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Detecting nitrogen dioxide (NOz) below sub-ppm levels is critical for mitigating health risks associated with air
pollution. Carbon-based materials are promising candidates for gas sensing, but their performance depends
strongly on structural and chemical tuning. Here we show that nitrogen-doped carbide-derived carbons syn-
thesized using dendritic molecular architectures exhibit enhanced gas-sensing properties. The resulting 2D
porous structure demonstrates p-type response to NOz, with a sensitivity of 7.9 + 2.8 %/ppm in dark conditions.
Under ultraviolet illumination, the response increases by 150 % without inducing poisoning effects. This

improvement is attributed to the combined effects of nitrogen doping, high defect concentration, and hierar-
chical micro-mesoporosity. Our results demonstrate that molecular design is a powerful strategy to engineer
carbon materials with tunable gas-sensing properties, offering new opportunities for next-generation detection

technologies.

1. Introduction

Reducing the emissions of polluting and harmful gases is urgent
because of the growing evidence of their significant impact on the public
health, particularly related to cardiorespiratory issues [1]. In this
context, nitrogen dioxide (NO,) is one of the key pollutants that comes
from different industries as transportation or power generation that
needs to be controlled [2]. The World Health Organization (WHO) has
published Global Air Quality Guidelines (AQGs), providing a guidance
for air pollution management to achieve an optimal air quality. Ac-
cording to the latest WHO data, the recommended AQGs NOj, levels are
200 pg/m> (=~ 106 ppb) for 1-hour exposure and 25 pg/m> (=~ 13 ppb)
for 24-hour [3]. Therefore, the need for highly sensitive sensor devices
arises due to the challenge of detecting hazardous gases at extremely low
concentrations (below 1 ppm) in real-time at room temperature (RT).

To integrate the gas sensor devices into daily life, it is imperative to

develop simple, small-sized and portable gas sensors, capable to operate
at RT and providing a high resistance towards humidity [4]. Among the
different gas sensor configurations, those based on chemiresistive
working principle offer notable advantages, including rapid response
times, high stability and selectivity, low-cost, ease of production and the
potential for miniaturization [5]. Metal oxide semiconductors (MOs)
and carbonaceous materials (including two-dimensional materials,
2DMs) are extensively studied as sensing materials, offering cost-
effectiveness and high sensitivity solutions [6]. However, MOs often
require elevated temperature operations (200-500 °C) to facilitate
adsorption processes, implying an external heating source [7]. This
aspect complicates their practical applications, hinders miniaturization
and reduces long-term stability [8]. Consequently, light activation
emerges as an alternative method to thermal heating, promoting
changes in the electronic properties by the generation of photo-induced
charge carriers [9].
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MOs sensing materials can be photo-activated, however, they typi-
cally require highly energetic ultra-violet (UV) light due to their wide
bandgaps. In contrast, carbon-based materials offer significant advan-
tages for light-activated gas sensors because of their narrower bandgaps,
which enable the rapid generation of photogenerated energy carriers,
increasing the number of active sites with less energetic UV light. In
addition, carbon-based structures exhibit interesting properties such as
large specific surface areas, and layered structures that enhance their
reactivity as gas-sensing materials [10]. For carbon-based gas sensors
operated at RT, UV light facilitates the recovery process (Trec), boosting
sensitivity and selectivity, while promoting faster responses [11,12].
Graphene and its derivatives, known for their high carrier mobility (2 x
10° cm?/V.s) and good electrical conductivity, are studied as sensing
materials due to low Johnson noise and enhanced responses [13].

To improve the gas sensing performance, doping material with het-
eroatoms is an efficient strategy, involving noble metals (Pt, Pd, Au, Ag)
[14-16], metals (Ni2*, Zn®*, Co®") [17,18], or other elements, such as B
or N [19,20]. These dopants create synergetic effects by forming cata-
lytic sites that promote redox reactions between the target gases and
sensing material, facilitating charge transfer and carrier transport,
thereby improving sensitivity, selectivity and stability. However, it
should be mentioned that the introduction of these heteroatoms have
some drawbacks, such as potential agglomeration, toxicity and/or
increased production costs [21]. In this context, carbide-derived carbons
(CDCs) emerge as promising candidates due to their highly porous na-
ture, which results from the selective etching of metal carbide and sili-
con oxycarbides structures [22]. Their synthesis process allows a precise
control over the microstructure of the CDCs, reaching highly porous
carbon-based materials with tuneable properties, in which the incor-
poration of heteroatoms can be controlled, thus, enhancing their final
functionality [23].

In this work, we present UV-light-activated carbon-based sensing
materials with high selectivity and sensitivity for the detection of NO; at
sub-ppm levels. The engineered doping of CDCs with novel dendritic
architectures is crucial to improving the capabilities of the gas sensor.
These branched dendritic structures incorporate the nitrogen hetero-
atoms primarily in the graphitic form (graphitic-N), coupled with
pyridinic-N and pyrrolic-N. The tailored molecular architecture pro-
motes catalytic reactions, optimizing charge carrier dynamics in
response to UV light, resulting in outstanding sensitivity at the sub-ppm
level and fast sensor responses. The proposed strategy represents a sig-
nificant step forward in the development of carbon-based sensing ma-
terials for real-time environmental monitoring and early detection of
harmful pollutants.

2. Results and discussion
2.1. Characterization of CDC materials

The preparation route of the highly porous N-doped CDC materials is
shown in the supplementary information (Fig. S1). In simple terms,
three nitrogen-containing dendritic structures are designed and syn-
thesized with varied nitrogen content and functionalities, different
molecular arrangements, increasing complexity and branching across
three dendritic molecules (from dendron D1 to dendron D3). The design
strategies aim to modify the structural and electronic properties,
enabling potentially distinct sensor responses to NOo. In this context, the
dendrons are used to promote the incorporation of nitrogen into an allyl-
hydrido polycarbosilane (AHPCS), followed by a pyrolysis treatment to
produce the polymer-to-ceramic transformation. N-containing polymer-
derived ceramics (N-PDCs) are obtained, mainly constituted by two
contributions; (i) a SiOxC4.x matrix and (ii) a free carbon phase (Cgee),
both characteristic of the carbide-based materials, in which nitrogen
introduction is expected to occur in both phases, but with a major
presence in the Cgee phase, as reported in our previous study [24].
Subsequently, the N-PDCs are subjected to a selective etching treatment
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(chlorination), resulting in highly porous nitrogen-doped CDC materials
(1D, 2D and 3D). These materials are synthesized with different den-
dritic molecules (D1, D2 and D3, respectively), incorporating different
nitrogen concentrations and functionalities. It is important to notice that
a Ref sample without the addition of any dendron, is made to study the
influence of nitrogen doping.

The morphological microstructures of the prepared CDC samples are
studied by transmission electron microscopy (TEM). A comparison be-
tween the Ref and 2D samples is shown in Fig. la-b and Fig. 1d,
respectively. In addition, TEM images of the as-synthesized materials at
various magnifications are provided in the Supplementary Information
(Fig. S2). The TEM images (Fig. S2a-d) show particles with uneven shape
and a rough surface in the N-doped materials, particularly evident in the
2D sample (Fig. S2g). In contrast, planar surface particle is observed in
the Ref material (Fig. S2a). The elemental maps obtained by energy
dispersive X-ray spectroscopy (EDS) of Ref, and 2D samples are dis-
played in Fig. 1c and Fig. 1e-f. These mappings confirm the presence of
carbon and nitrogen atoms and demonstrate the uniform incorporation
of nitrogen throughout the 2D sample. Carbon and nitrogen contents are
estimated, with traces of residual chlorine (< 0.1 at.%) remaining after
the chlorination process (Table S1). As expected, the materials are pri-
marily composed of carbon, highlighting the efficiency of the selective
etching treatment employed for the obtaining of the CDCs. Furthermore,
N was detected in the different N-doped samples, reaching a maximum N
concentration in the 2D sample (~2 at.%), followed by 3D and 1D
materials (1.15 and 0.38 at.%), respectively.

The porous structures fundamentally formed during the etching
treatment are examined by Ny adsorption-desorption technique
(Fig. 1h). The Ref sample exhibits type-Ia isotherm with an increased
adsorption volume at low relative pressures. This behaviour confirms
the characteristics of microporous materials [25,26]. In contrast, N-
doped CDC samples show type-IVa isotherms with hysteresis loops in the
medium to high-pressure regions, denoting the presence of mesoporous
(2-50 nm) [25]. This phenomenon is particularly evident in the 2D
sample, discerning a larger hysteresis loop, and therefore, higher con-
tent of mesoporous. Some macroporous (> 50 nm) are also detected as
the increased adsorbed volume at high relative pressures, which coexists
with the microporosity already discerned. D1 and D3 samples reveal
similar adsorption behaviour, with smaller hysteresis loops and a greater
presence of microporous compared to the 2D sample, as reflected in the
sharp rise in the low-pressure regions. The pore size distribution curves
illustrated in Fig. 1i further highlight that the Ref sample is predomi-
nantly microporous, while the N-doped materials exhibit hierarchically
porous microstructures with micro-, meso- and macropores, especially
noticeable for the D2 sample.

A deeper insight into the textural analysis is performed, assessing the
adsorbed volumes of micro-, meso- and macropores (Vmicro, Vmeso, and
Viacro), as summarized in Table S2. The 2D sample shows higher Viyeso
(0.15 cms/g) and Vmpacro (0.08 g/cm3) values compared to 1D and 3D
materials, which have Vyyes0 0f 0.09 and 0.10 g/cm3, and Viacro of 0.03
and 0.04 g/cm®, respectively. These results suggest that the organic
molecules induce the formation of larger pore sizes (meso-macropores),
coexisting with the microporosity primarily originating from the chlo-
rine etching of the PDC structure obtained from the pyrolysis of the
AHPCS [27,28]. Consequently, the specific surface areas (Spgr) shown in
Fig. 1j, are below 2100 m?/g for the Ref and 2D samples. However, 1D
and 3D materials exhibit higher Sggr values (> 2690 mz/g) because of
the larger microporosity induced in these samples.

From a long-range order perspective, the XRD diffraction patterns do
not exhibit crystalline peaks (Fig. S2i), denoting the formation of highly
amorphous structures due to the low pyrolysis temperatures. In this
sense, a broad shoulder centred around 20 = 5° is distinguished in all
samples, evidencing the greater formation of porosity during etching
which is enhanced by the introduction of the organic molecules in the
AHPCS [29], especially for D2 sample. Its relative intensity increases
from the Ref material to the N-doped samples, obtaining larger porous
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Fig. 1. Microstructural, compositional, and textural characterization. a. TEM, b. HRTEM, and c. Carbon elemental map of Ref sample (un-doped). Scale bars, 200 nm
and 20 nm, respectively. d. ADF-STEM, e. Carbon, and f. Nitrogen elemental maps of 2D sample. Scale bars, 200 nm. g. Atomic percentage obtained from EDS-TEM
analysis. h. Nitrogen adsorption-desorption isotherms. i. Pore size distribution curves of the set of samples and j. Sgger. k. TEM image of 2D material. Scale bar, 200 nm.
Notice that carbon (C) and nitrogen (N) are shown in panels c, e, f, and g in bluish and reddish colour, respectively.

structures in the 2D sample (as also shown in Fig. 1k), followed by 1D
and 3D materials. These findings are consistent with the elevated mes-
opore volume values reported in Table S2.

Confocal Raman microscopy is used to deeper insight into the nature
and concentration of defects presented in the carbonaceous derived
materials. The average Raman spectra and their corresponding Voigt
curve fitting are presented in Fig. 2a-d, with the spectra corresponding
to highly disordered carbon in accordance with the low pyrolysis tem-
perature employed for the preparation of the materials [24]. In turn, the
average Raman spectra and their deconvolution are provided in Fig. S3
and Table S3 (Supplementary Information). As shown in Fig. 2a-d,
Raman spectra can be explained by four peaks known as; D* (~1200
em™), D (~1340 ecm™), D" (~1535 ecm™) and G (~1600 cm™)
[30,31]. Specifically, D band is activated by the presence of defects into
the sp? carbon phase, representing the breathing mode of the carbon
rings (Ajg-symmetry of disordered graphitic lattice), while G band cor-
responds to the Exg-symmetry in an ideal graphitic lattice [32]. Inter-
estingly, D* band indicates the presence of impurities or symmetry
disruption, typically attributed to heteroatoms in the carbonaceous
structures, e.g. nitrogen and oxygen atoms [33]. In contrast, D" band can
be related to topological defects in the carbon rings, as the pentagon
carbon defects [34].

Peak intensity refers to the height of the deconvoluted Raman modes
and is collected in Table S3. From the peak intensity ratio, Ip/Ig, the
defect concentrations can be estimated, obtaining the maximum values
for the 2D material and Ref sample (1.64 and 1.62, respectively). The
incorporation of the dendritic structures is expected to create more

complex architectures with elevated defect concentrations. A lower Ip/
Ig ratio is found in 1D and 3D samples (1.51 and 1.50, respectively),
suggesting a slighter short-range order. In contrast, the maximum Ip/Ig
ratio in the 2D material denotes the obtaining of a higher defective
structure. D* and D" bands are evident, manifesting the occurrence of
heteroatoms and topological defects into the carbonaceous structures
[351.

Nevertheless, it is important to emphasize that defect concentrations
in these carbon derived materials is also associated by the aggressive
etching process used during their synthesis, which result in the obtain-
ing of diverse porous structures formed by the selective removal of Si—C
and Si—O bonds, giving as a result the presence of dangling and broken
bonds in the highly amorphous carbon resulting materials [36]. There-
fore, the Raman analysis illustrates that varying the complexity and
branching of the dendrons may produce different degrees of defect
accumulation. Such structural defects can become active reaction cen-
tres when exposed to NO3 and can drastically change the performance of
the sensor device [13].

To determine the impact of nitrogen incorporation from the dendritic
structures (D1, D2, and D3) on the electronic properties, surface ana-
lyses are carried out by X-ray photoelectron spectroscopy (XPS). Full-
survey spectra with the different electronic core levels (Cls, Ols, Nls,
Si2p, C12p) and the Auger bands are displayed in Fig. S4 (supplementary
information). Surface elemental composition (Table S4) indicates that
the materials are mainly carbon-based (~ 90 wt%) in the Ref, 1D and 3D
samples, with slight variations in the 2D material (72 w%). This latter
sample also reveals a higher O concentration (> 12 wt%), along with a 9
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Fig. 2. Spectroscopic analysis, molecular modelling, and property mapping. Raman spectra and their corresponding Voigt curve fittings of the prepared materials a.
Ref, b. 1D, c. 2D, and d. 3D samples. High-resolution and Gaussian peaks C1s-XPS spectrum of e. 2D sample and N1s-XPS spectra for f. 1D, g. 2D, and h. 3D samples.
Representative simulated molecular structures of i. Ref sample, and j. N-doped samples (1D, 2D and 3D materials). Radar diagrams including the characteristic
properties of the as-synthesized materials k. Ref, 1. 1D, m. 2D, and n. 3D samples.

wt% of Si, retained after etching. In contrast, the Ref, 1D, and 3D ma- surface bonded to the carbonaceous structure or to nitrogen species
terials exhibit lower oxygen levels, and only the 3D sample contains (Fig. S5e-h). The remaining silicon in the 2D sample may contribute to
some traces of Si (< 1 wt%). Thus, in the 2D material, the oxygen the higher defect concentration, which disrupts the carbon lattice [37].
concentration may be partially linked to the silicon, in the form of Moreover, a N concentration above 5 wt% is detected for the N-doped
SiO4C4.x phases, while some oxygen comes from a slight oxidation samples, reaching a slightly higher content in the 2D material (5.6 wt%).
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This result was previously corroborated by the elemental mappings ac-
quired via EDS-TEM (Fig. 1g).

In Fig. 2e, the high-resolution C1s-XPS spectrum of the 2D sample is
displayed as a representative example, and the rest of the Cls spectra are
included in the Supplementary Information (Fig. S5a-d). The Cls are
deconvoluted with Gaussian bands related to C-sp?, C-sp®, C—N
(absence in Ref sample), C—O and a satellite peak (n- n* transition)
[38,39]. The peak position, full width at half maximum (FWHM), area,
and area-based peak proportions (% Conc.) are listed in Table S5. The
most intense peaks centered at 284.6 and 285.3 eV correspond to C-sp>
and C-sp®, respectively. Specifically, the C-sp® contribution is associated
with lattice distortions, reflecting the presence of structural defects [34].
Consequently, the ratio between both hybridization states Csp>/Csp?, is
used to evaluate the disorder degree of the different carbonaceous
structures. The ratio shows higher defect concentration in the N-doped
materials (1D, 2D, and 3D) compared to the Ref sample (Table S5),
highlighting the influence of the dendritic structures on the defect for-
mation during synthesis. Among N-doped samples, the 2D sample ex-
hibits the highest Csp®/Csp? ratio, emphasizing its highly defective
nature. The result is consistent with the Raman analysis, where superior
Ip/Ig ratio is also obtained (Table S3).

The peak related to n- ©* transition is distinguished in the prepared
materials, highlighting the existence of a n-conjugated system. The
n-system represents the electron delocalization in carbon materials,
which translates into regions of high electron density [40]. Nitrogen
doping influences the electronic properties of carbon materials, and can
produce changes to the band related to n- n* transition. The 2D sample
exhibits the largest relative concentrations of this band, followed by Ref,
1D and 3D samples, respectively (Table S5). The enhanced intensity of
this satellite peak observed in the 2D sample, suggests a more efficient
electronic transition n- 7 which could be in favour to the sensing per-
formance. Notably, in the 3D sample, it is observed a shift of this band
which usually appears around 291 eV [41], to higher binding energies
(Table S5), suggesting significant alterations in its electronic properties,
a phenomenon that will be studied in the next section through the
photoluminescence (PL) spectroscopy.

The nitrogen bonding configurations are investigated through the
deconvolution of the high-resolution N1s XPS spectra of 1D, 2D and 3D
materials (Fig. 2f-h). Data obtained from the deconvolution, including
the relative concentrations of the nitrogen functionalities are collected
in Table S5. The spectra suggest that nitrogen is fundamentally pre-
sented as graphitic-N (400.5 eV), pyridinic-N (398.2 eV) and N-oxide
(403.5 eV) configurations [39], with relative concentrations exceeding
45, 29 and 20 %, respectively. A lower concentration of pyrrolic-N
(399.0 eV) is also detected in all materials, showing notable variations
for the 2D sample.

According to the literature, graphitic-N configurations are bonded to
three adjacent C atoms in a hexagonal ring [20]. Pyridinic-N is bonded
to two carbon atoms in hexagonal rings and pyrrolic-N is bonded in a
five-membered heterocycle ring [37]. Therefore, in terms of defect
contributions, pyridinic and pyrrolic nitrogens induce the formation of
defects in the carbon lattice structure. Pyridinic-N is typically found at
the edges or associated with vacancies, while pyrrolic-N, disrupts the
lattice structure as a pentagonal ring. This is in good agreement with the
above results, where a slightly higher relative concentration of pyrrolic-
N is detected in the 2D sample, which correlates with its increased defect
concentration compared to the 1D and 3D materials.

By way of illustration, Fig. 2i and Fig. 2j displayed a simulated mo-
lecular structure of the Ref sample, and a N-doped material. As repre-
sented, planar CDC structures are developed, where nitrogen atoms are
disposed in the 1D, 2D and 3D materials in varied functionalities by the
doping promoted by the different dendrons. This results in the obtaining
of different structural parameters, as summarized in Fig. 2k-n. This
figure represents hexagonal radar plots illustrating the most important
structural parameters of the as-synthesized materials. Note that the
values used for radar plotting are collected in Tables S1-S3 and S6. These
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include the Ip/Ig and Csp3/Csp2 ratios, the porous structure (Vpeso and
Sper), and the nitrogen doping influence (at.%. N by EDX and %.
pyrrolic-N). The radar plot for the 2D material (Fig. 2m) highlights its
highly defective structure, as evidenced by Raman spectroscopy and XPS
techniques. It also shows an increased N concentration revealed by EDS
and XPS techniques, accompanied by a higher proportion of pentagonal
pyrrolic-N concentration in comparison with the rest of the samples.
These structural differences may significantly influence the sensor
response during NO; interactions.

2.2. Gas sensing performance

The performance of the different chemiresistive gas sensors (Fig. S6)
prepared with Ref, 1D, 2D and 3D materials is investigated, starting with
their sensing capability towards 1 ppm of NO, at RT. Fig. 3a displays the
time-responses of all sensors under dark conditions, operating without
photoactivation via UV radiation. As observed, Ref, 1D and 2D sensors
respond to the exposure of NOy, an oxidizer analyte, with a decrease in
their electrical resistance. This behaviour is characteristic of p-type
sensitive materials where the adsorbed analyte, being an electron-
acceptor, draws electrons through charge transfer, as has been previ-
ously reported in other carbon-based gas sensors [4,42]. The effect is
more pronounced in the 2D sample, reaching a higher response
compared to Ref and D1 materials. In contrast, the D3 sensor does not
exhibit any response against the target gas.

The increased response of the 2D sensor towards the Ref and 1D
samples can be attributed firstly, to the nitrogen doping, and secondly,
to the elevated concentration of defects detected by XPS and Raman
spectroscopy. Moreover, the presence of a hierarchically porous struc-
ture with a large Vpeso, can be linked to a higher concentration of active
sites for NO, adsorption, again improving the sensitivity to NO, [4]. For
the D3 sensitive material, besides the similar microstructure to the 1D
sample in terms of porosity structure (mainly in the micropore range),
Sper, and nitrogen doping, the obtained sensing performance is quite
different between these two materials. This behaviour could be attrib-
uted to the molecular architecture of the initial dendritic structures
(dendrons D1 and D3), a phenomenon that would be investigated in the
next section, by PL spectroscopy.

Given the enhanced response of the 2D gas sensor, this device is
further examined under different conditions, to evaluate the influence of
photoactivation towards different NO, concentrations with varied
radiant fluxes. Fig. 3b presents the results of exposing the 2D sensor to a
steady state under different exposure scenarios. Initially, the sensor is
exposed to air or NO3 (0.1, 0.5 and 1 ppm) for several hours to reach a
saturated state. Once the signal plateaus, photoactivation is gradually
increased to its maximum level and then progressively reduced until full
darkness is achieved. Two cycles of UV exposure are measured to obtain
comparative data, reaching up to UV-210 % (143 W/m?). It is worth
noting the different Ry (base resistance) values achieved for each con-
dition: in air, the 2D sensor's resistance stabilizes around 30 kQ. How-
ever, in the presence of NO», Ry decreases to approximately 21 kQ at 0.1
ppm, 19 kQ at 0.5 ppm, and 13 kQ at 1 ppm.

In the first photoactivation cycle, the response of the 2D sensor
shows three different processes. Initially, partial desorption of NO, oc-
curs concurrently with carrier generation within the sample and
enhanced exchange with NO», all of them facilitated by UV exposure.
These processes suggest an optimal level of photoactivation, where
molecule desorption and molecule-substrate charge transfer are simul-
taneously enhanced. As a result, key parameters such as sensitivity, re-
covery times, and saturation concentrations are positively impacted
with a properly photoactivation. A crucial detail observed in the sensor
response is that photoactivation prevents the sensor from being
poisoned, enabling consistent behaviour over time. Therefore, signifi-
cant resistance recovery is observed when the sensor operates under
darkness conditions after photoactivation. The effect is attributed to the
improved desorption of NO: molecules. Following this, a second
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Fig. 3. Gas sensing performance of nitrogen-doped carbon materials towards NO: detection. a. Real-time response to 1 ppm of NO, without UV-light excitation of Ref
sample (un-doped), 1D, 2D, and 3D materials (N-doped). b. The time-resistance curve of 2D sensor under different exposure conditions (air and 0.1, 0.5, and 1 ppm of
NO,). The two purple-shaded peaks represent the UV-light excitation carried out gradually increased up to 143 W/m?. c. Calibration curve of the sensor build from
2D material at different NO, exposure concentrations (0.1, 0.15, 0.25, 0.40, 0.65 and 1 ppm) in the darkness, and photo activated under UV-50 % and UV-100 %.
Time-dependent response of 2D sensor under dark conditions, UV-50 % and UV-100 % to d. 0.1 ppm NO, and e. 0.5 ppm NO,. f. Target gas selectivity response of 2D

sensor against 1 ppm of NO, and 20 ppm of acetone (C3HgO) and ammonia (NH3).

prolonged exposure to NO:z in darkness is conducted for 150 min, after a
second photoactivation process. During this dark exposure, the sensor
does not reach saturation at 0.1 ppm, but near-saturation state is ob-
tained at higher concentrations of 0.5 ppm and 1 ppm. After the second
photoactivation, the sensor's resistance returned to a level similar to
those achieved after first photoactivation. This demonstrate the high
resistance to be poisoned by interaction with NO:z exposure or repeated
photoactivation processes, without inducing degradation or permanent
structural changes in the 2D sensor, ensuring long-term stability.

The sensing performance of the 2D sensor under photo-activation
can be directly attributed to the designed microstructure. Regarding
the effect of nitrogen doping, graphitic-N and pyridinic-N configurations
play important roles in the sensing mechanisms, as both contribute with
one electron to the aromatic zn-system [43]. Pyridinic-N induces the
electron distribution locally [37], exerting a smaller influence on the
photoactivation response. In contrast, graphitic-N provides an extended
contribution to the n-conjugation system, facilitating the electron
delocalization and charge transfer, and making a significant enhance-
ment to the sensing performance to NO, under photoactivation condi-
tions [44]. Moreover, although pyrrolic-N is present in low
concentrations, it contributes positively to sensing performance by
adding two electrons to the n-system [43]. Its high reactivity, along with
the substantial disruption promoted on the carbon lattice, induces the
formation of active sites for NOy adsorption. Moreover, the mesoporous
framework further complements these effects, ensuring fast interaction
with target analytes [4,45,46].

Interestingly, the calibration curve shows that the D2 device exhibits
a clear response to NO, concentrations as low as 0.1 ppm for exposure
times of 15 min (Fig. 3c). In addition, it also highlights how UV exposure
notably affects the sensing behaviour. Under dark conditions, a pro-
nounced poisoning effect is observed, indicating incomplete desorption
of the analyte after each exposure, particularly at higher concentrations.
Upon irradiation, this effect is mitigated, demonstrating enhanced
desorption capabilities. Optimizing photoactivation for specific con-
centrations is crucial due to the competitive processes of enhanced
desorption and improved charge transfer. For concentrations below 0.5
ppm, UV-50 % displays better performance, evidenced by a steeper
calibration curve slope. In contrast, the improvement at UV-100 % is
clear at higher concentrations, as the calibration curve reaches a satu-
rated or plateau state.

The limit of detection (LoD), defined as the lowest concentration of

gas that sensor can reliably detect, can be calculated following Eq. (1)
[47,48].
LoD rusnoise sensitivity) = % 1)
Where the sensitivity (% / ppm), is extracted from the calibration curve
linear fit (Fig. S7) and the RMS noise is the root mean squared noise of
the device signal during blank measurement. The RMS noise is multi-
plied by three in Eq. (1) to ensure the reliability of the LoD.

Photoactivation significantly enhances sensitivity because of
improved recovery and charge exchange between NO, molecules and



B. Pérez-Roman et al.

the 2D-sensitive material. Under UV-50 % and UV-100 % conditions, the
response reaches 28.9 + 1.2 %/ppm and 26.8 + 0.9 %/ppm, respec-
tively (with fitting data obtained for concentrations below 0.5 ppm,
prior to the saturation state). The LoD is approximately 1 ppb in both
cases (UV-50 % higher than UV-100 %), with a noise level of 0.01 %. In
dark conditions, a lower sensitivity of 14.5 + 0.8 %/ppm is observed,
with a LoD value around 2 ppb. However, under prolonged exposure, the
LoD progressively increases with each subsequent exposure due to the
lack recovery.

Furthermore, photoactivation also plays another important role in
the sensing performance, by inducing the transition from p-type to n-
type behaviour. This effect is observed in both nitrogen-doped materials;
2D and 1D as shown in Fig. 3d and Fig. S8, respectively. Notably, the 1D
sample exhibits a more pronounced transition compared to the 2D
material.

At low levels of photoactivation, the p-type behaviour of the samples
is expected to invert to n-type due to the excitation of electrons into a
high-energy electronic state introduced by the graphitic-N within the
electronic structure. However, as the photoactivation power increases,
the behaviour is anticipated to revert to p-type, as the effects of the
graphitic-N are offset by the p-type doping contributions from the other
nitrogen species.

The different sensing responses to NO; reached in 1D and 2D ma-
terials can be explained based on nitrogen doping that changes the
electronic properties of the as-prepared materials. Considering that the
reference exhibits p-type behaviour under different levels of photo-
generation. Graphitic-N provides an n-type doping, by adding one
valence electron to the electronic structure [49,50], while the other
three nitrogen configurations (pyridinic-N, pyrrolic-N and N-oxide)
induce p-type doping. This p-type doping is based on the electron defi-
ciency in the n-system, attributed to the formation of these types of ni-
trogen functionalities close to vacancies [37,51].

Therefore, based on the relative concentrations of the varied nitro-
gen functionalities presented in Table S5, as well as the photoactivation
power, sensitive materials could present either a n-type or p-type
behaviour, as there are similar proportions of n-type and p-type related
nitrogen bonds. However, a slightly increased proportion of graphitic-N
was found in the 1D material (around 48 wt%), and therefore a pre-
dominant n-type response at photoactivation under UV-50 % can be
tentatively attributed to this nitrogen bonding. It can be confirmed that
this phenomenon is controllable by photoactivation power. Once the
light power exceeds a specific threshold, the material transitions from
exhibiting n-type to p-type sensor behaviour, keeping a high sensitivity
to NO: (Fig. S8). This characteristic could offer a significant advantage in
the future by enabling these sensors to function as multiparameter de-
vices [52]. By modulating UV power, the sensors could be toggled be-
tween n-type and p-type behaviour, allowing the measurement of two
distinct parameters with a single device and enhancing selectivity to-
wards different target gases.

Fig. 3d-e illustrates the response of the 2D sensor to two sub-ppm
NO; concentrations of 0.1 and 0.5 ppm, respectively. At 0.1 ppm
(Fig. 3d), the 2D sensor exhibits a robust performance despite the
poisoning effect, achieving mean values around 3.1 + 0.3 %, 1.4 £ 1.1
%, and 2.6 + 0.3 %, for dark, UV-50 %, and UV-100 % conditions,
respectively. For 0.5 ppm (Fig. 3e), the poisoning effect is more pro-
nounced in dark conditions, while UV irradiation conditions have a
similar effect. The increase in the response can be related to improved
desorption capabilities that free analyte adsorption sites, but also to
improved adsorption mechanism, and charge transfer as evidenced but
the slope and amplitude of the response during the first exposure. UV
irradiation affects differently when the exposure is towards 0.5 ppm,
providing mean responses of 7.9 + 2.8 %, 13.2 £ 1.6 %, and 12.1 £ 1.6
% at dark, UV-50 %, and UV-100 % conditions, respectively. Thus, the
mechanisms activated with UV previously commented; benefit the 2D
sensor with up to 150 % increase on the mean response.

Noteworthy, UV exposure affects the device's base resistance. Under
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dark conditions, the resistance is around 28 kQ, but it decreases to 24
and 18 kQ for UV-50 % and UV-100 % conditions, respectively. This
reduction can be explained by the effect of UV on the photogeneration of
electron-hole pairs as the increased density of charge carriers may
contribute to increased conductivity [53,54]. Besides, the unique ability
of nitrogen doping in graphene and its derivatives is a key factor, as it
effectively contributes electrons to the n-conjugated system. The effect is
most noticeable in graphitic-N and pyrrolic-N configurations [55,56].

The selectivity of the 2D sensor is investigated by the exposure of the
device to 20 ppm of acetone (C3HgO) and ammonia (NHg), showing in
Fig. 3f a comparison between the response behaviour to C3HgO and NHg
vs NO,. This plot (Fig. 3f), demonstrates the selectivity of the 2D sensor
to NO,, observing no significant changes in the electrical resistance
upon exposure to either C3sHgO or NHs. Table 1 displays recent studies in
the field of carbon-based materials for NO5 sensing, including different
carbon allotropes. Most of the studies including nitrogen-doping stra-
tegies are evaluated without UV photoexcitation, reaching limits of
detections at the lowest of 500 ppb. However, the sensing performance
of nitrogen-doped carbon sensors under photoexcitation remains unex-
plored. In this context, the 2D-sensitive material allows the detection of
NO; in the sub-ppm level, reaching responses of 28.9 + 1.2 %/ppm and
2.6 + 0.3 % for 0.5 and 0.1 ppm respectively, under UV photoexcitation.
In this work, we demonstrate that the unique combinations of meso-
porosity, large defect concentration and effective nitrogen doping allow
the obtaining of ultra-high sensitivity to NO, and LoD as low as 1 ppb,
avoiding the poisoning effect by the photoexcitation.

2.3. Optical properties: A UV-vis absorption and photoluminescence
study

To gain deeper insights into the optical properties and the electronic
mechanisms involved, the designed samples are examined through
UV-Vis and PL spectroscopies, to obtain the absorption spectra and the
PL response at Aexe = 275 nm, respectively. Fig. 4 shows the absorption
and PL spectra of the prepared materials, alongside the optimized ge-
ometries of the dendritic molecules performed by a general MM+ Amber
force field (GAFF).

In general terms, PL spectra provide valuable information about
effective electron-hole radiative recombination processes, offering in-
sights into the defect density, which can trap charge carriers to promote
the recombination phenomena [65]. The luminescence of carbon-
derived structures can be mainly associated with defect/surface and
subdomain state within the sp?- carbon core [66]. Specifically, N-doping
can modulate the optical features and their response depends on how
nitrogen atoms are incorporated in the carbon core, enhancing the ra-
diation transition probability [66,67], or creating mid-states that unveil
non-fluorescence [68]. For instance, nitrogen-doping introduces specific
defect states that can modulate the PL response [69].

The absorption spectra of the prepared materials are shown in
Fig. 4a. Starting with the Ref sample, two distinct regions can be iden-
tified in the spectrum. The first region, below 310 nm and characterized
by two different bands, and the second one composed by a very broad
absorption at higher wavelengths. The high intensity peak located at
275 nm is characteristic to the 1 — & * transition of the graphitic core
(C=C or C—C) of sp? domains present in the sp® environment (region
marked in green colour in the Fig. 4a) [70]. In contrast, the broad ab-
sorption band positioned at around 400 nm (region marked in blue
colour in the Fig. 4a), suggest the contribution of different features that
are overlapped, and may be assigned with n — n * transitions of func-
tional groups (primarily oxygen in the Ref material), and surface states
containing electron lone pairs (i.e. electrons that remain unbonded to
another atom) [71].

Transitioning to the N-doped materials, the different contributions of
the broad band are more visible and can be linked to the nitrogen doping
incorporated into the structures, as well as the high defect density
promoted in the samples, as revealed in Fig. 2. Moreover, a distinct
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Table 1
Sensing performance of varied carbon-based material (doped and un-doped).
Sensing Material Doping element T (°C) Gas sensing / Concentration Response LoD UV radiation Ref
Cg-C3Ny N (Grph) 200 °C NO,/50 ppm 71.26 % 7.39 ppm - [57]
MWCNT N RT NO,/5 ppm 24.82 % <0.25 ppm - [58]
SWCNT N (Pyd/Pyr) RT NO,/10 ppm 27.70 % 500 ppb - [59]
Graphene g-C3Ny4 N (Grph) RT NO,/5 ppm 21 % 600 ppb - [60]
Graphene N (Pyr) RT NO,/10 ppm 7.74 % 1 ppm - [61]
Graphene Ag NWs RT NO,/5 ppm 40 % - 365 nm [62]
Graphene - RT NO»/100 ppm 26 % 42.18 ppb 265 nm [63]
Graphene - RT NO,/1 ppm 25 % - 370 nm [64]
FLMG - RT NO,/0.5 ppm 16 % 25 ppb 275 nm [4]
This work N (Grph/Pyd) RT NO,/0.5 ppm 13.2% 1 ppb 275 nm
NO,/0.1 ppm 2.6 %
SWCNT: single-walled carbon nanotube, MWCNT: multi-walled carbon nanotube, FLMG: few-layered mesoporous graphene. Grph: graphitic-N, Pyd: pyridinic-N, Pyr:
pyrrolic-N.
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Fig. 4. Optical properties and their influence on the molecular geometry of nitrogen-doped CDC materials. Optical properties investigations of Ref, 1D, 2D and 3D
materials studied from the a. absorption spectra (UV-Vis spectroscopy) b. emission PL spectra obtained at excitation wavelength of 275 nm, and c. curve-fitting of the
PL spectra presented in b. Molecular geometries obtained from the minimization of energy by general MM+ Amber force field (GAFF) of the different dendritic

structures d. D1, e. D2, and f. D3.

feature is clearly distinguished in this less energetic region with the
presence of a new peak positioned at 377 nm, which is more notable in
the 3D sample, followed by 1D and 2D materials (Fig. 4a). The height-
ened intensity of this peak is evident in the 3D and 1D materials, and is
such that it surpasses the band located at 275 nm, suggesting a loss of
efficiency in promoting the = — = * transitions (Fig. 4a). This can be
related to the shift of the n- n* transition band discerned in the 1D and
3D-related C1s-XPS spectra (Table S5), suggesting an alteration into the
n-cloud, that can be attributed to a reduction in the electron delocal-
ization, which hinders the electron-hole recombination process. In

contrast, in the 2D materials' spectrum, similar intensities are observed
in both regions, suggesting a suitable proportion of 1 —» n * and n —» & *
transitions, resulting in an improvement of the sensing performance.
Fig. 4b collects the PL spectra of Ref, 1D, 2D and 3D materials at the
excitation wavelength of 275 nm, one of the main absorption bands
observed in Fig. 4a. 1D and 2D samples show similar emission spectra to
the Ref, in contrast to the lower emission observed in the 3D material
(Fig. 4b). To delve deeper in this phenomenon, a curve fitting of these
emission spectra is performed to correlate the microstructure and the
photoluminescence properties. The spectra are converted to the energy
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scale (eV) via the Jacobian transformation [72], ensuring good reli-
ability of data and the applied fittings. As can be seen in Fig. 4c, the PL
spectra present a broadband constituted by different features between
468 nm (2.64 eV) and 365 nm (3.39 eV). During the analysis, it is found
that four Gaussian functions fitted very well all PL spectra, including the
information obtained from the curve fitting in Table S7. Bands peaking
at 3.24 eV (382 nm) and 3.06 eV (406 nm) can be attributed tox — © *
transitions for C=C of sp? domain in zigzag configuration, while the
bands centered at 2.88 eV (431 nm) and 2.79 eV (444 nm) can be
assigned to armchair configurations [73]. No relevant variations in the
positions or the intensities of the different bands are observed in the 1D,
2D and Ref samples (Table S7), denoting that these microstructures lead
to similar photoluminescence performance. In contrast, a slight blue
shift of the most intensity bands (3.24, 3.06 and 2.88 eV) is elucidated
from the curve fitting of the 3D sample, suggesting a distinct
microstructure.

To evaluate the contribution of both edges (armchair vs zigzag), a
ratio between the areas of the most intensity bands representing the
armchair and zigzag edges (A,+/A,); i.e. bands peaking at 2.88 and 3.06
eV respectively, is calculated (Table S7). The obtained A,+/A, for the N-
doped samples are higher compared to the Ref material, strongly sug-
gesting the increased formation of zigzag edges by the introduction of
the dendritic structures, and reaching the maximum A,+/A; value for the
3D sample. These differences can be tentatively linked with the initial
dendritic structures used for nitrogen doping. Fig. 4d-f displays the
molecular geometries of the dendrons, organized from top to bottom
according to the molecular rigidity; i.e., dendron D1 exhibits the highest
rigidity, while D2 and D3 present intermediate and lower rigidity,
respectively. Based on the PL spectra and the information obtained from
the curve fitting (Table S7), it can be stablished that the rigidity of the
dendrons plays an important role in the promotion of armchair vs.
zigzag edge. A higher concentration of armchair edges along with a
quenching PL emission is obtained with the nitrogen doping promoted
by the D3 dendritic structure. This can be correlated with the absence of
response to 1 ppm of NO,, showed in Fig. 3 by the 3D material. Thus,
despite the similar N content (above 5 wt%,Table S4) introduced in the
3D sample compared to the other two N-doped materials, along with the
large Spgr and defect concentrations revealed in Fig. 1, and Fig. 2, all
these microstructural features seem to act as non-radiative active cen-
ters, quenching the PL emission [65].

This indicates that is crucial not only to synthesized highly porous
defective microstructures and with nitrogen heteroatoms to reach ul-
trasensitive NO; devices, but also to do it effectively. To create abundant
and accessible trap sites is essential, as these sites participate in inter-
action with the NO3 molecules, and play a key role in the redox reactions
that drive the sensing performance. Consequently, tailoring the molec-
ular architecture is crucial to reach a good sensing performance to NOo,
and the novel dendritic structures employed for the nitrogen doping
highly affects the final CDCs microstructures. This aligns with the
investigation conducted by Blum et al. [74], revealing that ceramic
structures obtained from the thermal treatment of PDCs, present the
ability to “memorize” the initial polymer architecture, affecting the final
properties of the materials, and highlighting the importance on the
initial architecture of the starting polymer. Therefore, our initial den-
dritic structures which polymerize within the AHPCS, govern the final
CDC structures, leading to different sensing performances.

3. Conclusion

We report the synthesis of nitrogen-doped carbide-derived carbon
materials using a polymer-derived ceramic route and dendritic molec-
ular architectures specifically engineered to modulate porosity, defect
density, and nitrogen incorporation. The use of tailored D2 dendron
facilitates the formation of highly disordered carbon networks, enabling
the effective integration of nitrogen heteroatoms predominantly as
graphitic-N and pyridinic-N species. These structural features play a
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central role in gas adsorption and charge transport, resulting in
enhanced interaction with nitrogen dioxide molecules. Notably, the 2D-
sensitive material achieves outstanding sensing performance at room
temperature, detecting NO2 concentrations as low as 1 ppb under UV
illumination and showing a 13.2 % response at 0.5 ppm. This represents
a significant step forward in carbon-based gas sensing, where achieving
high sensitivity at ambient conditions remains a key challenge. The
synergistic effect of controlled nitrogen doping and hierarchical porous
architectures leads to a strong enhancement of the n-conjugated elec-
tronic structure, directly impacting sensor performance. Our results
underscore the potential of molecular-level design strategies to control
the structural and electronic properties of carbon-based sensing mate-
rials. This approach opens new directions for the rational design of
functional materials for room-temperature gas sensing, with implica-
tions in environmental monitoring, health diagnostics, and smart
sensing technologies.

4. Experimental section
4.1. Preparation of the dendritic structures

Three different nitrogen-containing dendrons (D1, D2 and D3) are
prepared by varied substitution reactions under controlled temperature
synthesis. The dendritic structure D1 is synthesized according to the
method reported previously [24]. Then, D2 and D3 molecules are pre-
pared from an organic molecule obtained from the di-substitution (D1-
d) of the cyanuric chloride involved in the preparation of D1 dendron.

The synthesis of D1-d and the obtention of D2 and D3 dendrons are
described as follows:

All the reactants involved in the chemical reactions were used in
their as-received state without further purification, and reactions were
monitored by thin layer chromatography (TLC) using Fas4 aluminium
oxide coated plates. Purification of the final products was performed by
column chromatography, employing silica gel 60 (60-120 mesh) from
Merck (USA) as the stationary phase, and using the suitable solvent for
each dendritic structure.

i) Di-substituted molecule (D1-d): 6-chloro-N2, N*-bis (4-vinyl phenyl)-
1,3,5-triazine-2,4-diamine

In a flask, (16 g, 0.086 mol) of cyanuric chloride (C3N3Cls) and (35
mL, 0.2 mol) of DIPEA (N, N-diisopropylethylamine), both from Sigma
Aldrich (USA), were dissolved in (250 mL) of anhydrous tetrahydrofuran
(THF). The mixture was stirred at RT and purged with argon to obtain an
inert atmosphere. Once a homogenous dissolution was achieved, (30.18
mL, 0.258 mol) of 4-vinylaniline (90 %) from Fisher Scientific (USA) was
added dropwise, followed by heating the mixture under reflux for 8 h.
The obtained residue was purified by column chromatography using
ethyl acetate/hexane (1:4) as eluent, obtaining a whitish solid product
(> 85 % yield).

ii) Dendron D2: 6,6-(piperazine-1,4-diyl) bis (Nz, N*-bis (4-vinyl
phenyl)-1,3,5-triazine-2,4-diamine

D2 was prepared by mixing (4 mL, 0.023 mol) of DIPEA and (688 mg,
0.008 mol) of piperazine (Sigma Aldrich, USA) in (250 mL) of anhydrous
THF. Then, (5.5 g; 0.016 mol) of D1-d molecule was dissolved in
anhydrous THF and incorporated to the previous mixture. The reaction
was stirred, bubbled with argon and sealed in a Parr's vessel to ensure
non-oxygen contamination, and heating at 80 °C for 12 h. The final
product was obtained by column chromatography with dichloro-
methane /methanol (5:1) as eluent to obtain a white product (> 85 %
yield).
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iii) Dendron D3: N2-(2-(bis(2-((4,6-bis((4-vinyl phenyl)amino)-
1,3,5—triazine—2—yl)amin0)ethyl)—N4,N6—bis(4—vinyl phenyl)-
1,3,5-triazine-2,4,6-triamine

A dissolution of (6.95 mL, 0.04 mol) of DIPEA and (1.168 g, 0.008
mol) of Tris(2-aminoethyl) amine (Sigma Aldrich, USA) was prepared in
250 mL of anhydrous THF. Then, (10 g, 0.028 mol) of D1-d molecule was
dissolved in anhydrous THF and incorporated into the previous solution,
obtaining a mixture that was stirred, bubbled in argon and sealed in a
Parr's vessel to remove the oxygen content. Then, the mixture was
heated at 80 °C for 14 h until the consumption of the D1-d molecule was
detected by TLC. Once chemical reaction was completed, the solvent
was removed by using a rotatory evaporator, and the final residue was
obtained by washing the solid with ethyl acetate and acetone, obtaining
a yellowish solid (6 g, > 90 % yield).

The characterization of the novel dendritic molecules is collected in
the supplementary information, section S3.

4.2. Highly porous nitrogen-doped CDC material preparation

Three different nitrogen-doped CDC samples were prepared by
individually mixing a liquid commercial allyl-hydrido polycarbosilane
(AHPCS, SMP-10®, Starfire Systems, USA) with the prepared dendritic
structures (D1, D2 and D3) in anhydrous THF. The mixtures were per-
formed on a Schlenk line, under an argon atmosphere. The AHPCS and
the corresponding dendrons were mixed in a 90/10 wt/wt ratio
respectively, in the presence of a 1 wt% of platinum catalyst (Platinum-
1,3-divinyl-1,1,3,3-tetramethyldisiloxane (3-3.5 %Pt, abcr GmbH,
Germany). The mixtures were intensively stirred under Ar for 48 h. After
completion of the reactions, solvent removal was carried out by a
rotatory evaporator, and samples were subjected to a thermal treatment
in an alumina tubular furnace to produce the polymer-to-ceramic
transformation. Materials were heated to 280 °C for 5 h, followed by a
ramp to 700 °C for 2 h, with a controlled heating rate of 5 °C/min under
a continuous argon flow of 150 mL/min. The resulting materials were
ground in an agate mortar and sieved below 45 um prior to the subse-
quent chemical etching. Samples underwent selective etching through
chlorination treatment, in a quartz tubular furnace. Chlorination was
conducted at the same temperature as in pyrolysis treatment (700 °C) for
2 h, with a continuous Cly/N> flow of 25 mL/50 mL, respectively.
Heating and cooling of the samples were performed in an N, atmosphere
with a flow rate of 100 mL/min and a fixed heating rate of 5 °C/min.
Finally, samples were subjected to further thermal treatment to remove
the trapped chlorine traces, heating the materials until 500 °C for 4 h
with a continuous No/H, flow. Materials were finally subjected to
milling and sieving below 50 um.

Four different samples were evaluated during this study, three N-
doped CDC materials prepared with the different dendrons, and labelled
as 1D, 2D, and 3D, representing the samples prepared from each den-
dritic structure; D1, D2 and D3 dendrons respectively, and a reference
material without nitrogen doping. This latter sample was obtained by
subjecting the commercial AHPCS to the same pyrolysis and chlorina-
tion thermal treatments described previously. The reference material
was labelled as Ref.

4.3. N-doped CDC characterization

The prepared CDC materials were studied through XPS technique
(SPECS GmbH, Germany) to corroborate the nitrogen incorporation and
their bonding configuration into the final structures. XPS were per-
formed in an instrument equipped with a PHOIBOS 150 9MCD as an
energy analyser and monochromatic Mg was employed as an energy
source. Curves were deconvoluted through CASA®© software using the
Shirley background. Raman characterization was employed to assess the
carbonaceous structure, focusing on the evaluation of the defects present
in the materials. Raman spectra were acquired from a confocal Raman
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microscope WITec ALPHA 300RA (Germany) (Nd:YAG laser light source
of 532 nm in p-polarization), showing average spectra from represen-
tative regions. Spectral analysis was conducted in the spectral range of
65-3850 cm ™ !, using a 600-g/mm grating with a spectral resolution of
0.2 cm™!. To avoid sample damage and overheating effects during
measurements, an objective with a numerical aperture of 0.95 and a
laser output power of 0.7 mW were used.

Textural characterization was performed to evaluate the porosity
network and the corresponding Spgr created after chlorination treat-
ment, by the Ny adsorption-desorption technique (Tristar, Micro-
meritics, USA). Samples were degassed at 120 °C for 18 h and data
calculations were performed by Brunauer-Emmet-Teller (BET) and
Barrett-Joyner-Halenda (BJH) methods [75,76] to estimate the Sggr and
pore size distribution, respectively. The order arrangement of the porous
structure was evaluated by XRD, performing the sample measurements
employing a PANalytical X-ray diffractometer (Empyrean, United
Kingdom) equipment with Cu-K, (A ~ 1.5406 i\) radiation.

The microstructural parameters of the CDC samples were studied by
transmission electron microscopy (TEM), high-resolution transmission
electron microscopy (HRTEM), scanning transmission electron micro-
scopy (STEM) and X-ray energy dispersive spectroscopy (EDS) were
conducted with a JEOL 2100 (Japan) field emission gun transmission
electron microscope operating at 200 kV and equipped with an 80 X-
MaxEDX spectrometer. Samples were prepared by placing aliquots of the
desired material onto Cu grids supported by a lacey carbon film.
Elemental mapping was performed via EDS to confirm the nitrogen
doping content in the prepared materials.

The UV-absorption properties are evaluated by UV-Vis spectroscopy,
using a Perkin Elmer (USA) Lambda 650 UV-Vis-NIR spectrophotometer
equipped with an integrating sphere, and measuring the absorption
spectra at RT.

The photoluminescence study was carried out by acquiring the
emission spectra using a fluorescence spectrometer (FS5 from Edinburgh
Instruments) equipped with a Xenon lamp of 150 W. Specifically, the
excitation wavelength was fixed 275 nm with an excitation bandwidth
of 5 nm, whereas the emission scan goes from 300 to 600 nm and the
emission bandwidth was 1 nm.

The optimisation of the molecular rearrangement of the varied
dendritic structures was carried out using GAFF Force Field in Avogadro
(v 1.2.0).

4.4. Gas sensors fabrication

To study the potential chemiresistive sensing properties of the pre-
pared CDC materials, the varied samples in powder form were first
dispersed in n-methyl-2-pyrrolidone (NMP; Sigma Aldrich, USA) at a
concentration of 1 mg/mL and sonicated in a bath until stable suspen-
sions were obtained. Then, each solution was deposited using
dielectrophoresis-assisted (10 kHz, 10 Vpp) drop-casting deposition
onto an interdigitated electrode (IDE) substrate (DRP-G-IDEAU10,
DropSens) to fabricate the different gas sensor devices.

As a representative example, Fig. S6¢-d shows the optical micrograph
in the dielectrophoresis-assisted drop-casting process resulting in the
formation of aligned 2D nanoparticles in the form of chains, which
contact both electrodes on the IDE substrate. Briefly, during the solvent
evaporation process, an alternating electric field induces nanoparticle
growth between the electrodes, continuing until sufficient contacts are
established, allowing the passage of electrical current under the applied
voltage. An electrical resistance of approximately 20 kQ is obtained after
deposition.

4.5. Evaluation of gas sensing performance
Each sensor was placed in a 3D-printed polylactic acid (PLA) airtight

cell (with a volume of ~ 10 mL) connected to an automated gas
generator as depicted in Fig. S6a-b. The airflow inside the cell was
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maintained at 50 mL/min. Measurements were carried out by exposing
the sensor to a mixture of target gas cylinders of NO; (1 ppm), CsHgO
and NHj3 (20 ppm) and synthetic dry air, which was used for purging.

All gases were supplied by Nippon Gases, Spain. Mass flow control-
lers were used to adjust the concentration of each gas sample through
custom-made LabView software that simultaneously monitor the de-
vice's resistance with a digital multimeter (HP 34401 A, USA).

A 275 nm UV light-emitting diode (SeoulViosys CA3535 -
CUD7GF1B) was placed inside the chamber and controlled with a DC
source to irradiate the device during the sensing measurements at var-
iable power densities (68 W/m? at 100 %). Percentages are given
through the manuscript as UV- followed by its corresponding number.

To evaluate the sensing capabilities of the 2D material, three distinct
experiments were conducted. First, an experiment was designed to study
the adsorption and desorption mechanisms by exposing the sensor to
variable UV irradiating intensity under analyte-saturated conditions, i.
e., under constant exposure to analyte concentrations (0, 0.1, 0.5, and 1
ppm of NO3). Second, a calibration curve was designed using cycles with
the same exposure and recovery durations as in the constant concen-
tration experiment and exposing the sensor to varying NO, concentra-
tions (0.1, 0.15, 0.25, 0.40, 0.65, and 1 ppm).

The sensing performance evaluation collected in Fig. 3 is presented
as the response of the device, defined as time-dependent change in the
sensor's resistance when exposed to the gas according to Eq. (2):

Response(%) =

AR,
Ry 100‘ 2)

Where R is the resistance of the device at each moment, and Ry is the
base resistance of the device, measured during baseline stabilization
before the first exposure.

Finally, three consecutive exposures to a constant concentration of
NOs (0.1 and 0.5 ppm) were performed. The experiment began with a
baseline, followed by three cycles of 15-minute exposures to the analyte,
with a 30-minute recovery phase, during which only the carrier gas was
passed through the device.
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