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ARTICLE INFO ABSTRACT

Handling editor: Agata Michalska The term graphene-based gas sensors may be too broad, as there are many physicochemical differences within
the graphene-based materials (GBM) used for chemiresistive gas sensors. These differences condition the
sensitivity, selectivity, recovery, and ultimately the sensing performance of these devices towards air pollutants.
Continuous ultraviolet irradiation aids in the desorption of gas molecules and enhances sensor performance.
Under these conditions, the devices from this work can reliably monitor NOy and CO at room temperature, below
the human-recommended exposure limits, presenting NO5 LoD down to ~20 ppb. By selecting GBMs with
different levels of defectivity, which influence gas adsorption dynamics, and through comprehensive charac-
terization, including D, D', D”, 2D, and G Raman bands, graphene-based gas sensors can be tailored to meet
specific sensing requirements. This study examines five different non-oxidized GBM to develop tools and gain a
deeper understanding of the relationships between GBM properties and their sensing performance. This research
introduces a new standard for defect assessment, moving beyond graphene’s D and G Raman band intensity ratio,
to facilitate the successful integration of graphene-based gas sensors into everyday applications, such as envi-
ronmental monitoring and industrial safety, and potentially impacting other 2D materials, thereby reducing
health risks associated with air pollution.
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1. Introduction

Nitrogen dioxide (NO5) and carbon monoxide (CO) pose a significant
problem due to its widespread presence as a byproduct of combustion
processes in vehicles, power plants, and industries [1]. NO; concentra-
tions in urban areas may reach levels up to around 0.1-1 parts per
million (ppm) [2], while studies have shown that even relatively low
exposures, such as 0.1 ppm for 24 h or annual mean exposures below
that — time-dependent but sub-ppm daily — are associated with increased
hospital admissions and higher mortality rates [3,4]. Vulnerable pop-
ulations, including children, adolescents, the elderly, and those with
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respiratory conditions, are particularly susceptible to these health risks
[5]. CO, on the other hand, interferes with the blood’s ability to carry
oxygen leading to symptoms like headaches and dizziness that can ul-
timately be fatal, with approximately 400 yearly deaths in the USA alone
[6]. Recommended maximum exposure levels are limited to 3.4 ppm for
24 h or 30 ppm for 1 h [7].

The World Health Organization (WHO) recently revealed that almost
all of the global population (<90 %) breathe air that exceeds their
guideline limits and contains high levels of pollutants, with low- and
middle-income countries suffering from the highest exposures.’
Henceforth, highly sensitive and cost-effective gas detection devices are
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essential to address the problems associated with air pollutants. These
devices can accurately measure and track NOy or CO concentrations in
the atmosphere, aiding in the timely identification of pollution sources
and monitoring concentration changes over time [8]. By enabling early
detection and intervention, they play a crucial role in implementing
effective strategies to mitigate the adverse effects of air pollution on
both human health and the environment.

Graphene and other graphene-based materials (GBM) are a recent
alternative among the active materials for chemiresistive gas sensors
[9]. Its large specific surface (2630 m2/g), high conductivity, and low
noise-to-signal ratio make graphene and GBM ideal candidates for gas
sensing applications [10]. Over a decade has passed since the first report
of a graphene-based gas sensor, with a sensitivity down to a single
molecule under highly controlled conditions [11]. During the following
years, the number of similar devices reported for detecting different
gaseous molecular species under conditions closer to real-life applica-
tions has increased dramatically. These graphene-based devices have
demonstrated their potential for room temperature sensing NO2, CO,
sulfur dioxide (SO3) or ammonia (NH3), among other analytes, and
significantly, the research interest in the material has increased [12,13].

However, graphene-based sensors are not without drawbacks. One
well-known issue is partial recovery, as the analyte molecules attached
to the surface of the sensor do not easily desorb or do so within a short
time. Consequently, the performance of the device tends to degrade after
each new analyte exposure [14]. The purpose of UV irradiation is to
clean and restore the device [15-17] simulating the effect of
temperature-forced recovery after the analyte adsorption [11]. Inter-
estingly, continuous UV irradiation has been recently proposed as a
method to not only promote faster and more complete desorption but
also to enhance the sensing performance of the device at room tem-
perature [18,19].

On the other hand, various approaches have been explored to
enhance the sensitivity and selectivity of graphene-based devices.
Sensitivity refers to the change in the resistivity of the sensor in the
presence of the analyte, while selectivity is the ability to produce
differentiated responses to similar analytes [20-22]. One such approach
involves doping and functionalization, which entails introducing com-
pounds or elements, such as metallic nanoparticles, with high reactivity
towards the analytes [23,24]. Another promising approach is defect
engineering, which aims to improve sensing performance by modifying
the structure of graphene itself through the introduction and/or gener-
ation of structural defects [25,26].

In this scenario, two central issues have emerged. Firstly, the prev-
alent method of quantifying defects using only the I(D)/I(G) Raman
ratios often neglects the specific nature of these defects (see Table S1 in
the Supporting Information). This approach may inadvertently overlook
the diversity and characteristics of defects that can exist within GBM, as
different defects and bonding sites exhibit different bonding energies to
the incoming analytes [27]. In addition, the I(D)/I(G) ratio can be also
affected by elemental functionalization, not just by defect engineering
[28]. Therefore, the nature of defects can be masked by a simple I(D)/I
(G) ratio and it is important to understand the origin of its change and
how can impact sensing performance [23]. Secondly, many gas sensor
studies utilize GBM that — being these not strictly pristine graphene —
possess unique physicochemical properties [29]. However, the practice
of categorizing such materials under the broad label of *graphene’ may
fail to adequately account for the nuanced relationship between their
inherent nature and sensing capabilities.

Therefore, based on the hypothesis that defect engineering demands
a more careful characterization and understanding of the correlation
between the GBM properties and their sensing performance, this study
compares different non-oxidized GBM used in gas sensor development.

e Mechanically exfoliated graphene — great structural quality and close
to pristine graphene [30].
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e Chemical vapor deposition (CVD)-grown multilayer graphene (MLG)
— A relatively ordered stacking of graphene layers grown on top of
each other where the structural quality may depend on the growth
temperature [31].

e Ball-milled few-layered mesoporous graphene (FLMG) — Agglomer-
ates of relatively defective few-layered graphene [32].

To provide a comprehensive understanding of how different types of
defects influence the sensing performance of graphene-based gas sen-
sors, it is essential to characterize these defects. By correlating defects
with sensor performance through rigorous experimental studies and
data analysis, we can gain valuable insights into the physicochemical
characteristics of graphene-based materials. This knowledge will drive
the design of materials with tailored properties, optimizing sensor
sensitivity and selectivity for specific analytes and paving the way for
the development of advanced next-generation sensor materials.

2. Materials and methods
2.1. Material’s fabrication

Pristine graphene was produced by micromechanical exfoliation of
natural graphite blocks as described elsewhere [25], following the
method first described in 2004 [30].

MLG was synthesized by CVD on a pre-patterned Mo catalyst in an
AIXTRON BlackMagic Pro reactor. 20 sccm of methane (CH,4) was used
as a carbon feedstock for 20 min in Ar/Hy atmosphere at 25 mbar, and
three different values of growth temperature were employed, i.e., 850,
890, and 935 °C [33,34].

FLMG was obtained using a high-energy ball-milling technique.
Briefly, 1 g of graphite (Natural, —325 Mesh, 99.8 % Metal Basis from
Alfa Aesar) was milled in an oscillatory mill (MM400, Retsch GmbH)
with a powder-to-ball ratio of 1:25 at 1500 rpm for 100 min. The process
is fully described elsewhere [35]. The milled product was then sus-
pended in 1-Methyl-2-Pyrrolidone (Sigma-Aldrich, 99.0 %) to a con-
centration of 1 mg/ml by sonicating for 1 h. The suspension was
centrifugated for 15 min at 9000 rpm and the supernatant was collected.

2.2. Characterization techniques

The obtained material was investigated by confocal Raman spec-
troscopy using a Witec ALPHA model 300RA (Oxford Instruments) with
a Nd:YAG green laser source of 532 nm in p-polarization. The optical
resolution is ~200 nm in lateral and ~500 nm in vertical dimensions.
Intensity Raman mappings of representative regions were carried out for
selected samples with a 100x objective lens (numerical aperture of
0.95). Raman spectra were acquired every 500 nm with an integration
time of 1.5 s, using a 600 gr/mm grating with a spectral resolution of
~0.02 em ™. The output laser power employed was 0.2 mW to avoid
sample damage or overheating effects [36], previously calibrated with a
Thorlabs potentiostat. Raman data were examined and analyzed by the
Witec Plus Software (version 2.08). The spectra presented here are the
mean values of an integrated area to prevent the effects of local in-
homogeneities. The surface morphology of the samples after growth was
measured by atomic force microscopy (AFM) employing an ND-MDT
AURA setup, operating in semi-contact mode with a poly-Si HA-NC
cantilever having a radius <10 nm, at a rate of 0.60 Hz and acquiring
256 lines on scanned areas of 25 pmz [371.

Scanning electron microscopy (SEM; JEOL 7600F), was used to
characterize the morphological and structural properties of both the
materials and the devices.

2.3. Sensing device preparation

The mechanically exfoliated graphene flakes were transferred to a
silicon wafer covered by 90 nm thick thermally grown SiOy [25]. The
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device is denoted as ME in reference to the production method.

The CVD-based devices were fabricated by adopting the transfer-free
process, further detailed elsewhere [38]. Through a few lithographic
steps, a sputtered and patterned Mo layer (50 nm) was wet-etched after
the growth of MLG. That way, MLG dropped on the SiO2/Si substrate at
the pre-defined positions. Next, the graphene deposits were contacted
using 10/100 nm Cr/Au deposited using e-beam evaporation and
patterned using a lift-off process (Fig. S1 in the Supporting Information).
The devices are named CVD850, CVD890 and CVD935 according to the
temperature at which the material was grown.

FLMG was dispersed in n-methyl-2-pyrrolidone (NMP; Sigma
Aldrich) at a concentration of 1 mg/mL in a sonication bath until a stable
suspension was obtained. The FLMG-based was fabricated using
dielectrophoresis-assisted (10 kHz, 10 Vpp) drop-casting deposition
onto an interdigitated electrodes (IDE) substrate (DRP-G-IDEAU10,
DropSens). The device is referred to as BM100, according to synthesis
method characteristics, ball-milled for 100 min.

2.4. Gas setup

The sensing devices were placed in a 3D-printed PLA airtight cell
(with a volume of ~10 mL) connected to an automated gas generator.
The airflow inside the cell was set to 100 mL/min, and the measure-
ments were performed by exposing the sensor to a mixture of the target
gas NOy and CO (from 1 ppm to 10 ppm balance air cylinders, respec-
tively) and synthetic dry air as a carrier, which was also used for
purging. All gases were provided by Nippon Gases, Spain. Mass flow
controllers adjusted the concentration of each gas sample through
custom-made LabView software that simultaneously monitors the de-
vice’s resistance using a digital multimeter (Keithley 2001). A 275 nm
ultraviolet light-emitting diode (SeoulViosys CA3535 - CUD7GF1B) was
placed inside the chamber to irradiate a power density of 34 W/m?2.
Similar wavelength and power density conditions have been reported in
previous graphene-based gas sensor examples [39,40]. A schematic
representation of the experimental setup is represented in Fig. 1.
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2.5. Gas sensing characterization

Firstly, the I-V curves corresponding to the ME [25], CVD (850, 890
and 935) [41], and BM100 (Fig. S2 in the Supporting Information) de-
vices exhibit consistent characteristics with resistors, offering linear
behaviors that ensure accurate and reliable readings. After the devices
were subjected to photoactivation and reached a stable state, the sensors
exhibited the following resistances: ME showed a resistance of 3.3 kQ,
CVD850 measured 2.7 MQ, CVD980 registered 33 kQ, CVD935 had a
resistance of 98 kQ, and BM100 displayed 120 Q. These resistance
values remained stable and consistent until the target gases were
introduced into the system, indicating a reliable baseline prior to
exposure to the gases of interest.

The device’s response (Response(%)) refers to the immediate, time-
dependent change in the sensor’s electrical resistance when exposed
to the gas [42]. It is reported as a relative percentage and described as
the change of resistance (R) normalized to base resistance (Rp) in ab-
solute value:

Response (%) = ‘%*100' (@D
0

In this context, “maximum response” refers to the maximum varia-
tion in response observed during the exposure phase. This definition
inherently depends on the exposure time unless the response reaches
saturation. However, it is employed here as a quantitative measure for
comparing sensor performances.

Before every test, the devices were stabilized with running dry air
until no significant variations of their resistance were appreciable, i.e.,
when the device had reached an equilibrium with the carrier gas. These
conditions are regarded as either initial or baseline conditions. Ry is thus
defined as the measured resistance immediately before the first analyte
exposure.

Evaluation of the device’s sensing performance was done through
two different sequences. First, three consecutive exposures to the same
concentration of the analyte to obtain an arithmetic mean response with
its standard deviation. This sequence included a baseline followed by
three cycles of 25-min exposure to the analyte and a 15-min recovery
phase, in which only the carrier gas passed through the device. Second, a

S
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Fig. 1. Representation of the experimental work. Including a) mechanical exfoliation, b) CVD and c) ball-milling synthesis methods, d) sensing platform for ME and
CVD devices, e) IDE platform for BM100 device and f) illustration of the testing line.
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calibration curve consisting of cycles with the same phase duration as
the previous exposure and recovery ones, with different analyte con-
centrations. This sequence was only performed for NO; to concentra-
tions of 0.1, 0.15, 0.25, 0.40, 0.65 and 1 ppm. All sensing measurements
were taken under constant UV irradiation.

The limit of detection (LoD) represents the lowest concentration of
gas that can be reliably detected by the sensor. It is typically calculated
according to Equation (2) [43,44]:

3*RMS noise
Sensitivity

ivity) =

(2)

LoD rusnoise.

Where the sensitivity (%/ppm), is extracted from the calibration curve
and the RMS noise is the root mean squared noise of the device signal
during blank measurement. The RMS noise is multiplied by three in
Equation (2) to ensure the reliability of the LoD [45,46].

2.6. Data correlation

In addition to the experimental characterization, the results were
mathematically treated to find relevant correlations, between the ma-
terial physicochemical properties and the sensing performance of each
device using the LASSO (Least Absolute Shrinkage and Selection Oper-
ator) method [47,48]. LASSO automatically identifies key features of the
material relevant to the different target variables by setting up a linear
regression model where each feature from characterization is assigned a
coefficient. The non-zero coefficients correspond to the most effective
variables for predicting the outcome. By imposing a penalty propor-
tional to the absolute value of the coefficients, LASSO effectively elim-
inates irrelevant features by shrinking their coefficients to zero.

3. Results and discussion
3.1. Material characterization

Raman spectroscopy is one of the most powerful techniques for GBM
characterization since it reveals the graphene-based lattice’s vibrational
modes. In this framework, several Raman bands can be considered
relevant for GBM: The G band, located around 1580 cm ™}, is related to
in-plane vibrations of the sp? hybridized carbon atoms. The D band,
located around 1350 cm-1, and the D' band, located around 1620 cm™ !,
come from vibration near defects or graphene edges. The D’ band,
located at around 1550 cm ™}, can be related to the presence of a carbon
amorphous phase. Finally, the 2D band (often referred to as G), located
around 2700 cm™}, is a second-order band related to layer stacking
[49-51]. In addition, it has been recently reported that the D* band,
located at between 1050 and 1200 cm ™! originates from the vibrations
of carbon atoms restricted by the oxygen-containing groups, i.e., it can
be related to the oxidation degree of the crystal structure [52]. It is
worth mentioning that the Raman spectra displayed in the following are
an average of those obtained solely from a mapping performed on a
representative area of the device (Fig. S3 in the Supporting Information).

y _lpm

0nm
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3.1.1. ME device

The material resulting from the scotch tape method of mechanical
exfoliation exhibits characteristics of pristine graphene, graphene in its
traditional definition, and can be considered a reference material for the
rest of GBM presented in this work. The ME device presents the exfoli-
ated graphene flakes, with irregular shapes, and it is contacted by
deposited Au pads acting as electrodes.

A relatively large flake was used for the gas sensing test, as seen by
optical microscopy (Fig. 2a). Within, the material presents a largely
homogeneous surface dotted with small flakes, typically measuring a
few thousand nanometers in lateral size and around 1.6 nm in height
(Fig. 2b). The RMS surface roughness is approximately 2.74 nm.

In addition, the bands G and 2D are identified in the Raman spectra
(Fig. 2¢), giving an I(D)/I(G) ratio of 0 and I(2D)/I(G) ratio of 1.13,
agreeing with other examples of near-pristine graphene obtained
through this method [49].

3.1.2. CVD850, CVD890 and CVD 935 devices

The CVD-grown series consists of a multi-layered graphene strip with
a width of 10 pm and a length of 210 pm placed between two Au
electrodes.

In the CVD synthesis method, the process temperature significantly
influences the equilibrium between three primary phenomena: adatom
capture, surface diffusion, and re-evaporation [53]. Re-evaporation and
surface diffusion are impeded at lower process temperatures, promoting
the formation of graphene crystalline nuclei. Conversely, higher tem-
peratures facilitate the surface diffusion of adsorbed carbon atoms,
leading to the formation of larger, more stable nuclei, and reducing the
overall number of nucleation sites, i.e., they hinder the further forma-
tion of nuclei in favour of the growth of already existing ones [54].
Additionally, terrace-like structures are observed in the samples grown
at higher temperatures, as evidenced in the microscopy and AFM
topography images, presented in Fig. 3a—f.

These structures can result from the nucleation and growth of a new
graphene layer on top of an existing layer as explained by the “wedding
cake” model, which describes the stepwise growth of graphene layers,
resulting in a multilayer structure that resembles the tiers of a wedding
cake [55]. Large SEM images were analyzed to extract the surface
density of these terrace-like structures (Figs. S4-5 in the Supporting
Information), which is presented along the AFM-obtained surface
roughness in Table S2 in the Supporting Information. For the CVD850
sample, a relatively smooth and homogeneous surface is observed.
However, the surface becomes more uneven and heterogeneous as the
process temperature increases, which could be related to relatively large
crystalline terraces.

The average Raman spectra for the CVD-grown samples are dis-
played in Fig. S6 in the Supporting Information. Unlike the ME device,
the presence of defects is evident with the significant prominence of the
D band. Additionally, D*, D’, and D’ bands can be deconvoluted for a
detailed comparative analysis, by Lorentzian fitting, among each sam-
ple. In this regard, the I(D)/I(G) ratio is a commonly used parameter to
provide a first approach to the magnitude of structural defects within
graphene-based structures. For the CVD-grown devices, values of 0.87,

)
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Fig. 2. (a) Optic micrography, (b) AFM image, and (c) broad range average Raman spectrum for the ME device.
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Fig. 3. Optical micrographs and AFM images for CVD850 (a, b, and c, respectively), CVD 890 (d, e, and f, respectively), and CVD935 (g, h, and i, respectively). Broad
range average Raman spectrum (j) for the three CVD-based devices, highlighting the main Raman bands for analysis.

0.44, and 0.24 are obtained for the CVD850, CVD890, and CVD935
samples, respectively. This decreasing trend with increasing growth
temperature agrees with previous reports [52].

Interestingly, another crucial parameter for characterizing a sensi-
tive GBM is the degree of oxidation, nature of ligands, or chemical
functionalization of graphene-based compounds [56,57]. At this point,
the I(D*)/I(G) ratio can provide important insights as it relates to the
oxygen content in the carbon-based structure [52]. Specifically, the D*
band is only relevant for CVD850, resulting in an I(D*)/I(G) ratio of
0.19, whereas, for CVD890 and CVD935, this value is 0.02 and 0.01,
respectively. It should be noted that the samples are grown under vac-
uum conditions, and chemical functionalization through oxidation may
occur when highly reactive sites are first exposed to a normal
atmosphere.

Furthermore, the activation of the D" band indicates a certain level of
amorphous structure, thus the I(D")/I(G) ratio can be used to infer the
degree of disorder or amorphous character in the samples [52]. For the
CVD850 sample, the I(D")/I(G) ratio is 0.24, which is significantly
higher than the ratios for the CVD890 and CVD935 samples, which are
0.04 and 0.05, respectively. This suggests that the CVD850 sample has a
higher amorphous content and lower crystallinity compared to the other
two samples. As previously indicated, lower growth temperatures, such
as 850 °C, can impede crystal growth, leading to smaller crystallites and
a more amorphous structure.

Finally, it is also possible to determine the predominant nature of
structural defects through the I(D)/I(D') ratio. This ratio has a value
close to ~3.5 when the predominant defects are grain boundaries, about
~7 when they are due to vacancies, and close to ~13 when they are
caused by sp® hybridizations [28,58]. From the Lorentzian deconvolu-
tion of the bands, an I(D)/I(D’) ratio ranging from 3.12 for CVD850 to
4.38 and 4.61 for CVD890 and CVD935, respectively, is obtained. This
indicates that grain boundaries are the main origin for the lattice dis-
continuities for all the CVD-grown samples, with a tendency towards
vacancy predominance in the samples grown at higher temperatures.

Therefore, the CVD850 sample exhibits a more pronounced amor-
phous structure with a higher degree of defects, and a greater presence
of bound oxygen, compared to samples synthesized at higher tempera-
tures. The latter, CVD890 and CVD935, differ from each other mainly in

their surface structure, i.e., roughness and terrace density.

3.1.3. BM100 device

The product of ball milling is classified as FLMG, comprised of ag-
glomerations of non-oxidized few-layered graphene domains into
nanoparticles with a mesoporous structure, as comprehensively
described elsewhere [32].

As a result of the dielectrophoresis-assisted drop-casting, FLMG
nanoparticles are either deposited at the centre of the electrodes or
assembled into chains contacting both electrodes in the IDE substrate.
Briefly, during the solvent evaporation process, an alternating electrical
field induces nanoparticle growth between electrodes. This continues
until sufficient contacts are formed, allowing electrical current flow
under the applied voltage. An electrical resistance of ~55 Ohm is ob-
tained after the deposit. Fig. 4a and b shows complete and incomplete
chains, with a width of approximately 1000 + 100 nm, roughly the size
of a few FLMG nanoparticles.

Furthermore, a significant amount of material appears to be depos-
ited on top of the gold electrodes due to not being affected by the electric
field. However, it is worth noting that this portion of the deposit will not
significantly participate in the sensing performance of the device.

While the ME and CVD devices are made with bidimensional GBM,
BM100 is composed of GBM nanoparticles. The crucial distinction can be
better depicted in the SEM image comparison shown in Fig. S7 in the
Supporting Information, contrasting BM100 with CVD samples as an
example. Consequently, analyzing surface roughness cannot be
approached in the same manner as with the previous devices. However,
AFM provides a detailed morphology of the nanoparticles, which closely
aligns with observations made under SEM. These nanoparticles exhibit
irregular shapes; importantly, both the lateral size and height of these
nanoparticles are fairly similar, suggesting they could be considered
spherical with typical diameters of a few hundred nanometers, consis-
tent with prior observations [18].

Average Raman spectrum is shown in Fig. 4c and reveals a relatively
defective material in terms of the I(D)/I(G) ratio with a value of 0.75.
However, as opposed to CVD850, the deconvolution analysis presented
in Fig. S8 in the Supporting Information reveals an I(D*)/I(G) ratio that
suggests a relatively low degree of oxygenated functional groups, with a
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Fig. 4. (a) Optic micrograph, (b) AFM image, and (c) broad range average Raman spectrum for the BM100 device.

value of 0.05. In addition, the deconvolution analysis reveals I(D")/1(G)
and I(D)/I(G) ratios of 0.13, and 0.22, respectively. In addition to an I
(D)/1(D") ratio of 3.35, similar to that of CVD850 and related to the
contribution of grain boundaries to the defect’s nature.

3.2. Gas sensing

As discussed, the materials within the studied devices present several
differences in their physicochemical characteristic despite being largely
classified as non-oxidized GBM. For instance, the rise of additional
Raman bands, related to different defects, and the surface modification
through terrace structures suggests crucial differences in terms of po-
tential analyte adsorption sites during the gas sensing operation.

The sensing performance of the different devices under all three tests
is presented in Fig. 5. Noteworthy, all graphene-based devices exhibited
a robust response, in the form of a change in electrical resistance, to-
wards the presence of 1 ppm of NO3 in air after 15 min of exposure at
room temperature, demonstrating their capability to monitor this ana-
lyte for different applications. However, there are notable differences
worth discussing.

Whereas pristine graphene exhibits neutral conductivity, with a
balanced concentration of positive and negative charge carriers [30],
most GBM, when used as active material in gas sensors, behave as p-type
semiconductors. Under normal atmospheric conditions, contaminants
such as oxygen or water are adsorbed onto the materials surface, these
molecules undergo a charge transfer process in which they capture
electrons from the graphene lattice. Which in turn biases the conduc-
tivity of the GBM to p-type [59-61]. This p-type behavior is observed
during the NOy measurements, i.e., the oxidizer NOy draws electrons

upon adsorption, decreasing the material’s electrical resistance, for all
devices except the ME device. In contrast, the ME device increases its
resistance during NO, exposure, indicating an n-type behavior.

Similar behavior has been observed in the scientific literature, with
hypotheses such as n-doping from the substrate [62,63] or
photo-induced desorption of the p-type doping adsorbates [64,65] have
been proposed to explain it. Further explanations are beyond the scope
of the current research, noting that the use and performance of these
sensors are not conditioned by the sign of their response but rather by
other parameters that are later discussed.

The ME device responds to NO, with a mean (3) maximum response
of 6.30 + 3.81 %, with the large deviation being conditioned by the first
exposure, a behavior usually observed in gas sensors (see Fig. 5A1). The
device exhibits partial recovery and the response is decreased after each
exposure. This indicates that even under UV irradiation, the device has
limited NO; desorption during the 15 min timeframe. Thus, despite ME
having the lowest RMS noise value (9 ppm), partial recovery prevents a
correct calculation of the LoD value since the sensitivity slope does not
converge (Fig. 5B1).

For the p-type behaving devices, their NO5 sensing performance can
be divided into two groups:

In the first group, CVD890 and CVD935 devices display a relatively
low amplitude response towards NO,. Despite being similar in their
physicochemical properties, they notably differ in their mean (3)
maximum responses are —0.11 + 0.02 % and —0.84 + 0.09 % for
CVD890 and CVD935, respectively (Fig. 5A3-4). In this case, with a low
deviation between runs due to the full recovery that these devices
exhibit under UV irradiation. The RMS calculations provide noise values
of 82 ppm for CVD890 and 77 ppm for CVD935, which, along with their
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Fig. 5. Real-time responsiveness of ME, CVD850, CVD890, CVD935, and BM100. Figures are presented in lettered columns (A-C) for each sensing test and numbered
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sensitivity lead to an exceptionally low LoD of 21.74 + 0.72 and 110.06
+ 2.15 parts per billion (ppb), respectively (Fig. 5B3-4). Notably, these
devices exhibit excellent reproducibility, with their response being
similar to that of a previous batch fabricated under the same conditions
as previously reported [39].

In the second group, CVD850 and BM100 present relatively high
amplitude responses with partial recovery that substantially hinders
reproducibility and causes a decreased performance across runs. For
CVD850, the mean (3) maximum response is —36.00 + 26.89 %, again
with a dispersion heavily affected by the strong partial recovery
(Fig. 5A2). The response of CVD850 device during exposure tends to
reach saturation, or steady state, causing the largest variation in device
resistivity to occur during the first minutes of exposure. This device
presents the highest RMS noise with a value of 1.21 % (12.100 ppm).
Likewise, for BM100 device, the mean (3) maximum response is —6.63
+ 2.05 % (Fig. 5A5). The response dynamics resemble those of the
CVD890 and CVD935 devices despite the differences in the sensing
material. Similar to the case of ME device, the LoD of neither CVD850
nor BM100 can be accurately calculated with Equation (2) due to the
strong partial recovery effect (Fig. 5B2 and B5).

Interestingly, a similar analysis can be applied to the CO tests pre-
sented in Fig. 5C1-5. The ME device further confirms its n-type behavior,
i.e., a decrease in the resistance upon an electron-donating effect of CO
(Fig. 5C1) [15,60], similarly, the rest of the devices further confirm their
p-type behavior.

CVD890 and CVD935 devices respond to 10 ppm of CO with a
variation of 0.14 + 0.06 % and 0.71 + 0.20 %, respectively, a similar
magnitude to their response towards NO,, with a slight partial recovery.
All the results suggest that these devices work analogously towards
oxidizing and reducing gaseous analytes, as previously reported [39]. In
contrast, CVD850 device exhibits a response to CO with a mean (3) value
of 5.98 + 2.56 %, barely distinguishable from the device’s noise,
whereas BM100 exhibits no response whatsoever (Fig. 5C2 and C5).
Interestingly, CVD850 and BM100 devices show the larger response
towards 1 ppm of NO5 and the lowest towards 10 ppm of CO, exhibiting
excellent selectivity.

Thus, significant differences are observed among the five different
non-oxidized graphene-based chemiresistive gas sensors. While all of
them can be used as sub-ppm NO-, gas sensors, their differences in terms
of response magnitude, recovery capability, noise ratio, and specificity
toward other analytes can substantially influence their potential appli-
cations. These differences can be better understood through careful
correlation analysis and interpretation of the comprehensive charac-
terization previously presented.

3.3. Correlation analysis

To further elucidate the sensing behavior of this collection of non-
oxidized graphene-based sensors, a systematic correlation analysis be-
tween the material’s properties and the sensor’s performance metrics
was performed through LASSO regression technique. The dataset from
structural characterization includes a large number of features, the
terrace density and the different Raman ratios (I(D), I(D*), I(2D) and I
(D") over I(G)) and the base resistance (Ohm) and its noise (ppm), some
of which may be irrelevant or have minimal impact on specific target
variables, the mean maximum responses to NO, and CO, as well as a
selectivity parameter obtained through the coefficient of the previous.
For direct inspection, the values of the ratios between the amplitudes of
the main Raman modes were used are shown in Table 1.

Fig. 6 and Table S3 in the Supporting Information show the primary
and secondary discriminant parameters for each pair of samples, ob-
tained by the LASSO regression technique. The results illustrated in
Fig. 6 can be interpreted as the following example: The most accurate
parameter to distinguish between the ME and the CVD935 device, in
terms of their response to NO, and CO is the I(2D)/I(G) - which had a
value of 1.13 for ME and 0.56 for CVD935 -. This is also true to
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Table 1
Values of the amplitude ratios of the main Raman modes obtained by Lorentzian
fitting.

Raman ratios ME CVD850 CVD890 CVD935 BM100
1(2D)/1(G) 1.13 0.41 0.45 0.56 0.46
1(D)/1(G) ~0 0.87 0.44 0.29 0.75
1(D*)/1(G) ~0 0.19 0.02 0.01 0.05
1(D")/1(G) ~0 0.24 0.04 0.03 0.13
1(D")/I(G) ~0 0.28 0.10 0.05 0.22

distinguish between ME and CVD890, as expected from the similarity
between CVD890 and CVD935.

Henceforth, the LASSO method shows some notable results. For
instance, the I(D*)/I(G) parameter discriminates between the relatively
defective devices and the rest, when analyzing their responses to both
NO; and CO, more accurately than the I(D)/I(G). Meaning that, for such
devices, it is not the overall defectivity of the device which mainly
conditions their sensing performance, but rather the ratio related to the
oxygen-containing groups. The I(D*)/I(G) parameter is also relevant to
distinguish between the two relatively defective materials — CVD850
and BM100 -.

Notably, for some sets of devices, CVD935 vs BM100 and CVD890 vs
BM100, the parameters to distinguish the sensors in terms of their
response towards NO, and CO differ. Essentially revealing that the
sensing mechanisms for both analytes are mainly affected by different
physicochemical parameters. Results suggest that, for CO detection, the
terraces play the main role, whereas for NO,, the mechanisms at play
would be more related to the amorphization or presence of oxygen-
containing groups.

Overall, the I(D)/I(G) ratio appears to be relevant to the device’s
discrimination only when highly pristine (ME) and relatively highly
defective (CVD850 and BM100) materials are compared.

3.4. Summary

Defects within the graphene structure significantly influence the
performance of graphene-based sensors. Although the I(D)/I(G) Raman
ratio is commonly used to correlate these defects, it has limited accuracy
in capturing the specific nature of these defects. Additionally, members
of the graphene-based material family may behave like different mate-
rial systems, affecting the relationship between their physicochemical
properties and sensing performance. It has been proven here that more
often, the nature of defects, represented by I(D")/1(G), related to the
carbon amorphous phase, or I(D*)/I(G), related to oxygen-containing
groups, are best suited to understand the graphene-based gas sensors
sensitivity and selectivity.

Here it is shown that through a controlled application of the CVD
technique, where temperature is a critical factor, the structural ordering
of the resulting GBM can be manipulated, as observed in the Raman
spectra through the D" band.

To enhance sensitivity while also maintaining selectivity in a device,
keeping a high level of amorphization with a low degree of oxidation
proves effective. Specifically, a CVD-synthesized GBM grown at a tem-
perature of 850 °C exhibited a high degree of amorphization. This
structural characteristic conferred the device with exceptionally high
sensitivity to NOy with good selectivity against CO. This approach was
further demonstrated with the ball-milled BM100 device. Additionally,
the selectivity was correlated with the D" and D bands observed in the
Raman spectra, illustrating the relationship between these structural
characteristics and the sensor’s performance.

As the temperature in the CVD process is increased, there is a cor-
responding decrease in amorphization, as evidenced when comparing
samples CVD890 and CVD935 with CVD850. The higher crystallinity
leads to an increase in the response towards CO, achieving detection
capabilities below the recommended exposure limits. This suggests a
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positive dependence between amorphization and selectivity, as also
observed in the mechanically exfoliated GBM device ME.

Finally, the formation of terrace structures at higher CVD tempera-
tures suggests the generation of reactive sites that improve sensitivity
towards both tested analytes with exceptional desorption and recovery
characteristics.

4. Conclusions

This work showcases five different sensors based on non-oxidized
graphene-based materials (GBM). All sensors are capable of detecting
NO; at room temperature, even at sub-ppm concentration levels below
the human toxicity threshold. However, they exhibit markedly different
sensing performances.

In this study, we investigated NO5 detection using sensors based on
GBM, ranging from highly amorphous carbon to quasi-pristine gra-
phene. The number and nature of defects in these materials are critical in
correlating their structure with the sensor’s response to NO2 and CO,
and in determining their selectivity. We explored various types of de-
fects, including amorphization, oxidation, and nucleation terraces,
which resulted in a diverse range of responses. Quasi-pristine graphene
exhibited a strong response but lacked selectivity. In contrast, Few-
Layered Mesoporous Graphene (FLMG) displayed high sensitivity to
NO; and complete immunity to CO. Additionally, nucleation terraces
induced by higher temperatures in CVD-grown graphene-based sensors
enhanced sensitivity but did not improve selectivity in the response.

For similar GBM, especially those obtained from the same method
with slight variations, it is crucial to consider a variety of characteristic
parameters. This work demonstrates that advanced analysis of Raman
spectroscopy is sufficient to derive most parameters that effectively
differentiate between non-oxidized GBM exhibiting distinct sensing
behaviors. By employing LASSO regression, we ensured empirical re-
sults free from subjective correlations, identifying key parameters gov-
erning gas response behavior. This approach paves the way for designing
graphene-based sensor arrays that capitalize on graphene’s room tem-
perature operation and its varied sensing performances for advanced
applications.

The ultimate aim is to develop efficient processes for producing GBM
with customized gas sensing characteristics, hence offering a framework
for additional investigation into the thorough morphological and
structural characterisation of defects in carbon-based gas sensor sam-
ples. Based on this research, there is a significant opportunity to create
databases for the efficient pre-design of defect-containing materials.
This approach could extend to utilizing deep learning techniques for
accurately predicting sensor responses, thereby advancing novel
methods in gas sensor fabrication.
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