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Graphene-based sensors are mostly studied in terms of their responses to inorganic gases
such as various nitrogen oxides or ozone. In this work, chemically derived graphene (CDG)
is assessed in terms of its gas sensing properties at room temperature for a selected set of
volatile organic compounds (VOCs) representing different chemical classes. CDG was
coated on gold interdigital electrodes on a glass substrate by drop casting. Structural and
morphological analyses were realized by surface electron microscopy and energy-dispersive
X-ray spectroscopy techniques. Among the nine test analytes, the highest sensor sensitivities
were observed for chlorobenzene, tetrachloroethylene, and triethylamine. The results show that
CDG sensors are not only sensitive to rather reactive inorganic gases, but can also be used in
the detection of a wide range of VOCs.

1. Introduction

Volatile organic compounds (VOCs) can be found everywhere in our life, e.g., in food
products as part of their aroma, in many industrial products or from natural sources. They may
have different adverse effects on our health depending on the duration of exposure and are often
responsible for lowering our quality of life. These chemicals originate, among others, from
solvents, plastics, paints, or glues contained in many products or used during their production.
It is of utmost importance that these dangerous chemicals, which are so intertwined with our
daily life, are detected before reaching hazardous levels for human health and environmental
safety.? For this reason, the interest in sensing and monitoring with simple, reliable,
stable, and cost-effective methods is continuously increasing. The detection and monitoring
of chemical gases and vapors is of importance in cases such as environmental monitoring,
monitoring of manufacturing processes, medical diagnosis, and maintaining indoor/outdoor air
quality and public safety.®)

Basically, a chemical gas sensor is a device that senses gaseous molecules in the ambient
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atmosphere and then outputs an observable physical signal that can be read, for example, as
resistance, capacitance, potential, absorbance, or frequency or changes thereof. > The design
and production of gas sensors of a wide variety of types have been carried out to serve different
purposes since the production of the first gas sensor in 1926 until the present day.(6) Particularly
in recent years, astonishing improvements have been made in the field. New sensors are
introduced into the market with high sensitivity and selectivity, low operating temperatures,
and short response and recovery times. Many of the improvements are in parallel with the
widespread use of nanotechnology as well as the application of nanomaterials. Different
nanostructured structures such as wires, rods, tubes, strips, and plates fabricated using metals,
metal oxides, composites, alloys, and organic and inorganic compounds have been produced
using various physical and chemical methods and techniques owing to the advancement of
nanotechnology.(7’8)

Over the last two decades, graphene and its derivatives have been the focus of great interest
owing to their unique and novel properties. Graphene is composed of single-layer carbon
atoms that form a honeycomb lattice structure.®? Graphene is used in various applications
including solar cells, light-emitting diodes, transistors, and bio/chemical sensors owing to its
favorable physical properties as a two-dimensional monolayered structure, such as high thermal
conductivity (5 x 10> W/mK), large surface area (2600 m?/g), and high electron mobility (5 x
10° cm?/V:s) at room temperature.(lofm It is also accepted as a good candidate for a sensitive
material in chemical gas sensors. Even a single molecule can be detected by graphene-based
devices.!¥  Graphene is very sensitive to chemicals owing to its monolayered structure and
high surface-to-volume ratio."*!>) For this reason, its range of applications as gas sensors is
wide. The first research on the gas sensing properties of graphene was realized by Schedin
et al. in 2007.1Y In that study, resistance changes of a graphene-based sensor were observed
even on the ppm order of target analyte concentration owing to adsorption. Most of the
graphene-based gas sensor studies are focused on the sensing of inorganic gas species such
as NOy, CO, and NH3, and some other toxic industrial gaseous molecules.'*® For instance,
Wu et al. investigated the hydrogen sensing properties of palladium-decorated graphene at
room temperature and discussed the sensing mechanism.!'? Rarely, VOCs have been used as
target analytes. Rumyantsev ef al. investigated the sensing properties of graphene by using a
transistor-type transducer structure focusing on selective detection. To enhance the selectivity
of the sensor, the resistance change was investigated at different frequencies.(zo) The studies
on the detection of VOCs using a quartz crystal microbalance (QCM) transducer modified
with graphene as a sensitive layer are very attractive. Butanol, isopropanol, acetone, ethanol,
and formaldehyde were sensed by graphene coated on the transducer by chemical vapor
deposition.(21’22)

In this study, the VOC sensing properties of a chemically derived graphene (CDG) sensor
based on an interdigital transducer (IDT)—a chemiresistive sensor—were investigated at room
temperature under dry air conditions. The nine test analytes were selected according to their
chemical nature representing various chemical classes such as alcohols, esters, hydrocarbons,
chlorocarbons, and amines. CDG was coated on the IDT by drop casting. In addition,
structural and morphological analyses of the obtained sensor were carried out.
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2. Materials and Methods
2.1 Fabrication of the graphene-based sensitive material

The CDG used as a sensing material was produced by the reduction of graphene oxide with
hydrazine hydrate. CDG was suspended in N-methyl-pyrrolidone (NMP) at a concentration
of 0.5 mg/ml. The suspension was sonicated in an ultrasonic bath for 5 h to obtain a
homogeneously dispersed graphene solution.??) Subsequently, the prepared suspension was
centrifuged for 30 min at 500 rpm, and a clear CDG-NMP suspension was collected. In the
final step, the CDG—NMP suspension was aged in an ultrasonic bath for 30 min.

2.2 Preparation of the IDT sensor

An interdigital electrode structure was used as a transducing element, and a schematic
illustration of the IDT is given in Fig. 1. The transducing element was prepared by
photolithography. Chromium (5 nm) and gold (100 nm) were coated on the glass substrate by
thermal evaporation. Subsequently, metal thin film wet etching was used to obtain gold finger
electrodes. The distance between two electrodes and the width of each electrode is 50 um. The
IDT was cleaned with acetone, methanol, and distilled water, and an argon plasma was applied
before coating the sensitive material. The sensitive material CDG was coated on the IDT by
spin coating at 1000 rpm and then aged for 10 min at 150 °C to vaporize NMP off the sensor
surface.

2.3 Sensor test procedure

A fully automated sensor test setup including mass flow controllers, a thermal circulator
for producing the analyte vapors, a sensor measurement cell with a temperature controller,
and an electrometer (Keithley 6517B) were used for investigating the gas sensing properties of
the CDG-based sensor samples at room temperature (22 °C). A computer software program
was used for data acquisition and the control of the measurement setup. Dry air of high purity
(zero air) was used as a carrier gas and for the vaporization of the analytes. The fabricated gas

@ (b)
Fig. 1.  (Color online) Schematic illustrations of (a) bare and (b) CDG-coated IDTs.
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sensor samples were placed in the measurement cell (volume: 400 ml). Before the gas sensing
test, dry air was purged through the measurement cell at a flow rate of 200 ml/min to obtain a
stable baseline. Subsequently, the target analyte stream was directed to the measurement cell
for 30 min. The desired concentration was obtained by adjusting the flow of the carrier gas and
vapor stream while keeping the total flow constant. Finally, dry air was purged into the cell
to clean the sensor surface of the adsorbed analyte molecules. The sensor was exposed to five
different concentrations of each analyte. The nine test analytes are volatile organic compounds
including alcohols, hydrocarbons, and amines. The selected analytes represent a wide range
of chemical classes with a very wide range of chemical properties expressed in linear solvation
energy relationship (LSER) parameters.(24)
abbreviations are given in Table 1.

The test analytes and their concentrations and

3. Results and Discussion
3.1 Structural properties

To investigate the structural and morphological properties of CDG on the gold-IDT-
electrode-coated glass substrate, surface electron microscopy (SEM) and energy-dispersive
X-ray spectroscopy (EDX) were used. The SEM images and EDX results are given in Fig. 2.
Figures 2(a)—2(c) show the SEM results obtained at different magnifications.

In Fig. 2(a), two fingers of the gold electrode can be seen on top and at the bottom of
the image. The entire surface of the glass substrate is covered homogenously with CDG.
Figures 2(b) and 2(c) show higher-resolution images of the CDG surface. EDX analysis was
carried out to determine the carbon concentration on the surface and also to find out if the
IDT is completely covered with carbon. EDX analyses of two different regions on the CDG-
coated surface are presented. Figure 2(d) shows the specific EDX regions as Spectrum 3051
and Spectrum 3052. Although there is a large bright shell structure in Spectrum 3051, a smooth
surface can be observed in Spectrum 3052. The EDX spectra of these EDX regions are given
in Figs. 2(e) and 2(f), respectively. According to the EDX results, a higher carbon concentration
was observed in Spectrum 3051 than in Spectrum 3052. The IDT substrate is fully covered
with CDG.

Table 1

Test analytes and their abbreviations and concentrations.

Analyte Abbreviation Concentration (ppm)
Chlorobenzene CB 100/200/300/400/500
n-Heptane nC7 390/780/1170/1560/1950
Tetrachloroethylene TCE 150/300/450/600/750
Toluene TLN 240/480/720/960/1200
Ethyl acetate EtOAc 650/1800/2700/3600/4500
Acetonitrile ACN 950/1900/2850/3800/4750
Methanol MeOH 1000/2000/3000/4000/5000
1-Propanol nPAOH 130/260/390/520/650

Triethylamine Et3N 72/126/360/504/720
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Fig. 2.  (Color online) SEM images of the CDG-coated glass substrate at (a) X1500, (b) X10000, and (c) X50000. (d)
Image of the EDX regions and EDX spectra of (e) Spectrum 3051 and (f) Spectrum 3052.

3.2 Electrical characterization

In Fig. 3, the current versus voltage (/-V) characteristics of the IDT between —1 and +1 V
in steps of 0.05 V before coating [Fig. 3(a)] and after coating with CDG [Fig. 3(b)] in a dry air
ambient at room temperature are plotted. The /-V curve of the bare IDT shows the hysteresis
behavior of a capacitor. After coating with the sensitive material, the current increases
proportionally to the applied voltage. From the results of these electrical tests, the voltage
during the sensor gas tests was set as +1 V. The resistance of the sensor is in the kQ regime.

3.3 Sensing properties and mechanism

Figure 4(a) depicts the typical real-time response curves of the CDG sensor exposed to
repeated 30 min pulses of ethyl acetate and triethylamine vapors of increasing concentration at
room temperature. Between two pulses, the sensor was exposed to dry air for baseline recovery.
The responses increase with the concentration of the analyte vapor. The responses are negative
for all analytes except for triethylamine. The changes in resistance upon analyte exposure are
in the range of 2 to 3% relative to the baseline.

The resistances of the bare, NMP-coated, and graphene-coated IDTs versus time during
exposure to triethylamine vapor are given in Fig. 4(b) to prove that the observed responses
originate from the graphene layer. The resistances of the bare IDT and NMP-coated IDT are
on the gigaohm order, while that of the CDG-coated IDT is on the kiloohm order. Moreover,
when analyte vapors are fed into the measurement chamber, the resistances of the bare IDT and
NMP-coated IDT remain unchanged, whereas that of the CDG-coated IDT changes.
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(Color online) Electrical characterization: /-V response curves of the (a) bare and (b) CDG-coated IDTs in
the range from —1 to +1 V.
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Fig. 4. (Color online) (a) Time-dependent response curves of the chemically derived graphene sensor exposed to

repeated 30 min pulses of ethyl acetate and triethylamine vapors of increasing concentration. (b) Resistances of
the bare IDT, NMP-coated IDT, and CDG-coated IDT versus time during exposure to three pulses of triethylamine
vapor.

The responses of the sensor to the different test analytes are markedly divergent. According
to the VOC sensing tests, the CDG sensor shows a sensing behavior similar to that of ethyl
acetate for the other test analytes except for triethylamine. In the latter case, the resistance
of the sensor decreases upon analyte exposure. To show the sensor responses, four different
VOCs are used (acetonitrile, toluene, tetrachloroethylene, and chlorobenzene) and the results are
given in Fig. 5. The sensor responses increase with the concentration of the analyte vapor. The
different sensor responses are very valuable for the selective detection of certain species.

The calibration curves of the sensor exposed to five different analytes are plotted in
Figs. 6(a) and 6(b). The sensor responses show a linear function of the concentration and no
saturation effects were observed for all test concentrations. Similar results were observed for

other analytes. Moreover, no saturation effect was observed for triethylamine.
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Fig. 5.

vapor pulses of acetonitrile, toluene, tetrachloroethylene, and chlorobenzene of increasing concentration.
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(Color online) Responses of the chemically derived graphene sensor during exposure to repeated 30 min
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(Color online) Calibration curves of the sensor for (a) four different analytes and (b) Et3N.

Triethylamine increases the electrical conductivity of graphene after the sensing layer was
doped with more electrons; therefore, triethylamine was evaluated as a donor-type doping
adsorbate. On the other hand, the other analytes decreased the electrical conductivity when
doped to the sensor surface; they can be adopted as acceptor-type doping adsorbates.

In Fig. 6(a), it can be clearly seen that the sensor is most sensitive to chlorobenzene and
tetrachloroethylene. Similar calibration curves of slopes indicate that chlorine atoms are more
dominant in the sensing mechanism. Although tetrachloroethylene and chlorobenzene represent
different chemical groups, both molecules have chlorine atoms and show similar sensing
behaviors and sensitivities.
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Table 2
Sensitivities and LOD values of the fabricated sensor
and TLVs of the test analytes.

Sensitivity TLV
Test analyte (©Q/ppm) LOD (ppm) (ppm)
CB 7.5 80 10
nC7 1.9 310 400
TCE 7.3 80 50
TLN 5.0 120 50
EtOAc 1.3 465 400
ACN 1.2 490 20
MeOH 2.1 280 200
nPAOH 4.3 140 200
Et3N —6.8 90 10

Analytes

Fig. 7. (Color online) Bar diagram of the slopes of
the calibration curves (sensitivity) of the CDG-based
sensor for all tested analytes.

To obtain the sensitivities of the fabricated sensor to all test analytes, the calibration
curves were fitted using a linear regression model. The slopes of the calibration curves
(sensor response/ppm) are plotted as a bar diagram in Fig. 7. The opposite sensing behavior of
triethylamine is a very useful feature for the selective detection of amine-based gas molecules.

The calculated limit of detection (LOD) values and threshold limit values (TLVs) are given

(2520 LOD values were determined using 600 Q as the lowest

in Table 2 for comparison.
detectable signal, which is 3 times the standard deviation of the baseline noise. The TLVs are
defined as the exposure limits to VOCs for workers in their daily working life without adverse
health effects. Despite the high responses of the graphene sensor, the target detection limits
cannot be reached for all analytes. For the analytes nC7 and nPAOH, the obtained LOD values
are below their respective TLVs, while the target value is only slightly off for TCE, EtOAc, and
MeOH. The performance of the sensor is currently limited by the high baseline noise level in

the measurement setup.

4. Conclusions

In this paper, the VOC sensing properties of CDG are reported. Works on graphene-based
sensors are generally focused on a very few, inorganic gas species, but in this study, a large
number of VOCs were examined and a general knowledge of the organic compound sensing
properties was obtained. The sensor was tested in terms of its responses to various VOCs with a
wide range of chemical properties by considering LSER parameters. As analytes, nine different
VOCs of different concentrations were tested to investigate the sensing properties (sensitivity,
selectivity, and LOD) of CDG. The gas sensing measurements were carried out at room
temperature in a dry air ambient. The CDG sensor selectively detected triethylamine. The
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high selectivity property of the sensor depends on a reverse sensing mechanism. The reverse

sensing mechanism of the sensor can be linked to the p-type doping of the graphene by the

analytes. On the other hand, the CDG sensor showed higher sensor responses to chlorobenzene
and tetrachloroethylene than to the other tested analytes. CDG sensors are not only sensitive to
reactive inorganic gases, but can also be used in the detection of a wide range of VOCs.
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