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ABSTRACT

This study explores the sensing capabilities of chemical vapor deposition (CVD)-
grown graphene in detecting volatile organic compounds (VOCs) through quartz
crystal microbalance (QCM) and surface plasmon resonance (SPR) techniques.
Two distinct sensing devices were developed, each tailored for QCM and SPR
transducing mechanisms, utilizing CVD graphene as the sensing element. The
sensors demonstrated consistent and reproducible responses when exposed to
various concentrations of dichloromethane, chloroform, carbon tetrachloride,
benzene, toluene, and m-xylene. Notably, both sensors exhibited unparalleled
sensitivity to dichloromethane, with the graphene-coated SPR sensor displaying
a sensitivity value of 294 x 10~ ppm™ and a limit of detection (LOD) value of
10.62 ppm. Additionally, the SPR sensor showcased remarkably swift response
and recovery times, both under 3 sec. Results indicate that the adsorption of VOC
molecules on the CVD graphene surface increases with the rising dipole moments
and vapor pressure values of the molecules. The utilization of CVD graphene in
both sensing approaches demonstrates good reproducibility in detecting ultralow
concentrations of VOCs at room temperature.
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1 Introduction

The increase in volatile organic compounds (VOCs)
emissions in recent years has raised concerns about
their impact on human health and air quality [1]. Sev-
eral VOCs have been identified as highly hazardous or
carcinogenic and can have both short-term and long-
term effects on human health and the environment [2,
3]. To address these issues, organizations such as the
World Health Organization and the Environmental
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Protection Agency have issued guidelines to limit the
concentration of VOCs in indoor and workplace envi-
ronments [4].

In environmental monitoring, VOC sensors are
employed for various purposes, including monitor-
ing indoor air quality [5], controlling traffic emissions
[6], and regulating industrial emissions and pollu-
tion [7]. However, the utility of VOC sensing extends
far beyond environmental concerns, encompassing a
diverse range of fields. In healthcare, VOC sensing is
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indispensable for disease detection and human body
monitoring [8]. Certain VOCs found in human bio-
logical fluids like blood, breath, sweat, and urine act
as biomarkers for various health conditions such as
detecting mental disorders [9], infectious diseases [10],
and cancer [11]. Similarly, in food security, VOC sens-
ing plays a crucial role in evaluating food quality and
safety [12]. VOC sensors can detect specific variations
in VOC concentrations and types indicating spoilage,
either through the alteration of existing VOC concen-
trations or the introduction of new VOCs due to bacte-
rial oxidation [13].

In the field of VOCs analysis, two primary method-
ologies are frequently employed. The first approach
utilizes analytical techniques such as gas chromatog-
raphy mass spectrometry (GC-MS) [14, 15], while the
second approach utilizes solid-state sensors, includ-
ing those based on metal oxide semiconductors (MOS)
[14, 16, 17], electrochemical (EC) methods [18, 19], and
photoionization detection (PID) [20, 21]. While GC-MS
can produce precise analysis of gases, the equipment
required for this method is large and therefore not
well-suited for point-of-use or real-time applications.
In contrast, solid-state chemical sensors offer high sen-
sitivity and portability, but possess limited selectivity
to distinguish among various VOCs [22]. To address
this limitation, alternative transducing principles such
as capacitive [23], electrochemical [18, 24], surface
acoustic wave [25], optical [26, 27], and gravimetric
[28] have been explored for VOC detection utilizing a
variety of materials, including semiconducting metal
oxides [8], carbon-based nanomaterials [29], and nano-
composites [30-32].

The discovery of graphene has opened up unprec-
edented opportunities across various domains, span-
ning from optoelectronics to biomedicine [33]. Gra-
phene exhibits remarkable mechanical, electronic,
and optical properties, deriving from its perfect two-
dimensional sp2-bonded structure [33-35]. These
properties enable a wide range of applications, includ-
ing next-generation flexible electronics [36], photo-
voltaics [37], filtration systems [38], energy storage
technologies [39], and tissue engineering, highlight-
ing its versatility and potential impact across scientific
disciplines.

One of the most promising avenues lies in utiliz-
ing graphene for realizing ultrafast and ultrasensi-
tive sensor applications [40, 41]. Graphene possesses
the greatest surface area per unit volume, with every
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carbon atom in graphene acting as a surface atom.
Consequently, when a chemical species interacts
with graphene, it alters the structure and electronic
system of graphene in its native state.

This modification can be used to detect an inter-
action or binding event. Additionally, graphene has
intrinsically low electrical noise owing to its high
mobility and unique crystal lattice, so even the
exchange of a few electrons as a result of an interac-
tion can cause a detectable shift in the carrier concen-
tration [42]. Because of these properties, graphene is
an excellent candidate for ultrasensitive gas detec-
tion in a variety of settings; in fact, single-molecule
detection with graphene has been successfully
demonstrated by measuring the resulting change
in Hall resistivity at cryogenic temperatures [42].
Graphene’s large surface area and m-electron sys-
tem contribute to its pronounced affinity for VOCs.
The presence of defect sites with dangling bonds and
functional groups can further enhance this affinity.
The interaction between graphene and VOCs can
arise from hydrogen bonding, Van der Waals forces
due to possible induced dipoles, and charge trans-
fer [43, 44]. These mechanisms collectively influence
graphene’s suitability for detecting VOCs in various
environments.

Presently, commercially available gas sensors
utilizing metal oxide materials have been optimized
for detecting volatile organic compounds (VOCs)
at parts per million (ppm) levels [30]. However,
these sensors suffer from drawbacks including slow
response times, lack of selectivity, and a need for
high operating temperatures above 200 °C. In con-
trast, graphene demonstrates sensitivity to NH; [45]
and NO, [46] even at ambient room temperature,
with concentrations down to the range of parts per
million (ppm) levels. Furthermore, advancements
in graphene-based gas sensors have enhanced selec-
tivity through functionalization with aromatic mol-
ecules, polymers, and metal nanoparticles [47].

In the present work, we integrate chemical vapor
deposition (CVD) graphene onto suitable sub-
strates with conventional QCM and SPR sensing
approaches for the first time to investigate the sens-
ing performance of graphene against VOCs in two
separate sensing modalities. Our results showed
that CVD graphene has highly sensitive and selec-
tive responses to dichloromethane vapor than others.
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2 Experimental details
2.1 Sensor preparation

Commercially supplied graphene produced by CVD
technique on copper was employed to fabricate two
sets of sensors: a graphene-coated QCM sensor depos-
ited onto a QCM crystal and a graphene-coated SPR
sensor deposited onto a 50-nm-thick gold-coated glass
substrate. The flow of the experimental process is
depicted in Fig. 1. The fabrication process starts with
spin coating a support layer of poly-methyl-meth-
acrylate (PMMA) with a molecular weight of 950 k,
dissolved in a 4% anisole solution, onto a monolayer
CVD graphene film on copper foil. This PMMA sup-
port layer enables the transfer of graphene film from
the copper foil to the desired substrates. To minimize
the potential damage caused by centrifugal force on
graphene, the rotation speed was gradually increased
from 750 to 2500 rpm. Consequently, this process led
to the deposition of a PMMA layer approximately
300 nm in thickness. The graphene coating on the
reverse side of the foils was then removed using a mild
O,/Ar plasma etch.

Next, the copper foil with the support layer was
floated on a solution of ammonium persulfate (20 g/L),
which etches away the copper foil, releasing the gra-
phene adhered to the support layer. The floating gra-
phene/PMMA membrane was scooped onto a Si/S5iO,
substrate and quickly redeposited on a water surface

Fig. 1 Fabrication process
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for rinsing to remove any copper and etchant residues.
The membrane was then scooped out onto the final
substrate (QCM or SPR) and air-dried.

The substrate with the PMMA/graphene membrane
was then baked for 5 min at 130 °C to improve gra-
phene adhesion to the substrates. Next, the PMMA
film was removed from the substrates by immersing
it in an acetone bath for 2 hours. Finally, the substrates
were rinsed in isopropyl alcohol (IPA) and gently
dried with a nitrogen gun.

Raman spectroscopy (Renishaw inVia) was per-
formed using a 532 nm laser excitation to assess the
structural and electronic properties of CVD graphene
on copper foil. The shapes, intensities, and posi-
tions of the characteristic Raman peaks—D, G, and
2D bands—offer valuable insights into the graphene
domains, including layer numbers and overall film
quality [48]. The obtained Raman spectrum of gra-
phene, depicted in Fig. 2, reveals a minimal D peak
and a single Lorentzian 2D peak with a full width at
half maximum (FWHM) below 40 cm™!. This confirma-
tion indicates that the graphene films predominantly
consist of single-layer graphene with few defects, as
validated by Raman spectroscopy.

Two separate sets of sensing devices, employing
graphene as their primary sensing element, were man-
ufactured and investigated for their responses when
exposed to different volatile compounds. Dichlo-
romethane, chloroform, carbon tetrachloride, benzene,
toluene, and m-xylene at varying concentrations were

Cu foil etching
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Fig. 2 Raman spectrum of the graphene film on copper foil

meticulously prepared, and these devices were subse-
quently examined using QCM measurement and SPR
systems.

2.2 QCM measurement system

QCM sensors have been widely adopted as a port-
able transducer element for chemical sensors since it
is highly stable, cost-effective, and enables in situ and
real-time monitoring of analytes. A visual representa-
tion of a custom designed QCM kinetic measurement
system is presented in Scheme 1. This system features
a thinly cut quartz crystal wafer with metal-coated
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electrodes arranged in an overlapping keyhole design,
resonating at a nominal frequency of 3.5 MHz. This
quartz crystal is positioned within a gas cell, linked
to an electronic control unit that interfaces with a PC
computer. An alternating voltage, applied across the
electrodes of the quartz crystal oscillator through a
power supply, induces oscillations at its designated
frequency.

The mass increase due to adsorption exhibits a
linear correlation with the change in oscillation fre-
quency, as determined by the well-established Sauer-
brey Equation [49]. The PC computer, equipped with
specialized software, records the frequency change as
a function of time, constituting the real-time kinetic
response. It serves as a valuable tool for exploring all
interaction details between the graphene surface and
VOC molecules, enabling the evaluation of the sensing
capabilities of the graphene-coated QCM sensor. The
testing procedure involves exposing the graphene-
coated sensor to organic vapor at designated time
intervals, followed by a recovery phase facilitated by
the introduction of fresh air. This repetitive cycle is
performed a minimum of three times to evaluate the
repeatability of the graphene-coated QCM sensor.

2.3 SPR measurement system

In the SPR sensing methodology, refractive index
changes play a crucial role in achieving label-free
detection and real-time monitoring of molecular inter-
actions [50]. Diverging from QCM sensing, which pre-
dominantly gauges changes in mass near the sensor

Scheme 1 QCM measure-
ment system
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Scheme 2 a SPR technique,
b Kinetic study scheme for
graphene-based SPR sensor

surface, SPR excels in its sensitivity to alterations in
refractive index at the interface between the sensing
material and the surrounding medium [51].

To investigate the sensing performance of CVD gra-
phene against VOC molecules in an optical transduc-
ing modality, we transferred CVD graphene onto a
glass slide with a uniformly coated 50-nm-thick gold
film to form a graphene SPR sensor. The interaction
between CVD graphene and vapor molecules, whether
through chemical binding or physical adsorption, may
induce changes in the optical refractive index, prom-
ising precise measurement of low concentrations of
VOCs.

Scheme 2a illustrates the configuration employed
for measuring SPR responses with the Biosuplar 6
SPR spectrometer device. This setup utilized the
Kretschmann geometry and featured a retro-reflecting
measurement prism mounted on a rotating table.

Presented in Scheme 2b is the symbolic representa-
tion of the kinetic measurements. The sensor details
involve securely attaching the glass slide’s backside
to the base of the prism (1, =1515) using an immer-
sion liquid with a refractive index match. The front
side of the glass slide, which features a 50 nm gold
layer with CVD graphene transferred onto it, is posi-
tioned directly facing the gas cell. The CVD graphene
coating was illuminated by transversely polarized
light (632.8 nm) from a He-Ne laser. The variation
in the intensity of reflected light at a fixed angle was
monitored over time as the CVD graphene SPR sen-
sor underwent transient exposure to VOCs of inter-
est for 2 min. This exposure was followed by a 2-min
recovery period during which fresh air was introduced
into the gas cell. The tests were conducted at room
temperature (20 C).

To examine the impact of concentration on the
response of a graphene-coated SPR sensor, we
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subjected it to varying concentrations of dichlorometh-
ane molecule. Specifically, we prepared diluted satu-
rated vapor mixtures with dry air at concentrations of
25%, 50%, 75%, and 100%. Throughout these exposure
sequences, the intensity of reflected light changed with
the introduction of VOC molecules into the gas cell. As
anticipated, heightened gas concentrations correlated
with an increased sensor response, aligning with pre-
dictions, and highlighting the SPR sensors’ sensitivity
to changes in gas composition.

3 Results and discussions

3.1 QCM and SPR kinetic measurement
results

Utilizing the QCM sensor with a CVD graphene coat-
ing, we investigated the interaction kinetics between
the graphene surface and various VOCs to evaluate
graphene’s vapor sensing capabilities. Figure 3 pro-
vides a symbolic representation of the kinetics of the
interaction between the graphene film and the vapor,
where the frequency shift (Af) is recorded over time. In
the initial step, we introduced fresh air into the gas cell
for a duration of 120 s to establish a stable baseline res-
onance frequency value for our measurements. During
this period, the frequency change over time remained
nearly constant, indicating the attainment of a reli-
able baseline before the introduction of the targeted
VOC molecules. Subsequently, at the 120th second,
the injection of organic vapor into the gas chamber led
to a rapid increase in the response of graphene-coated
QCM sensors to the organic vapor (surface adsorption
process).

Notably, the QCM frequency value returned to its
baseline after 240 s, following the reintroduction of
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Fig. 3 A symbolic repre-
sentation of the QCM-gas
kinetic mechanism
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fresh air molecules into the gas cell. This observation
underscores the reversible response of graphene-
coated QCM sensors, indicating their capacity to
recover for subsequent measurements.

Our results reveal consistent response patterns
exhibited by graphene-coated QCM sensors when
exposed to a range of VOCs.

As depicted in Fig. 4, the interaction kinetics of the
graphene-coated QCM sensor was examined in the
presence of saturated concentrations of various vapors.
During the initial 120 s, a stable baseline resonance
frequency was consistently recorded when fresh air
was introduced into the gas cell. Subsequently, a nota-
ble change in resonance frequency occurred between
120 and 240 s, coinciding with the injection of organic
vapor molecules into the gas cell. This change corre-
sponded to the surface adsorption of vapor molecules
onto the graphene surface. The baseline resonance
frequency was re-established upon the introduction
of fresh air at the 240-s mark, indicating the sensor’s
reversible response to each type of vapor.

The importance of defect sites in gas sensing is
well acknowledged. In its typical preparation, gra-
phene inherently possesses oxidation defect sites and
dangling bonds, distributed both along the edges
and across its basal plane [52]. Commonly intro-
duced during the synthesis or transfer process, these

@ Springer

oxidation defects involve (C =0), (CO), (OC=0),
and (OH) [53]. These defect sites engage with vapors,
primarily through weak hydrogen bonding or Van
der Waals interactions [54, 55].

Consequently, the observed reversible and rela-
tively fast dynamic response in Fig. 4 suggests that
vapor adsorption on graphene structure is primarily
of the physical type such as Van der Waals forces,
charge-transfer interactions, and the formation of
hydrogen bonding through functional groups on the
graphene surface such as oxygen-containing groups
[55].

Notably, the graphene-QCM sensor demon-
strated the highest sensitivity to dichloromethane,
reflected in the frequency shift, surpassing the sen-
sitivity to other aromatic compounds. The sen-
sitivity order, listed in decreasing intensity, is as
follows: dichloromethane > chloroform > carbon
tetrachloride > benzene > toluene > m-xylene.

Dichloromethane is a molecule with a substantial
dipole moment due to its polar nature. It may engage
with graphene via dipole-induced dipole interactions.
This significant dipole moment enhances its adsorp-
tion on the graphene surface. The order of dipole
moments of the tested VOCs from highest to lowest is
as follows: dichloromethane > chloroform > benzene =
toluene = m-xylene > carbon tetrachloride.
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Table 1 The physical properties of VOCs

3

Organic vapors Molar volume (cm”®  Vapor pres-
mol™) sure (kPa,
20 C)

Dichloromethane 64.10 46.5
Chloroform 80.70 21

Carbon tetrachloride 97.10 12
Benzene 86.36 9.95
Toluene 107.10 291
m-xylene 122.00 0.8

Table 1 outlines the physical properties of vapors,
highlighting dichloromethane as having the highest
vapor pressure and the lowest molar volume. The
observed increase in Af values correlates with the
upward trend in vapor pressure and the downward
trend in molar volume. This observation suggests
that the elevated vapor pressure and reduced molar
volume contribute to an increased number of dichlo-
romethane molecules. Consequently, stronger inter-
actions with the sensing material may occur, leading
to enhanced adsorption of dichloromethane mol-
ecules [56]. Also, the sensor’s sensitivity to carbon
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——carbon tetrachloride
benzene

—toluene

—m-Xxylene

180
Time (s)

300 360

tetrachloride, even though it is a nonpolar molecule,
can be ascribed to its elevated vapor pressure.

Figure 5 presents transient response curves for
the graphene-coated QCM sensor exposed to dichlo-
romethane vapors at fixed (saturated) and increas-
ing concentrations, evaluating both the reproduc-
ibility and reversibility of the sensor. A progressive
increase in frequency variation (Af) is observed with
escalating vapor concentration, indicating good
reproducibility. The sensor can recover to its initial
state, demonstrating reliable performance in dichlo-
romethane detection across a wide concentration
range. The inset in the same figure displays transient
measurement, with the saturated concentration of
dichloromethane vapor, where reciprocal cycles,
involving the application of the same concentration,
demonstrate consistent and reversible Af changes.

For SPR kinetic measurements, we adhered to the
same testing protocol as in QCM measurements. The
VOCs of interest were introduced into the dedicated
gas cell for a 2-min injection period, followed by a
2-min recovery phase with the introduction of fresh
air. During exposure to organic vapor, the change in
reflected light intensity was recorded as a function
of time.
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Fig. 5 The frequency shift of the graphene-coated QCM sen-
sor over time in response to dichloromethane vapors at concen-
trations of 25%, 50%, 75%, and 100%. In the inset, the transient

The responses of the graphene SPR sensor to sat-
urated concentrations of identical vapors are illus-
trated in Fig. 6. Consistently, the same sensitivity
order obtained in QCM measurements is observed,
with dichloromethane eliciting the highest response.
Notably, a discernible difference is observed —the
initial peak upon the instant introduction of the
vapor decays faster in the case of the SPR sensor
compared to the QCM sensor.

Figure 7 shows transient measurements of the
graphene-coated SPR sensor as the concentrations
of dichloromethane increased. In this figure, the
reflected light intensity values increase with the ris-
ing concentration of vapor exposure for each suc-
cessive cycles. To confirm the reproducibility of the
graphene-coated SPR optical sensor response (the
inset in Fig. 7), the same concentration-based meas-
urement was repeated with other VOCs, and the sen-
sor consistently exhibited the same trend.
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response curve of the sensor to the saturated concentration of
dichloromethane showing repeatability

3.2 Sensitivity and LOD calculations

The limit of detection (LOD) is a critical parameter
in sensor applications. The LOD values of graphene-
coated SPR sensor were calculated by analyzing the
standard deviation and sensitivity. The LOD is defined
by the following equation [57]:

rop=2%, M
S

where ¢ is the standard deviation (0.001) and S is the
sensitivity. The sensitivity of the graphene-coated SPR
sensor was determined by analyzing the slope of the
calibration curve depicted in Fig. 8. This curve rep-
resents SPR response in relation to the concentration
of dichloromethane vapor. The data indicate a strong
linear correlation coefficient (R?) of 0.9747 between the
sensor response and the dichloromethane vapor con-
centration. The vapor concentration is calculated as
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Fig. 6 The SPR kinetic results of graphene-coated SPR sensor for different VOCs

24.055pV
(= ———x

106,
MV,

(2)
where p is the density of dichloromethane vapor, V'is
the injected vapor volume into the gas cell, M is the
molecular weight of the vapor, and V,, is the volume
of the gas cell. In a similar manner, the sensitivity of
the graphene-coated SPR sensor, for five other VOCs,
was calculated. The results are presented in Table 2.

In Fig. 8, the rate of response is determined using
the normalized response value expressed as a percent-
age. The variation in optical response, specifically the
intensity of reflected light, is normalized using the
equation:

NormalizedResponse (%) = (Al /15)x100, (3)

where Al is the difference between the reflected light
intensity (I) at any given time and the initial reflected
light intensity (I;) at the inception of the response
(t=0). The initial intensity serves as a baseline for this
calculation.

The sensitivities of the graphene-coated SPR sen-
sor toward VOCs were determined by analyzing the
slopes of the calibration curves. The LOD values for
each VOC were calculated using Eq. 1 and are given
in Table 2. The lowest LOD value among aliphatic
hydrocarbons is observed for dichloromethane, while
the lowest LOD value among aromatic hydrocarbons
is observed for benzene vapor. Among the six differ-
ent gases tested in this study, dichloromethane had
the lowest LOD value. The LOD for the graphene-
coated SPR sensor ranged from 10.62 to 109.48 ppm
and the sensitivity ranged from 0.027 x 107 to
0.294 x 10 ppm ™.

Another crucial aspect in gas sensors is the assess-
ment of response and recovery time. The response
time, representing the duration for the sensor to
achieve 90% of its final response, and the recovery
time, indicating the time for the sensor to return to
90% recovery, are key parameters. These metrics are
vital for a gas sensor’s performance, underlining the
need for a quick and efficient response to the target
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Fig. 7 Continuous monitoring of a graphene-coated SPR sensor in response to incrementally rising dichloromethane concentrations

gas. For the tested VOCs, the response and recovery
times of the graphene-coated SPR sensor were found
to be less than 3 sec.
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Fig. 8 Calibration curve of the graphene-coated SPR sensor to
different concentrations of dichloromethane vapor
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4 Conclusions

Two distinct sensing approaches, QCM and SPR, were
employed to extensively investigate the sensing capa-
bilities of CVD graphene against a variety of VOC
molecules. Sensor devices were specifically designed
for each transducing mechanism, incorporating CVD
graphene as the sensing element. The graphene sen-
sors exhibited consistent and reproducible responses
when exposed to various concentrations of the tested
VOCs.

Notably, both sensors exhibited the highest sen-
sitivity to dichloromethane among the tested VOC
molecules. The sensitivity of the graphene-coated SPR
sensor for dichloromethane is 0.294 x 10 ppm™, with
an LOD value of 10.62 ppm. Additionally, the SPR sen-
sor exhibited remarkably low response and recovery
times, both being less than 3 sec.

In summary, our investigation unveils the excel-
lent performance of CVD graphene in VOC sensing,
highlighting its potential for precise and reliable gas
sensing applications. Furthermore, taking into account
graphene’s remarkable electronic properties, such as
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Table 2 The sensitivity,

. Sensitivity LOD (ppm) Response time ~ Recov-
LOD, response time, and 3 _1 .

. (X107 ppm ™) (s) ery time
recovery time values for )
graphene-coated SPR sensor
to VOCs Dichloromethane 0.294 10.62 1.5 2

Chloroform 0.263 11.38 1.5 2
Carbon tetrachloride 0.089 33.37 2 2.5
Benzene 0.150 19.92 2 2
Toluene 0.054 55.35 2.5 2.5
m-Xylene 0.027 109.48 3 3

high mobility and an exceptional signal-to-noise ratio,
we anticipate that graphene holds significant promise
as a sensing electrode in electrochemical platforms for
VOC detection.
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