
demonstrating consistent repeatability and minimal variation
across repeated exposures. A rough estimate of the sensor’s
detection limit (see Figure S3b,c) is approximately 1 ppm.

In agreement with previous reports on spray-coated CNT films
on flexible substrates [29, 30], these CNT-based sensors exhibit
the expected concentration-dependent and reversible resistive
response to NH3, with reproducible performance over multiple
cycles. The observed response shapes, saturation trends, and
repeatability collectively indicate that our CNT network provides
a stable and reliable platform for quantitative gas sensing.

2.2 Adsorption–Desorption Kinetics:
Comparison of UHV and Dry Air Environments

To directly compare the response of our CNT sensors in different
environments, we also investigated their behavior under UHV
conditions using controlled NH3 dosing. Figure 2a shows the
dynamic resistance response of the CNT-based chemoresistors
to 8 ppm NH3 in UHV. The baseline resistance in UHV is ∼25
kΩ, significantly higher than the ∼15 kΩ baseline observed in
dry air (Figure 1d). This shift can be attributed to the absence
of O2 under vacuum conditions, as oxygen is known to act as an
electron acceptor, enhancing the p-type conductivity of CNTs by
increasing hole concentration [36]. Without O2, the effective hole
concentration is reduced, leading to a higher baseline resistance.

Upon exposure to a nominal NH3 concentration of 8 ppm in
UHV (as determined in Note S1), the device exhibits a relative
response of∼0.5 %, comparable to the response obtained at 3 ppm
in dry air. This likely suggests that oxygen in ambient conditions
enhances NH3 adsorption by maintaining a higher initial hole
concentration at the CNT surface. Interestingly, the inset of
3 of 9
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FIGURE 2 a) Resistive response of CNT-based sensors in UHV upon repeated exposure to a nominal NH3 concentration of ∼8 ppm (0.3 Hz valve
repetition, 2.42 ms aperture). The response shows large resistance modulations associated with progressive surface saturation, while rapid oscillations
at 0.3 Hz match the valve frequency, indicating a fast dynamic sensor response on a timescale of τ < 1.5 s. b) Comparison with dry-air measurements.
Red lines correspond to Langmuir-model fits of the adsorption response curves in UHV and dry air.
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Figure 2a reveals small periodic modulations of the resistance at
a frequency of 0.3 Hz, identical to the repetition rate of the dosing
valve. This indicates that the CNT network responds within each
valve cycle, corresponding to an intrinsic response time shorter
than ∼1.5 s. Such rapid modulation supports the notion of very
fast charge-transfer interactions.

To analyze the kinetics more quantitatively, we applied the
Langmuir adsorption model introduced previously [38–40], with
the full derivation provided in Note S2. Within this framework,
the reactions of NH3 on the CNT surface can be expressed by
reversible adsorption-desorption processes,

NH3(g) + Sv ⇌ Sa (1)

where Sv denotes a vacant site and Sa an adsorbed site. Assuming
the resistance is a linear function of surface coverage, the
resistance during adsorption evolves according to,

𝑅𝑎 (𝑡) = 𝑅𝑖 + Δ𝑅∞

[
1 − exp

(
−
𝑡 − 𝑡0
𝜏𝑎

)]
(2)

where Ri is the baseline resistance before NH3 dosing, ΔR∞ is the
maximum resistance change at saturation, t0 is the time at which
NH3 dosing starts, and τa is the adsorption time constant. This
model was used to fit our experimental response curves.

The response curves at 25 and 50 ppm in dry air correspond to
well-defined adsorption plateaus and enabled reliable fitting of
the Langmuir model, as shown in Figure 2b, yielding τa with
reasonably small errors. Despite the small relative response in
UHV at 8 ppm, the curves reached sufficient saturation to allow
reliable fitting, as illustrated in Figure 2a, yielding an adsorption
time constant of 37 ± 2 s. In comparison, dry-air measurements
gave an average adsorption time constant of 251 ± 1 s. This order-
of-magnitude difference highlights the effect of the surrounding
gases in dry air that slow down adsorption, whereas the absence
of competing species under vacuum conditions facilitates faster
adsorption–desorption kinetics.

Note that the recovery kinetics of the sensor cannot be directly
compared across the different environments in our experiments.
4 of 9
In dry air, recovery was actively assisted by heating the sensor
to 60 ◦C, whereas in UHV no heating was applied following
each dosing cycle. Thus, recovery in dry air reflects thermally
enhanced desorption in the presence of oxygen, while recovery
in UHV corresponds to passive desorption in an oxygen-free
environment. For this reason, only the adsorption kinetics are
compared quantitatively. Overall, the sensors exhibit qualitatively
similar behavior in both environments, allowing a consistent
descriptionwithin the Langmuir adsorption framework. This also
indicates that the in situ XPS analysis under UHV conditions
provides mechanistic insights that remain relevant for devices
operating under ambient conditions.

2.3 Charge-Transfer–Induced Modulation of
CNT Network Conductivity

To elucidate the surface chemical phenomena underlying the
resistive behavior of our CNT sensors, we performed in situ XPS
experiments using a micro-focused beam. Figure 3a shows the
photoelectron intensity map obtained at 286.3 eV, corresponding
to the binding energy region of the C 1s core level. As expected,
two distinct regions are evident: i) the CNT sensing region within
the interdigitated spacing, covering the PI substrate (red), and
ii) the screen-printed Ag electrodes (blue), where minimal or no
carbon signal is expected.

High-resolution XPS spectra of the C 1s core level were recorded
with the synchrotron beam spot focused on a region where the
C 1s signal was more uniform, as indicated by the solid circle
in Figure 3b. Figure 3b also shows areas of lower intensity
(whiter regions) within the CNT films between the interdigitated
electrodes, which can be attributed to topographical contrasts
likely due to incomplete coverage of the PI substrate, consistent
with SEM images in Figure S1a,b also revealing uncovered regions
of the PI substrate.

Figure 3c shows the XPS spectra before, during, and after NH3
dosing. Before NH3 dosing, i.e., in the pristine CNTs, the C 1s
peak is deconvoluted into threeVoigt components, using an active
Shirley background to account for secondary-electron contribu-
tions to the photoelectron intensity. In this way, without gas,
Advanced Materials Interfaces, 2026

 C
om

m
ons L

icense



FIGURE 3 a) SPEM map of the device interdigitated spacing region, collected at the energy region of the C 1s core level (286.3 eV). The CNT-
covered sensing region appears in red, corresponding to a high C 1s signal, whereas the interdigitated Ag electrodes, shown in blue, have minimal C
1s intensity. b) Higher-magnification SPEM map of the shaded region in panel a). The solid circular line indicates the 75 µm beam spot used for XPS
spectral acquisition. c) High-resolution C 1s XPS spectra recorded before, during, and after dosing with ∼8 ppm NH3 in UHV. The pristine spectrum
(black) is deconvoluted into three components: sp2 C─C/C═C (∼284.4 eV), C─O/C─N (∼286 eV), and C═O (∼288 eV). Upon NH3 exposure (blue), the
spectrum is deconvoluted by three static components reflecting the unmodulated components (solid areas) and three dynamic components shifted by
≈1 eV to higher binding energy, indicating the interacting sites (dashed areas). After dosing (yellow), the spectrum returns to its original position, and
the dynamic components essentially vanish.
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the C 1s spectrum is dominated by three components: the main
sp2 C─C/C═C component at ≈284.4 eV, with additional peaks
at ≈286 and ≈288 eV arising from C─O/C─N and C═O species,
respectively. These higher-energy components are consistent
with the O 1 and N 1s signals observed in the XPS spectra and
survey scans prior to NH3 exposure (Figures S1, S4 and S5) and
are most likely associated with photoelectron contributions from
uncovered PI substrate regions, surface contaminants introduced
during ambient handling, and residual carboxylic acid groups in
the CNTs (1–3 at.%, consistent with the supplier’s CNT purity of
≥90%).

During NH3 dosing, the C 1s peak broadens significantly and
its maximum shifts by ≈1 eV toward higher binding energy.
The spectrum was recorded in the saturation regime, where
the resistance no longer changes and the N 1s peak remains
constant over consecutive scans, as shown in Figure S4. Under
these steady-state conditions in which adsorption and desorption
processes equilibrate, it is possible to reliably deconvolute the
spectrum using Voigt profiles. In contrast, fitting the spectrum
during dosing requires three additional dynamic components
Advanced Materials Interfaces, 2026
associated with interacting sites, in addition to the three static
unmodulated components already present in the pristine CNTs.
These dynamic contributions, indicated by the dashed areas
in Figure 3c, vanish once dosing ceases, with the main peak
returning to 284.4 eV. Notably, during dosing, the dynamic com-
ponents of the interacting sites shift uniformly by≈1 eV to higher
binding energies, while a small fraction of the corresponding
static components remains at their initial binding energy. This
residual, unshifted signal may result from the fact that not
all CNT surfaces interact equally with NH3. The unmodulated
components most likely originate from photoelectrons emitted
fromuncovered regions of the PI substrate (see Figure S1a), which
do not respond to NH3. In addition, uneven gas coverage, the
presence of chemically inert or passivated regions caused by
surface contamination, or contributions from deeper CNT layers
that are less affected by surface interactions could further account
for the static peaks.

After NH3 dosing, the C 1s maximum returns to its pristine
position; however, the overall peak remains slightly broader than
beforeNH3 exposure. The peak broadening can be associatedwith
5 of 9
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FIGURE 4 Illustration of the charge transfer mechanism underlying the chemoresistive response in CNT-based sensors. a) Before NH3 dosing,
the C 1s binding energy is uniform across the CNT film, indicating a flat-band condition and a homogeneous hole distribution. b) During NH3 exposure,
adsorbed NH3 molecules donate electrons to the CNT surface, creating a near-surface hole-depletion region. This induces a downward band bending,
shifting the C 1s level by 1 eV away from the Fermi level, while deeper CNT layers remain unaffected. c) After dosing, NH3 desorption restores the initial
hole distribution and flat-band condition, returning the C 1s peak to its original position. The small residual broadening observed in XPS may reflect the
presence of chemisorbed NH3.
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the residual N 1s signal that remains detectable after NH3 dosing
(Figure S4), suggesting stronger NH3 adsorption or chemisorp-
tion processes, potentially occurring at defect sites, which are
also likely responsible for the gradual baseline resistance increase
observed in Figure 1d.

Our observations, specifically, the significant 1 eV shift of the C
1s core level and the corresponding changes in resistance, are
consistently explained by reversible surface charge-transfer pro-
cesses induced by NH3 adsorption on the CNTs, as schematically
illustrated in Figure 4. Before exposure, the C 1s binding energy
is uniform across the CNT film, reflecting a homogeneous dis-
tribution of hole carriers on the surface. Upon NH3 dosing, NH3
molecules adsorb onto the CNT surface and donate electrons to
the CNTs. Since CNT conduction is dominated by holes, donated
electrons decrease the near-surface hole density. In the case of the
C 1s peak, this appears as a change in the shape of the peak and the
emergence of dynamic components that vanish once NH3 dosing
stops. The small fraction of the original C─C signal that remains
unshifted may indicate heterogeneous surface interactions due
to factors such as partial NH3 coverage, chemically inactive or
passivated regions, and unresponsive deeper CNT layers. After
dosing, NH3 desorbs, holes re-populate the surface, and the C 1s
peak returns to its original binding energy, providing evidence
of predominantly fast NH3 adsorption and reversible charge-
transfer processes. The slight residual broadening observed in
the post-exposure spectrum suggests that a small amount of NH3
may chemisorb at defect or functional-group sites, which can be
associated with the gradual baseline resistance drift observed in
electrical measurements.

Within this electron-transfer framework, the sensor’s resistive
response can be related to the shift ΔE of the C 1s core-level using
simplistic models from semiconductor physics [41]. Accordingly,
the resistive response (ΔR/Ri) can be expressed in terms of the
binding energy shift (ΔE) as,
6 of 9
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Δ𝑅

𝑅𝑖
∼

𝑝𝑖
𝑝𝑓

− 1 ∼ exp

[
Δ𝐸

𝑘𝐵𝑇

]
− 1 (3)

The derivation of Equation 3 is provided in Note S3. Hence, in the
first approximation, the resistive response is directly proportional
to the material’s binding energy shift observed in XPS. Even
though this corresponds to a rough estimation, it captures the
qualitative trend, suggesting a significant increase in resistance,
which should correspond to a significant sensor response for the
ΔE = 1 eV shift observed in our XPS measurement. However, we
observe only a 0.5% change for 8 ppm of NH3 on CNTs.

The relatively small change in resistance and small response,
despite the pronounced C 1s binding-energy shifts, can be under-
stood by considering two effects that can contribute to this result.
First, NH3 adsorption depletes holes only within a thin surface
region of the CNTs, causing that region’s resistance to signifi-
cantly increase, yet the intrinsically low resistance of the deeper
CNT layers remains largely unaffected and continues to carry
most of the current. In otherwords, even a highly resistive surface
region can be effectively bypassed by bulk conduction channels
within the deeper layers of the CNT network. Second, our XPS
deconvolution, specifically the ratio of the shifted dynamic C 1s
component to the total C 1s area, suggests that about 71% of the
probed surface area (Figure 3b) actively interacts with NH3. As
previously mentioned, the remaining unmodulated components
may be attributed not only to photoelectron contributions from
uncovered regions of the PI substrate but also to CNT areas that
do not interact equally with NH3. These could include chemically
inert or passivated regions caused by surface contamination,
uneven gas coverage, or deeperCNT layers less affected by surface
interactions. Therefore, chemically inert or passivated regions
(from surface contamination) and incomplete NH3 coverage
could further limit the number of occupied adsorption sites,
reducing the net electron transfer to the CNTs. Moreover, under
ambient conditions, the presence of oxygen in dry air could
Advanced Materials Interfaces, 2026
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enhance surface activity by depleting electrons from the CNTs
and thereby promoting charge transfer with electron-donating
NH3, as observed in metal oxides [42–44]. However, under the
vacuum conditions of our experiment, this effect is absent and
may also contribute to the smaller-than-expected response.

Taken together, the combined electrical and in situ XPS results
demonstrate that the NH3 sensing mechanism in CNT networks
is governed by reversible charge-transfer interactions and the
formation of a surface depletion layer that controls network con-
ductivity, rather than by permanent chemicalmodification. These
processes are enabled by fast adsorption–desorption kinetics,
which give rise to measurable and fully reversible C 1s binding-
energy shifts and corresponding resistance changes, consistent
with the observed recovery of the sensor at room temperature
(UHV) or upon mild heating (dry air).

3 Conclusion

In this study, we have demonstrated a comprehensive investi-
gation of NH3 sensing by flexible technologically relevant CNT-
based chemo-resistive sensors through in situ micro-focused XPS
under controlled gas exposure conditions and corresponding
electrical characterization under both dry air and UHV con-
ditions. Comparison of dry-air and UHV environments shows
that adsorption follows Langmuir-type kinetics in both cases,
but proceeds an order of magnitude faster under UHV, where
the absence of competing gases facilitates charge transfer. Our
combined results reveal a direct correlation between the sen-
sor’s chemoresistive response and significant, reversible shifts
in the C 1s core-level binding energy, suggesting that intra-CNT
charge-transfer processes contribute significantly to the sensing
mechanism. The electron donation from NH3 molecules leads
to a transient depletion of hole carriers near the CNT surface,
inducing downward band bending and a corresponding increase
in electrical resistance consistent with p-type semiconductor
behavior. Our findings of the very fast and reversible nature of
these charge-transfer interactions underpin the very fast sensor
response and recovery times observed. Moreover, residual spec-
tral broadening after NH3 exposure suggests aminor contribution
from chemisorption at defect sites, which aligns with gradual
baseline resistance drift seen in repeated sensing cycles. Overall,
this work advances the fundamental understanding of charge-
transfer dynamics in CNT-based gas sensors and supports the
continued development of scalable, low-power, and highly sen-
sitive chemo-resistive devices based on technologically relevant
materials for real-time gas detection applications.

4 Experimental Section

4.1 Device Fabrication

As described in a previous study [30], the fabrication of flexible
CNT-based chemoresistors (Figure 1a) was carried out through a
multi-step process optimized for surface uniformity and electrical
performance. Initially, PI foil substrates were subjected to a
sequential cleaning protocol involving immersion in acetone
followed by isopropanol, each step lasting 5min under sonication
to remove organic residues. The cleaned substrates were then
Advanced Materials Interfaces, 2026
dried at 200 ◦C for 24 h to eliminate solvent traces. To enhance
the surface energy and promote better adhesion of the sensing
film, the dried PI substrates were exposed to oxygen plasma
(Diener electronics, GmbH&Co. KG) treatment under controlled
conditions (0.4 mbar pressure, 100 W power, 1-min exposure).
This step introduced polar functional groups on the surface, facil-
itating uniform deposition of the active material [45]. Aqueous
dispersions of CNTs (0.05wt%) stabilizedwith carboxymethyl cel-
lulose (CMC) were prepared via ultrasonication (FisherbrandTM
FB-505) to ensure proper dispersion. The CNT/CMC solution
was then spray-coated onto the plasma-treated substrates using
a programmable spray system (Krautzberger GmbH, Germany)
to achieve controlled film thickness [46, 47]. The deposited films
were rinsed thoroughly with deionized water to remove residual
nitric acid, used earlier in the CNT functionalization process,
and any excess binder. After rinsing, the films were dried at
100 ◦C on a hotplate to ensure complete solvent removal. Silver
(Ag) conductive tracks were patterned on top of the CNT layer
via screen printing (Aurel automation S.P.A, C290), using a
mesh mask to define the electrode geometry, as illustrated in
Figure 1b (electrode dimensions) and Figure 1c (device cross-
section). The designed sensor features interdigitated electrodes
with a line width and spacing of 300 µm, and an active sensing
area of 29 mm2. This geometry increases the effective sensing
path between adjacent fingers, enhancing resistance modulation
during gas exposure [29], while maintaining printing resolu-
tion and minimizing variability [30]. Finally, the entire device
was thermally cured in the oven (Falc Instruments s.r.l) at
120 ◦C for 20 min to improve mechanical stability and ensure
robust electrical contact between the CNT network and the Ag
electrodes.

4.2 Electrical Measurements in Dry Air and
UHV

Prior to electrical measurements in both dry air and UHV, the
samples were preheated at 60 ◦C for 30–60 min to remove
adsorbed moisture and stabilize the baseline resistance. We
then performed electrical characterization of the chemoresistive
sensor’s response to NH3 in dry air using a custom-built gas
chamber. The chamber is equipped with a Peltier element for
temperature control and integrated temperature and humidity
sensors. Resistance measurements were recorded using a Keith-
ley DAQ6510 digital multimeter, while two Keithley 2602B source
meters powered the Peltier element. NH3 test atmospheres were
generated using a mass flow controller (Bronkhorst) to regulate
gas mixing, with dry compressed air acting as the carrier gas.
The total flow rate was kept constant at 450 mL/min, and
NH3 concentrations of 3, 10, 25, and 50 ppm were obtained by
diluting gas from an NH3 and dry air cylinders. Each sensing
cycle consisted of a 10-min baseline stabilization period in dry
air, a 5-min exposure period at the target NH3 concentration,
and an active recovery period of 15 min at 60 ◦C via Peltier
heating to accelerate desorption. Electrical measurements were
also performed under UHV available conditions in the XPS
chamber at theESCAmicroscopy beamline using aKeithley 2612B
source-measure unit. A constant bias was applied across the CNT
chemoresistor by electrically connecting the screen-printed Ag
electrodes through the sample holder. The resulting current was
recorded throughout the SPEM experiments.
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4.3 Spatially Resolved SPEM-XPS of CNT Sensors
Under Dynamic High-Pressure NH3 Dosing

XPS measurements were conducted at the ESCAmicroscopy
beamline of the Elettra synchrotron (Trieste, Italy) [26, 27, 35].
These in situ XPS experiments were carried out to investigate
the surface chemistry of our CNT-based sensors within the
interdigitated spacing region before, during, and after NH3
exposure. A photon energy of 649.3 eV was used to collect
high-resolution C 1s spectra. Samples, mounted on a conductive
holder, were introduced into a UHV chamber (base pressure
∼1 × 10−9 mbar). Scanning photoelectron microscopy (SPEM)
was employed to obtain spatially resolved C 1s intensity maps
with a spatial resolution of 10 µm, corresponding to the focused
beam size during surface scanning. XPS spectra were recorded
with the beam focused to a 75 µm spot size, positioned within
the spacing region between the interdigitated electrodes. Spectra
were collected using a hemispherical analyzer, providing an
overall energy resolution of 180 meV. NH3 (≥99.5 % purity) was
supplied from a 3.5 bar gas cylinder through a 0.5 mm stainless-
steel needle positioned a few millimeters above the sample.
Controlled pulses (2.42 ms each) were delivered at 0.3 Hz via
a precision leak valve, maintaining the chamber pressure at
∼1×10−6 mbar during dosing. C 1s spectra were acquired before,
during, and after NH3 dosing.
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