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Abstract

Volatile Organic Compounds (VOCs) are important indicators of environmental pollution
and metabolic activity, making their sensitive and selective detection highly relevant
for applications in health monitoring and air quality assessment. Graphene, owing to its
exceptional charge transport properties, large surface area, and tunable surface chemistry, is
a promising candidate for advanced gas and VOCs sensing. Here we report chemoresistive
sensors based on pristine graphene and graphene decorated with platinum (Pt), palladium
(Pd), and gold (Au) nanoparticles toward both aromatic (benzene, toluene, and xylene) and
non-aromatic (ethanol, methanol, and acetone) vapor compound detection. The detection
is achieved at room temperature, and the results demonstrate that graphene functionalized
with noble metal nanoparticles shows significant enhancements in sensitivity compared to
pristine graphene, mainly against ethanol, toluene and xylene vapors for the Au–graphene
sensors. A comparative study with Multi-Walled Carbon Nanotube (MWCNT) sensors
decorated with the same type of nanoparticles revealed clear advantages of graphene,
attributed to the microstructure and porous structure of graphene powders, which facilitate
efficient charge transfer upon vapor adsorption.

Keywords: sensors; nanomaterials; decorated graphene; FESEM; EDX; chemoresistive;
VOCs sensors

1. Introduction
Volatile organic compounds (VOCs) constitute a major class of hazardous air pollu-

tants released into the environment because of both industrial processes and everyday
human activities [1]. In addition to industrial emissions, VOCs originate from common
sources such as household cleaning products, painting, vehicle exhaust, tobacco smoke,
and cooking [2]. Even at trace concentrations in the environment, they not only contribute
to adverse environmental consequences, negatively impacting ecosystems and overall
environmental health in general, but also impose significant risks to the health of humans
and animals [3,4]. A prominent example is benzene, an aromatic VOC that is recognized as
a carcinogen [5,6], and establishing a safe exposure limit for this compound is challenging.

Various countries and regions have developed their own regulatory frameworks
and standards to address air quality and industrial emissions, including those related to
VOCs. The American Conference of Governmental Industrial Hygienists (ACGIH) has
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set occupational exposure limits, specifying that the eight-hour time-weighted average
(TWA) concentration of benzene indoors should not exceed 0.5 ppm, while for ethanol, the
limit is 1000 ppm [2,7,8]. Similarly, the European Parliament, through a Council directive,
has determined that the permissible limit for exposure to benzene is 1.6 parts per billion
(ppb). In addition, the US Occupational Safety and Health Administration has defined
Permissible Exposure Limits (PELs) for toluene and xylene, setting their eight-hour TWA
concentrations at 10 ppm and 100 ppm, respectively [9].

VOCs can also serve as powerful analytical markers with significant practical ap-
plications. In the food industry, for example, the chemical profiles of VOCs emitted by
products such as roasted coffee provide valuable information about origin, quality, and
processing history [10]. Electronic noses, devices designed to mimic the human olfactory
system, have been used to rapidly characterize and differentiate products based on their
volatile signatures [11]. Beyond food, VOC emissions have been employed as non-invasive
biomarkers for diverse pathologies, providing insights into disease states and enabling
early detection [12,13]. For instance, specific VOC patterns in breath or biological samples
have been associated with metabolic disorders, cancers, and infectious diseases.

Taken together, the dual significance of VOCs as both environmental hazards and
informative chemical markers highlights the pressing need to develop efficient methods
for the precise detection and monitoring of these vapors, involving the achievement of
high sensitivity, excellent selectivity, low power consumption, cost-effectiveness, and
reversibility. These sensors should be capable of accurately signaling elevated levels of
specific pollutants to the general population or industrial workers (e.g., in petrochemical,
agricultural, road construction, and landfill sites).

Most of the gas detection methods available are often associated with instru-
ments which provide fairly accurate, selective gas readings with a high response time
(from 5 to 40 min) such as Gas Chromatography–Mass Spectrometry (GC-MS) [14,15],
Fourier Transform Infrared Spectroscopy (FTIR) and high-performance liquid chromatog-
raphy (HPLC) mass spectrometry [16]. However, they sometimes involve the use of bulky
equipment and sophisticated sampling and delivery, which require qualified personnel
for operation, resulting in high costs and substantial maintenance requirements, typically
designed for fixed chemical analysis in reference laboratories.

To overcome these limitations, various approaches have been developed to miniaturize
gas detection devices, to improve their portability, cost of accessibility, and facility of
use. The aim is to extend the reach of gas detection beyond the confines of traditional
laboratories and enable field detection in various environments. Miniaturization efforts
involve exploring novel materials and technologies.

Among the sophisticated materials utilized in gas sensing technologies, graphene [17–19]
and multi-walled carbon nanotubes (MWCNTs) [20–23] are particularly notable due to their
remarkable electronic and structural characteristics. Despite both materials demonstrating
similarities as carbon-based nanostructures, their inherent differences in sensing mechanisms,
performance features, and practical applications yield important insights for the enhancement
of highly sensitive and selective detection systems, with graphene-based materials emerging
as promising candidates for enhancing the sensitivity and responsiveness of gas sensors.
Graphene’s unique electronic properties, large surface area, and sensitivity to molecular ad-
sorption make it an attractive material for developing compact and efficient gas sensors [24,25].
As a result, ongoing research focuses on integrating graphene and its derivatives into sensor
technology, paving the way for advancements in real-time, portable gas detection devices
capable of addressing a wider array of applications, from industrial settings to environmental
monitoring and personal safety.
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However, the surface of pristine graphene lacks dangling bonds, which limits gas ad-
sorption and practical sensing performance. Functionalization with polymers, metals, or other
modifiers is therefore necessary to introduce active sites for analyte interaction [26,27]. These
functional coatings act as trapping centers for target molecules, and upon adsorption, they
induce localized changes in the electrical resistance of the graphene-based sensor. This occurs
because adsorbed molecules act as either electron donors or acceptors, shifting the Fermi level
of graphene and altering its carrier concentration. Consequently, the charge transfer between
the analyte and the graphene surface modulates the conductivity, producing a measurable
electrical signal proportional to the concentration of the target species [28].

Xia et al., 2018 [29], provided a comprehensive review of graphene/metal oxide
hybrids, emphasizing their promising attributes for gas sensing applications. The authors
noted that combining graphene with metal oxides (MOxs) results in enhanced sensing
performance due to the synergistic effects between the two materials. Various MOxs,
including SnO2, ZnO, and WO3, were discussed as effective materials in hybrid structures,
demonstrating improved sensitivity and selectivity for gas detection. This review illustrates
the versatility of graphene-based materials and their potential to outperform traditional
sensing materials, such as MWCNTs, in specific applications.

In 2019, Piszter et al. [30] investigated the vapor sensing properties of graphene
covered gold nanoparticles, revealing that smaller, dome-like gold nanoparticles exhibited
greater sensitivity towards specific vapors, such as ethanol and 2-propanol. The research
underscored the significance of graphene’s unique properties, which, when combined
with gold nanoparticles, can lead to enhanced gas sensing capabilities through changes in
conductivity induced by gas adsorption.

Most of the studies reporting the gas sensing performance of noble metal loaded
graphene nanomaterials are centered on the detection of NO2, NH3 and H2 [17,31]. In con-
trast, this paper reports chemoresistive sensors based on pristine graphene and graphene
decorated with platinum (Pt), palladium (Pd), and gold (Au) nanoparticles for detecting
both aromatic (benzene, toluene, and xylene) and non-aromatic (ethanol, methanol, and
acetone) VOCs. Furthermore, the metal NP decoration of graphene is implemented via
sputtering, thus avoiding the use of solvents and achieving highly pure materials. The de-
tection was performed at room temperature without any external heating for the deposited
nanomaterials, contrary to conventional metal oxide sensors that require elevated operating
temperatures [32]. The results demonstrate that graphene functionalized with noble metal
nanoparticles shows significant enhancements in sensitivity compared to pristine graphene.
A comparative study with multi-walled carbon nanotube (MWCNT) sensors decorated
with the same nanoparticles revealed clear advantages of graphene. Au–graphene-based
sensors exhibited higher sensitivity, particularly toward ethanol, toluene and xylene vapors.

2. Materials and Methods
2.1. Graphene Synthesis and Metal Decoration

The graphene powder referenced in this study was procured from Strem Chemicals
Inc. (Newburyport, MA, USA) and is acknowledged as reference number 06-0235.

The graphene procured consisted of multilayer graphene powders with remarkable
oxygen content, estimated at 8%, which significantly contributed to its improved dispersibil-
ity in various solvents and enhanced surface reactivity in interactions with gas molecules,
thereby facilitating a broader range of potential applications in advanced materials science
and nanotechnology.

The graphene powder that was employed in the experimental procedures was utilized
in its original form without undergoing any additional modifications or treatments to
alter its fundamental properties. To ensure the formation of a uniform and homogeneous
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suspension, a precise quantity of 10 mg of graphene was subjected to ultrasonication using
a Bandelin electronic GmbH (Berlin, Germany) device, conducted in a volume of 10 mL of
ethanol for one hour and operating at a high frequency of 35 kHz, which was crucial for
preventing the agglomeration of the graphene particles during the process. Following this
ultrasonication step, the resulting suspension was meticulously airbrushed onto the surface
of commercial alumina transducers (containing silicates) sourced from Ceram Tech GmBH
in Germany, ensuring that the interdigitated electrode regions were uniformly coated with
thin films of graphene. During the airbrushing procedure, nitrogen was used as carrier
gas. To preserve the integrity of the thin films, their electrical resistance was continuously
monitored throughout the deposition process. This was achieved by connecting the alumina
transducer to a multimeter, which allowed precise control over the deposition parameters.
The room-temperature resistance of the deposited graphene, Au–graphene, Pt–graphene
and Pd–graphene layers was typically about 30 kΩ, 7 kΩ, 20 kΩ and 9 kΩ respectively.

The deposition process was terminated immediately upon achieving the target resis-
tance value of the material, resulting in the successful production of four distinct sets of
samples incorporating pristine graphene.

In the subsequent step of the experimental protocol, the graphene sensors were sub-
jected to a decoration process involving the application of metal nanoparticles, specifically
those of palladium (Pd), platinum (Pt), and gold (Au), utilizing the sputtering technique as
the method of choice for deposition. This is a solvent-free and straightforward method for
decorating the surface of defective graphene with pure metal nanoparticles. The parameters
for this sputtering process were meticulously optimized based on previous experience.
They were adopted for the nominal deposition of 3 nm thick metal films, which should, in
practice, result in the formation of metal nanoparticles of a few nm dispersed on the surface
of graphene. For the deposition of palladium, the system was set to operate at a power
level of 30 W for a duration of 20 s utilizing RF power, whereas for platinum, the power
was also maintained at 30 W but for a reduced time of 10 s using DC power, and finally,
for the deposition of gold nanoparticles, the same power level of 30 W was employed for
an extended period of 20 s again using RF power. In both instances, the chamber pressure
was rigorously maintained at a level of 0.1 Torr, and a carefully controlled flow of argon
gas was introduced into the deposition chamber to facilitate the process. Additionally, the
targets used for the sputtering process, specifically those for platinum and palladium, were
of exceptionally high purity, exceeding 99.95%, thereby ensuring the quality and reliability
of the deposited metal layers on the graphene sensors.

2.2. Characterization Techniques

The graphene-based sensors were characterized using Field Emission Scanning Elec-
tron Microscopy (FESEM) and EDX (energy-dispersive X-ray spectroscopy) analysis.

Morphological features of graphene, including surface continuity, crack formation,
and nanoparticle distribution, were investigated using a Thermo Fisher Scientific™ Scios™
2 DualBeam™ (Waltham, MA, USA) field emission scanning electron microscope. FESEM
images were acquired at an accelerating voltage of 5 kV and an electron beam current
of 50 pA over a range of magnifications. Depending on the required contrast, in-lens
detectors (T1/T2) were employed to enhance surface topography and material contrast,
while an Everhart–Thornley detector (ETD) was used for conventional secondary electron
imaging. The A+B acquisition mode, corresponding to the summed signal from two
detector segments, was applied to improve the signal-to-noise ratio, and frame integration
was used when necessary to minimize charging or drifting effects. All imaging parameters,
including the working distance, are indicated on the corresponding micrographs. Also,
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transmission electron microscopy of graphene flakes was performed in a JEOL JEM 2100F
(Tokyo, Japan) TEM, operated at 200 kV.

In addition, an energy-dispersive X-ray (EDX) analysis was performed on the samples
to confirm the presence of the different elements.

2.3. Gas Sensing Measurements

The developed sensors based on pristine graphene, Pd–graphene, Pt–graphene and
Au–graphene were evaluated for the detection of volatile organic compounds (VOCs)
including aromatic VOCs (benzene, toluene and xylene, 99.8% pure, sourced from Sigma
Aldrich, St. Louis, MO, USA) and non-aromatic VOCs (ethanol, methanol and acetone,
99.5% pure, purchased from Sigma Aldrich). As highlighted earlier, these compounds pose
risks to both human health and the environment. In all the measurements, two sensors per
nanomaterial type were fabricated for all the VOC and non-VOC tests.

The vapors were generated using a dilution bench consisting of a chemical vaporiza-
tion cell for the solvents and two flowmeters (Brook Instruments, Hatfield, PA, USA) to
ensure precise and consistent concentrations of the tested vapors. Dry air was used for
dilution and as carrier gas from Air Liquide (ZI Charguia, Tunisia). Vapor concentrations
were controlled by adjusting the relative flow rates of the dry air carrier and the analyte
vapor, allowing precise tuning of VOC concentrations. This setup was connected to a sensor
cell with a volume of 40 cm3, capable of housing up to six sensors simultaneously. Sensor
resistance was measured using an Agilent HP 34972A multimeter (Santa Clara, CA, USA)
at a fixed operating frequency of 50 Hz. Further details and a schematic representation of
the setup employed for generating and delivering the vapors can be found elsewhere [33].

All measurements were performed at room temperature (25 ◦C, 65% R.H.) under
a constant dry air flow rate of 100 cm3/min, ensuring that the flow through the sensor
chamber remained stable while only the analyte concentration was varied.

The sensor response was quantified as the normalized resistance variation, as outlined
in the following equation:

∆R/R0 (%) =
[(

Rg − R0)/ R0)]× 100 (1)

where R0 is the baseline resistance measured under the carrier gas (dry air), and Rg is
the resistance measured upon exposure to the aromatic or non-aromatic VOC. The sensor
sensitivity was defined as the slope of the calibration curve giving sensor response (%) per
vapor concentrations unit (ppm):

Sensitivity (%. × ppm−1) = change in sensor response/change in vapor concentration (2)

3. Results
3.1. Material Characterization
FESEM

Field Emission Scanning Electron Microscopy (FESEM) was employed to investigate
the surface morphology of pristine graphene and graphene decorated with noble metals
(Au, Pt, and Pd).

Figure 1 depicts the FESEM images of pristine graphene. The images clearly show
a highly agglomerated and irregular surface morphology with non-uniform distribution
across the sample. The structure exhibits significant porosity, characterized by numerous
voids and interconnected gaps between clustered domains.
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(a) (b) 

Figure 1. FESEM images of pristine graphene at different magnifications using ETD (a) and T2 (b) detectors.

At low magnification, the Au nanoparticle-decorated graphene appears homoge-
neously distributed over the alumina substrate (Figure 2a). As the magnification increases
(Figure 2b), small bright dots corresponding to higher-atomic-number materials were ob-
served, which are identified as gold (Au) nanoparticles. The Au nanoparticles are relatively
well dispersed across the graphene surface. Furthermore, Figure 2c highlights the highly
porous morphology of the Au nanoparticle-decorated graphene layer, which is advan-
tageous for gas sensing applications as increased surface area and porosity enhance gas
molecule adsorption and diffusion. Furthermore, the morphology of pristine graphene
was studied at higher magnification, employing transmission electron microscopy. The
results (see Figure S4, Supplementary Materials) confirm that the graphene used possessed
a two-dimensional, multi-layer morphology [34].

  
(a) (b) 

 
(c) 

Figure 2. FESEM images showing the morphology of Au nanoparticle-decorated graphene at different
magnifications: (a) low-magnification image showing the overall morphology of the composite,
(b) higher magnification revealing the distribution of Au nanoparticles on the graphene sheets, and
(c) detailed view illustrating the dense decoration of Au nanoparticles on the graphene surface.
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Elemental composition was analyzed using energy-dispersive X-ray spectroscopy
(EDX) coupled to the FESEM system. Table 1 summarizes the elemental weight percentages.
The results confirm that carbon is the primary constituent of the graphene layer, while oxy-
gen and aluminum originate from the alumina substrate. The presence of gold (2.54 wt.%)
in the decorated sample confirms the successful deposition of Au nanoparticles onto the
graphene surface. The relatively high aluminum and oxygen signals are attributed to the
thinness of the graphene layer, which allows X-ray signals from the underlying substrate to
be detected. Overall, the EDX analysis verifies the effective decoration of graphene with
gold nanoparticles within the active sensing area.

Table 1. EDX results for Au nanoparticle-decorated graphene.

Element Extracted Spectrum

Weight % Weight % Err Atom % Atom % Err Norm. Wt. % Chemical
Formula

C K 31.86 0.14 44.27 0.19 31.86 C
O K 35.26 0.18 36.78 0.19 35.26 O
Al K 29.36 0.13 18.16 0.08 29.36 Al
Si K 0.98 0.05 0.58 0.03 0.98 Si

Au M 2.54 0.20 0.22 0.02 2.54 Au
Total 100.00 100.00 100.00

An equivalent analysis was performed for the platinum-decorated graphene sample. The
FESEM images (Figure 3) show a porous morphology. However, the distribution of platinum
nanoparticles is not clearly distinguishable across the surface at any magnification level.

  
(a) (b) 

Figure 3. FESEM images showing the morphology of Pt nanoparticle-decorated graphene at different
magnifications: (a) low-magnification image showing the overall morphology of the composite and
(b) higher magnification, Pt-nanoparticles on the graphene sheets are not clearly distinguishable
across the surface.

The elemental analysis (Table S1: Supplementary Materials) confirms the presence
of platinum (4.02 wt.%). Carbon (55.48 wt.%) and oxygen (22.82 wt.%) remain the domi-
nant elements, while aluminum (15.33 wt.%) and silicon (2.36 wt.%) are attributed to the
alumina substrate.

The palladium-decorated graphene sample (Figure 4) also exhibits a porous and inho-
mogeneous morphology. Similarly, to the Pt-decorated sample, palladium nanoparticles
are not clearly distinguishable across the surface at any magnification level, suggesting
either fine dispersion below the detection limit of FESEM or partial embedding within the
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graphene matrix. EDX (see Figure S1, Supplementary Materials) is not sensitive enough for
detecting Pd on the surface, indicating that this metal is at a concentration below 1 wt.%.

  
(a) (b) 

Figure 4. FESEM images showing the morphology of Pd nanoparticle-decorated graphene at different
magnifications: (a) low-magnification image showing the overall morphology of the composite,
(b) higher magnification, Pd-nanoparticles on the graphene sheets are not clearly distinguishable
across the surface.

3.2. Gas Sensing Results
3.2.1. Detection of Non-Aromatic VOC

The results in Figure 5 show that graphene-based VOCs sensors exhibit notable
response toward ethanol with a clear performance enhancement achieved through func-
tionalization with noble metal nanoparticles. While pristine graphene shows a measurable
resistance change (∆R/R0) upon ethanol exposure, its sensitivity remains relatively limited.
This behavior is generally attributed to weak physisorption of ethanol molecules and
insufficient charge-transfer interactions at the graphene surface, as commonly reported in
graphene-based chemoresistive sensors [35].

Figure 5. Sensor response and recovery cycles for pulses of ethanol at increasing concentrations, as indicated.
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The response and recovery times are defined as the time needed for reaching 90% of the
maximum response value during an exposure and the time needed for reaching 10% of the
maximum response value during a baseline recovery, respectively. Response and recovery
times for ethanol are shown in the Supplementary Materials in Table S2. The presence of
response drift suggests the presence of a chemisorption phenomenon, more evident for
higher concentrations of the target species. In a practical application, this issue could be
addressed by applying mild heating regularly to the sensors or by applying a baseline
correction algorithm.

In contrast, graphene functionalized with noble metal nanoparticles such as platinum
(Pt), palladium (Pd), and gold (Au) exhibits significantly higher response amplitudes across
the investigated ethanol concentration range (1–13 ppm). This enhancement is primarily
associated with the catalytic activity and electronic properties of noble metals, which intro-
duce additional active adsorption sites and facilitate more efficient charge transfer between
ethanol molecules and the modified graphene layer. Among the investigated materials,
Au-decorated graphene demonstrates the highest sensitivity, which can be attributed to
gold’s superior catalytic efficiency and high electron affinity, promoting stronger adsorption
and enhanced electron exchange processes with ethanol molecules. Similar improvements
in sensing performance through noble metal decoration of multiwalled carbon nanotubes
have been widely reported in the literature [33].

Figure S2a,b (Supplementary Materials) show the graphene-based gas sensor response
to methanol and acetone respectively. The sensitivity to methanol shows small differences
among the sensors. Methanol is a small, highly volatile molecule with a relatively strong
dipole moment (larger than ethanol), which allows it to interact efficiently with all sensor
surfaces. As a result, the amount of methanol adsorbed on the different surfaces at room
temperature is comparable, leading to the small differences observed in sensor responses.
In contrast, acetone exhibits better sensitivity on graphene layers decorated with metal
nanoparticles compared to pristine graphene. However, the same sensitivity is observed for
the different metal nanoparticle-modified graphene layers (Table 2). The higher sensitivity
is obtained for ethanol due to the stronger adsorption. The lowest concentration tested
is 1 ppm for ethanol, which, combined with the very low noise levels observed in these
responses (about 0.15% for Au–graphene at room temperature), indicates that the lower
detection limit is in a range of about 150 ppb. This estimation of the limit of detection (LOD)
considers that a meaningful response signal should be at least three times higher than the
noise level experienced.

Table 2. Sensitivity of different sensors for different vapors.

×10−2%.ppm−1 Ethanol Methanol Acetone Benzene Toluene Xylene

Graphene 24.9 ± 1.5 13.0 ± 0.7 6.0 ± 0.3 8.7 ± 0.4 29.3 ± 2.0 110.1 ± 4.1
Au–Graphene 50.1 ± 3.0 14.4 ± 0.8 12.9 ± 0.6 17.0 ± 1.8 63.2 ± 4.2 198.2 ± 7.9
Pd–Graphene 36.0 ± 2.0 14.3 ± 0.7 11.8 ± 0.4 15.0 ± 1.3 48.7 ± 3.1 183.3 ± 6.9
Pt–Graphene 39.4 ± 2.1 14.2 ± 0.6 11.2 ± 0.4 15.1 ± 1.5 60.9 ± 4.1 194.2 ± 7.7

3.2.2. Detection of Aromatic VOCs

The results in Figure 6 show that graphene-based gas sensors exhibit notable re-
sponse toward xylene vapors with a clear performance enhancement achieved through
functionalization with noble metal nanoparticles. The signal drifts show a chemisorption
phenomenon, and the recovery can be better achieved with external heating. This drift is
more evident for higher concentrations of the target vapor.
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Figure 6. Sensor responses at different xylene concentrations for the developed sensors (xylene
concentrations are indicated in the figure).

Moreover, the sensitivity of the developed sensors is higher for xylene compared
to benzene and toluene (Figure S2c,d: Supplementary Materials and Table 2). In fact,
several studies have shown that Pt-, Pd-, and Au-decorated multiwalled carbon nanotubes
(MWCNTs) exhibit very limited or no sensitivity toward aromatic VOCs, in contrast with
similarly decorated graphene-based materials, which display only weak but measurable
responses. In particular, the works of Zanolli et al. [36] and Leghrib et al. [35] demonstrate
that benzene and toluene only interact through weak physisorption with noble-metal
nanoparticles on MWCNTs, resulting in negligible charge transfer and, consequently, an
undetectable change in the nanotube conductivity. This behavior is consistent with DFT
calculations showing that benzene forms only π–π and van der Waals interactions with
Au-, Pt-, or Pd-modified CNTs, producing adsorption energies typically below 0.2 eV and
adsorption distances above 3.3–3.8 Å values insufficient to perturb the electronic structure
of MWCNTs to a detectable extent. In contrast, graphene decorated with the same noble
metals exhibits a slightly stronger interaction with aromatic molecules due to its planar
geometry, higher density of accessible adsorption sites, and reduced curvature-induced
strain, enabling a modest but measurable sensor response.

The lowest concentration tested is 0.2 ppm for xylene, which, combined with the
very low noise levels observed in these responses (about 0.15% for Au–graphene at room
temperature), indicates that the lower detection limit is in a range of about 150 ppb. This
estimation of the limit of detection (LOD) considers that a meaningful response signal
should be at least three times higher than the noise level experienced. The adsorption
mechanism behind shows a sensor response time and recovery time for xylene (see Table S2).
The signal drift shows a chemisorption phenomenon, more evident for higher concentration
of the target vapor, thus a slower recovery.
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4. Discussion
Au-, Pt-, and Pd-decorated graphene-based gas sensors have demonstrated a notable

increase in response (∆R/R0), attributable to the spill-over effect and to an electronic
sensitization effect. The former effect is characterized by the catalytic action of the noble
metal interface, facilitating the dissociation of gases and the subsequent dispersion of
charged gaseous ions on the anchoring substrate. The latter involves metal nanoparticles
tuning the work function and electronic structure of graphene, favoring charge transfer
between the graphene host and metal nanoparticles upon gas adsorption. These phenomena
are enhanced by the presence of free electrons and the high conductivity of nanoparticles
at the nanoscale [37,38]. The results of this study will demonstrate that graphene-based
sensors decorated with metal nanoparticle exhibit sensitivity enhancement toward various
VOCs, including both aromatic (benzene, toluene, and xylene) and non-aromatic (ethanol,
methanol, and acetone) compounds.

Table 2 summarizes the sensitivity obtained from the slope of the calibration curves
for the four sensors developed toward different VOCs after several experiments based on
repeatability and reproducibility tests. The error bars in the calibration curves shown in
Figure S3 were calculated as the mean +/− the standard deviation over replicate measure-
ments performed with two replicates for all graphene sensors.

As an example, the calibration curves for xylene which exhibited the highest sensitivity
are provided in the Supplementary Materials (Figure S3) for all sensors. Compared to
bare graphene, graphene decorated with metallic nanoparticles shows enhanced sensing
performance. The sensitivity has been improved for ethanol, acetone, benzene, toluene,
and xylene. Indeed, graphene decorated with gold nanoparticles shows mainly two-fold
sensitivity increases towards ethanol and xylene vapors, revealing an overall improvement
when compared with the other graphene samples. This behavior could be interesting for
multiplexing sensor configuration for selective vapor detection in complex environments.

Both graphene and multi-walled carbon nanotubes (MWCNTs) are widely recognized
for their excellent gas sensing performance, primarily due to their large surface area
and unique surface chemistry, which facilitate strong interactions with gas molecules. In
previous work [36,39], the responses of MWCNT/Pd and MWCNT/Pt sensors to volatile
organic compounds (VOCs) were investigated. It is well known that carbon nanotube films
behave as mild p-type semiconductors; therefore, their interaction with reducing gases
such as VOCs leads to an increase in electrical resistance [39]. The decorated MWCNT
sensors demonstrated effective ethanol vapor detection at room temperature [30]. The mean
sensitivity (slope of the calibration curve) of the decorated Au, Pd and Pt- multiwalled
carbon nanotubes is shown in Table 3 [40].

Table 3. Mean values of the sensitivity (10−2% × ppm−1) to the different vapors tested for the
decorated MWCNT sensors [40].

×10−2%.ppm−1 Ethanol Methanol Acetone Benzene Toluene

Au-MWCNT 45.6 37.3 2.8 27.8 11.7
Pd-MWCNT 9.9 6.7 1.9 3.5 N/A
Pt-MWCNT 9.9 6.7 2.1 N/A N/A

The sensing results analysis of the two nanomaterials (MWCNTs and graphene) differ
due to their structural and electronic properties. The graphene used [18], with its two-
dimensional multilayer (see Figure S4) and porous structure, offers uniform conductivity
and a larger, more accessible surface area for vapor adsorption, leading to highly sensitive
and stable responses. In contrast, MWCNTs, with their cylindrical geometry, provide dis-
tinct adsorption sites influenced by the number of walls, chirality, and defect density. These
differences make MWCNTs more versatile for sensing a broader range of gases but often
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result in variable responses due to their structural heterogeneity. Furthermore, graphene
generally exhibits lower noise levels and faster recovery times compared to MWCNTs, mak-
ing it better suited for applications requiring precision and real-time monitoring. Moreover,
the work function of oxygen-treated graphene and oxygen-treated MWCNT varies from
4.2 to 4.5 eV [32] and 4.9 to 5.1 eV [37], respectively. These values are very close to those
of metals such as Pt, which is 4.8 eV; Au, which is 4.9 eV; and Pd, which is 4.95 eV [35].
Considering that the devices operate at room temperature, decoration with noble metal
nanoparticles modulates the work function and electronic structure of graphene, leading
to electronic sensitization effects. The fact that the differences in work function among
the noble metals employed are small suggests the possibility of achieving very similar
electronic sensitization effects. As a result, the sensitivity improvement observed for metal
nanoparticle-loaded graphene is also very similar (i.e., a two-fold increase in sensitivity for
the three noble metals studied). Strong hybridization between Au, Pt, or Pd nanoparticles
and graphene charge carriers may alter the density of electronic states, thereby promoting
the adsorption of gas molecules on the graphene surface. Additionally, the reduced local
work function at the interfaces between graphene and noble metal nanoparticles may
facilitate the transfer of electrons donated by adsorbed reducing species to the graphene.
Therefore, the observed differences in gas sensing performance are attributed to an in-
creased density of electronic states, which enhances gas adsorption, as well as to a reduced
barrier height at the metal nanoparticle/graphene interfaces [41]. The decorated graphene
sensors revealed clear advantages versus multiwall carbon nanotube sensors, mainly in
the detection of aromatic VOCs due to the 2D microstructure and the porous structure of
the graphene powders. Among the aromatic VOCs tested, xylene generates the highest
responses, particularly in Au–graphene sensors operated at room temperature.

Table 4 presents a comparative summary of previously reported chemoresistive de-
vices for detecting xylene vapors. Key performance parameters and operating conditions
are reported. Overall, our Au–graphene sensors demonstrate competitive performance,
with high sensitivity and low detection limits when operated at room temperature com-
pared to other sensors operating at higher temperatures. This comparison highlights the
effectiveness of the developed materials and provides a clear perspective on their potential
for practical aromatic VOC sensing applications at room temperature.

Table 4. Comparison of previously reported xylene detection performance employing resistive
sensors.

Sensing Element Concentration
Range (ppm)

TRes/TRec
(s)

LOD
ppm Response/Sensitivity Temp (◦C) Ref

Co3O4/graphene Co3O4
deposited on 3D
graphene-CVD

0.5–20 160/235 0.5 18% (0.5 ppm) RT [42]

rGO/Fe2(MoO4)3/Pt 5 wt%
rGO + Fe2(MoO4)3

nanospheres + 1 wt% Pt
100 8/6 0.5 41.3 (Ra/Rg) 175 [43]

SnSe2/MWCNT 1/50 -/261
(UV Treatment) 0.58 0.77% (50 ppm)

0.18% (1 ppm) RT (30) [44]

NiCo2O4/nanotubes
(hierarchical) 1–100 20/9 ~1 9.25 (Ra/Rg) 220 [45]

Au-TiO2 core-shell NPs (C-S
NPs) 50 458/345 0.15 165.77 (Ra/Rg) 450 [46]

W-doped NiO nanotubes
(W6+/Ni2+) 2 mol%

15–1000 178/152 N/A 9 (Ra/Rg)
(200 ppm) 375 [47]

Au-MWCNT 0.08–1.5 >1800/1800 0.08 1.5% (0.2 ppm) 40 [48]

Au–Graphene 0.2–1.2 252/682 0.15 0.67% (0.2 ppm) RT This
Work
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5. Conclusions
This paper has discussed chemoresistive sensors based on pristine graphene and

graphene decorated with platinum (Pt), palladium (Pd), and gold (Au) nanoparticles
aimed at detecting both aromatic (benzene, toluene, and xylene) and non-aromatic (ethanol,
methanol, and acetone) VOCs. Commercially available graphene powders without further
treatment were used. The decoration process consisted of sputtering deposition of noble
metal nanoparticles. The detection was achieved at room temperature, and the results
demonstrate that graphene functionalized with noble metal nanoparticles shows significant
enhancements in sensitivity compared to pristine graphene. Moreover, graphene deco-
rated with gold nanoparticles show mainly two-fold sensitivity increases towards ethanol,
toluene and xylene vapors. A comparative study with multi-walled carbon nanotube
(MWCNT) sensors decorated with the same nanoparticles revealed clear advantages of
graphene in detecting xylene with high sensitivity due to its two-dimensional electronic
structure, which facilitates efficient charge transfer upon vapor adsorption. Given that
sensors were operated at room temperature, the enhancement in sensitivity is mainly
attributed to electronic sensitization effects that result from the decoration of graphene
with noble metal nanoparticles.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/chemosensors14050111/s1. Table S1: EDX spectrum results
of Pt–graphene, Figure S1. EDX point analysis of Pd1, Figure S2. Sensor responses at different
concentrations of gases (a) methanol, (b) acetone, (c) benzene and (d) toluene for the developed
sensors (VOC concentrations are indicated in the figure). Table S2. The response time values (in
seconds) and recovery time values (in seconds) for each sensor for the detection of ethanol and
xylene respectively. Figure S3. Xylene calibration curves of graphene-based sensors. Figure S4. TEM
micrograph of the graphene nanomaterial used.
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