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Abstract— In this work, gas sensors using laser-reduced graphene
oxide (LrGO) as sensitive layer have been fabricated and studied.
The laser-synthetized material were structurally and electrically
characterized by means of Scanning Electron Microscopy (SEM),
Raman spectroscopy, X-ray Photoelectron Spectroscopy (XPS) and
the four-point contact method. The gas-sensing properties of the
samples were studied by their exposition to 10 ppm to 100 ppm of
ethanol and 25 ppm to 130 ppm of ammonia. The results show that
the devices present an electrical response corresponding to a purely
resistive behavior up to 100 kHz. It is also demonstrated that the
resistivity of the sensing layer increases as the gas concentration
increases; being of 0.0402 + 0.001 [%/ppm] for the case of ammonia

CHsOH  _ NH;

s

and 0.0140 * 0.001 [%/ppm] for the case of ethanol. These results
outperform existing sensors and establish a better balance in terms of simplicity, sensitivity, linearity and technology
sustainability. In summary, this work especially shows the potential of LrGO for low-cost and low-energy gas sensors

fabrication.

Index Terms— C2HsOH gas sensor, graphene, NH; gas sensor, reduced graphene oxide (rGO)

[.  INTRODUCTION

THE environmental pollution caused by toxic, flammable,
volatile organic compounds (VOCs) have gained wide
attention in the scientific research community due to their
adverse effects in human health. According to the
occupational safety and health administration (OSHA) report,
the maximum exposure threshold limit is 25 ppm for ammonia
and 1000 ppm for ethanol [1]. Among various hazardous
gases and VOCs, ammonia (NH3) and ethanol (CoHsOH) are
relevant gases in both industrial and environmental monitoring
[2]. Ammonia is one of the most commonly produced
industrial chemicals: it is used in industry and commercial
products, but also exists naturally in humans and in the
environment. It is essential for many biological processes and
serves as a precursor for amino acid and nucleotide synthesis.
Ammonia is also produced naturally from decomposition of
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organic matter, including plants, animals, and animal wastes.
The overexposure to this gas may cause different diseases,
such as irritation of the eyes, difficulty in breathing, headache,
sickness, or even the death [3]. On the other hand, ethanol is
also an important industrial chemical, being commonly used
as a solvent or for the synthesis of organic chemicals and
gasohol [4]. It can be easily mixed with water and many other
organic solvents. As in the case of ammonia, the overexposure
to this gas might lead to central nervous system disorders, like
nausea, cough, allergies, acidosis, pneumonitis or even cancer
[51-7].

Currently, there are two main common techniques for the
detection of this kind of volatile organic compounds: photo
ionization detection (PID) and flame ionization detection
(FID). However, the application of these methods in industry
is limited due to their relatively high-cost and complicated
maintenance. Because of that, functional nanomaterials-based
gas sensor technologies are called to play an important role in
this field thanks to their small size, low-cost, and simple
fabrication [8]. In this direction, researchers are considering
new materials and nanomaterials, like MoS; or graphene and
its derivatives (in general materials with a high specific
surface area), in order to explore more suitable transduction
properties for this purpose [9]-[11]. Various studies
demonstrate that graphene-based nanomaterials exhibit high-
performance for developing sensors that stand out because of
their remarkable electrical and thermal conductivity (which
may vary from 10° to 600-10° S/m, and from 0.01 to 2000
W/(m-K), respectively, depending on the carbon-based
precursor, the synthesis method and the resulting allotrope),
larger surface-area to volume ratio, high chemical stability and
excellent gas absorptivity [12]-[19]. In addition, their
performance can be increased by chemical reactivity, the
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functionalization of their surface properties as well as the
anchor activation of the metal sites [20]-[23].

In the case of ethanol and ammonia sensing, different
zeolites have been extensively used due to their large surface,
volume ratio and the interlinked connection with reactant
pathways of their porous nanostructures [24]. Similarly, MoS,
based sensors have also attracted a high interest in this context
as a consequence of the impact of their high carrier mobility
on the electrical transduction properties when they are
exposed to certain gases [25]-[27]. However, these materials
suffer from instability [28], [29], require a complex setup for
their preparation [30] or, in contrast to some carbon-based
nanomaterials (like carbon nanotubes or graphene), cannot
operate at room temperature [31]. Among the carbon-based
nanomaterials, reduced Graphene Oxide (rGO) features many
outstanding properties that lead to a good sensing
performance, such as the large content of functional groups
attached to its edges and basal planes acting as adsorption sites
for the gases [32], [33]. rGO is a derivative of graphene which
can be synthesized chemically or by photothermal processes in
a cost-effective manner [34], [35]. In fact, it has already been
demonstrated that chemically reduced graphene oxide exhibits
an excellent response to NH3, offering a high sensitivity for
concentrations at parts-per-million (ppm) levels [36]. In the
same way, the response of rGO-based devices for gas sensing
applications, such as ethanol and ammonia, have also been
studied in other works [20], [37]-[39]. For instance, Li et al.
worked on Zn,SnOs4 nanoparticles/reduced graphene oxide
(ZTO/tGO) nanocomposites with different contents of rGO,
demonstrating that that the as-prepared ZTO/rGO showed an
enhanced sensing performance to ethanol in comparison with
pure ZTO [20]. Sangeetha and Madhan also combined
molybdenum disulfide (MoS;) with graphene to fabricate
sensors and study their response to multiple gases, like
ethanol, methanol, acetone, CO, NO, and formaldehyde [40].
Moreover, Tian et al. developed layer-by-layer
nanocomposites consisting of Co304 and rGO nanosheets by a
simple hydrothermal process with an annealing step to be used
as ethanol sensor [41], while Wang ef al. used MoOs
nanoflakes instead for the same purpose [42].

However, the study of raw rGO obtained by means of laser

photothermal processes, without any other combination of
chemicals or treatment, has not been yet studied as sensing
layer for this kind of gases. Thus, in this work we propose a
simple and inexpensive fabrication process for the mass-
production of gas sensors, simplifying not only the fabrication
of the sensors, but also their integration in a final system.
This manuscript is structured as follows: after this
introduction, Section 2 presents the materials and methods
employed for the fabrication and characterization of the
devices. Section 3 describes their structural characterization
and their response to the different testing gases. After that, the
discussion of the results obtained as well as their comparison
with respect to other similar sensor reported in the literature is
included in Section 4. Finally, the main conclusions are drawn
in Section 5.

II.  MATERIALS AND METHODS

A. Device fabrication

Graphene oxide with a concentration of 4 mg/mL prepared
following the Hummers and Offerman method was acquired
from Graphenea (San Sebastian, Spain) and then used as a raw
material for the manufacture of the ammonia and ethanol gas
sensors [43]. We use an orbital vortex mixer (Seoulin
Bioscience, South Korea) to expand and homogenize the GO
colloid obtained on top of a Polyethylene Terephthalate (PET)
film with 160 pm thickness (ColorGATE Digital Output
Solutions GmbH, Hannover, Germany) at a concentration of 2
mL/cm?. Then, once the remaining water evaporates at room
temperature, the GO was reduced with the aid of a laser-
assisted photothermal process using a CNC-driven continuous
laser 405 nm diode (from Q-BAIHETM, model 405ML-300-
2290, Shenzhen, China) [44]. We fabricated samples at
different reduction levels by adjusting the output laser power,
ranging from 50 mW to 100 mW. Figure 1 shows a schematic
view of the sensors developed (sensing layer 1 cm?) with two
printed electrical electrodes on both sides using a silver-based
conductive ink (from Henkel, Germany) in order to provide a
good and reliable electrical contact with the characterization
equipment.

rGO (1 em?)

Fig. 1. Schematic of the fabricated devices.

B. rGO characterization

Scanning electron microscope (SEM) images were acquired
using the field emission scanning electron microscope (SEM)
NVision 40 (from Carl Zeiss, Oberkochen, Germany) at an
extraction and acceleration voltage of 5 kV. Raman spectra
were obtained with a dispersive micro-Raman spectrometer
NRS-5100 (from JASCO International Co. Ltd., Tokyo,
Japan) using an excitation source with a wavelength of A =
532 nm (Elforlight G4-30; Nd: YAG). Measurements of X-ray
Photoelectron Spectroscopy (XPS) were performed at a base
pressure of 107!° Torr with an Al Ka (hv = 1486.6 eV)
excitation at an operating power of 450 W using an Axis
Ultra-DLD spectrometer (from Kratos Analytical Ltd.,
Manchester, UK).

The sheet resistance measurements were performed with a
four-point probe head from Jandel connected to a source
measuring unit (Keysight B2901A) applying a constant
current of 1 mA.



C. Device characterization

The gas sensing performance of the sensors was
characterized as a function of different concentrations for both
testing gases (ammonia and ethanol). For that, we used a
custom-made gas chamber into which the different test gases
are fluxed. The sensors were placed on top of a glass holder
with a Peltier heating element and a Pt100 sensor for in-situ
temperature monitoring, as described in our previous work
[45]. The different concentrations (ppm) are achieved by
adjusting the flux of both gases (carrier gas: N», and testing
gas: ammonia or ethanol) but always maintaining an input gas
flow of 200 mL/min during a time interval of 100 seconds.

With that, we were able to achieve a concentration of
ammonia (NH3) ranging between 10 ppm and 80 ppm, and
between 25 ppm and 130 ppm for ethanol (C.HsOH). The
sensors were exposed to a recovery interval after the exposure
cycle. Such recovery consisted of 300 s in which the sensor
was heated up to 80 °C to remove the trapped gas molecules,
followed by a high flux (1000 mL/min) of the carrier gas for
300 s at ambient conditions to facilitate the removal of any
residual test gas molecules from the chamber [45], [46].
Before a new exposure cycle, the temperature was set again to
25 °C. The impedance of the devices was measured as a
function of the different gas concentrations using the
impedance analyzer 4294A and the impedance probe kit
42941A (from Keysight Technologies, USA). The
measurements were performed using a sinusoidal excitation
signal of 0.5 V of amplitude at low frequency (20 Hz) to
extract the resistive behavior.

In particular, the sensor performance was analyzed through
its normalized resistance (N.R.), defined as the relative
variation in resistance between the two contact electrodes, as
described in Equation 1 (where Ro and Ry are the initial and
final values of resistance for an exposure cycle, respectively).

R; — Ry

NR=—p— (M

I1l.  EXPERIMENTAL RESULTS

A. Structural characterization

The images acquired by SEM for the bare GO as well as for
its different reduced states at the different laser power are
shown in Figure 2. Before the laser reduction, the GO over the
PET substrate constitutes a homogenous and uniform coating
(Figure 2a). As expected, the level of ablation of the GO
surface is higher as the laser power increases. In Figures 2b-d
we can appreciate how a higher laser power implies a higher
thermal effect, thus leading to a wider effective path of the
laser beam (increasement of around a 40% from 50 mW to
100 mW), as well as to a higher decrease of the LrGO
thickness and a higher level of reduction (as demonstrated by
the remaining non-reduced GO areas). The SEM images of
Figure 2 also reveal the edges among the different layers
which compose the GO structure [35], [47].
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Fig. 2. SEM imagés of GO (a) and LrGO from different laser powers:
50 mW (b), 80 mW (c) and 100 mW (d).
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The successful conversion from GO to LrGO is confirmed
by the Raman spectroscopy results shown in Figure 3. This
conversion is manifested by the increase of the ratio between
the intensities of the G and D peaks, located at 1573 cm™! and
1343 cm ™!, respectively. The G peak is intrinsically originated
by the relative movement of the sp? hybridization bonds
(graphitic signature of carbon), while the D is associated with
the disorders induced by the defects on the sp? hybridized
structure [48]. Additionally, the 2D peak (2678 cm™!) is the
result of a second order resonant process: the larger the ratio
between the 2D and G peaks, the better the quality of the
reduced graphene oxide [49]. As shown in Fig. 3a, the 2D
peak is almost non-existent before the laser ablation of the GO
surface. However, once the photothermal reduction is applied,
the 2D peak emerges because of the healing of the
crystallographic structure. As seen, the Ip/Ig ratio decreases at
the same time that the Lp/Ig ratio increases for higher laser
reduction powers, which indicate that the rGO presents a less
defective and disordered structure with respect to the GO
precursor [43]. The improved structural ordering and the lower
concentration of defects in the sp?-hybridized carbon lattice of
the LrGO as the laser power increases is also manifested
through the narrowing of the full width at half-maximum
(FWHM) of the 2D peak [50].
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Fig. 3. Raman spectra of as-deposited GO before (a), and after the
laser photothermal reduction for a laser power of 50 mW (b), 80 mW
(c) and 100 mW (d).



The progressive reduction of the GO as the laser power
increases can be analyzed by means of the XPS results at the
different laser powers, as depicted in Figure 4. As seen, the
UV laser treatment is able to reduce a large part of the
oxygen-containing functional groups which compose the
structure of the bare GO deposited on the flexible substrate.
The analysis of the atomic concentrations extracted from the
XPS results demonstrate an increase of the C/O ratio of up to a
~35% (see Table I). This increase is given mainly by the
removal of the C-O bonds from the initial GO structure, as
shown in Figures 4a-d. In addition to this, the relative increase
of the C=C bonds after the laser photothermal process together
with the emergence of the m-m* transition, which is a
characteristic feature of sp? hybridization, indicate the healing
of the crystallographic structure and supports the conversion
from GO to rGO [51]-[53].

TABLE |. COMPARISON OF THE C/O RATIO BEFORE AND AFTER THE
PHOTOTHERMAL PROCESS FOR THE DIFFERENT LASER POWERS.

Material C/O Ratio
GO 2.236
LrGO@50mW 2.903
LrGO@80mW 3.023
LrGO@100mW 3.031
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Fig. 4. High resolution C1s XPS spectra of the GO before (a), and

after the laser photothermal reduction for the different laser powers: 50
mW (b), 80 mW (c) and 100 mW (d).

The gradual conversion from GO into rGO also comes with
an increase of the conductivity of the resulting material as
reported by the measurements of sheet resistance at the
different laser powers. The results demonstrated that, although
the typical sheet resistance of the bare GO is over 1 MQ/sq., it
can be significantly decreased down to around 500 Q/sq. for a
laser power of 50 mW, 280 Q/sq. for 80 mW and 228 Q/sq.
for 100 mW, respectively. In addition, the impedance analyzer
measurements for the devices at ambient conditions

demonstrates that they present a pure resistive behavior at sub-
GHz frequencies (see Figure 5).
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Fig. 5. Frequency response of an rGO@100mW sensor at ambient
conditions. (a) Magnitude, (b) Phase.

B. Response to ammonia and ethanol

The resistance of the rGO-based sensors fabricated with
different levels of reduction were tested at different
concentrations of both ammonia and ethanol gases. The
overall sensos’ resistance can be expressed as the series
combination of the resistance of the electrodes (R.) and the
resistance of the sensing layer (R;) [44]. Considering that the
resistance of the sensing layer is the only one affected by the
gas exposure, the total resistance for a given concentration (ci)
can be written as:

R(c;) = Re + Rs(c;) = Re + Rs(co) + ARs(c1) (2)

being Ry(co) the resistance of the sensing layer when it is not
exposed to any testing gas.

Therefore, the normalized resistance variation can be
reduced to Eq. 3, which manifests the relevance of increasing
the dependency of the sensing layer resistance with respect to
the gas concentration as well as decreasing the resistance of
the electrode-sensing layer interface.
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Moreover, the hysteresis is calculated from Eq. 4, as the
maximum difference of resistance obtained when
increasing/decreasing the gas concentration with respect to the
full scale [54]:
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On this basis, Figure 6a details the response of the different
devices towards ammonia at different concentrations using N»
as carrier gas. The main features extracted from these results
are summarized in Table II. Similarly, the response of the
devices and their main features when they are exposed to the
different ethanol concentrations are included in Figure 6b and
Table I1I, respectively.
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Fig. 6. Normalized Resistance as a function of different NH; (a) and
ethanol (b) concentrations for rGO sensors with different level of
reduction (Relative humidity: 55%).

TABLE Il. COMPARISON OF THE MAIN FEATURES FOR AMMONIA SENSING.

TABLE Ill. COMPARISON OF THE MAIN FEATURES AMONG FOR ETHANOL
SENSING.

Parameter 100 mW 80 mwW 50 mW
Sensitivity (%/ppm){0.0140 + 0.001| 0.0191 +£ 0.002 | 0.0390 + 0.003
Linearity (R?) 0.9474 0.9820 0.9425

Hysteresis (%) 0.002 0.004 0.005

Parameter 100 mW 80 mW 50 mwW
Sensitivity (%/ppm) | 0.0402 + 0.001 |0.0652 + 0.002|0.0928 + 0.002
Linearity (R?) 0.9692 0.9688 0.9861

Hysteresis (%) 0.002 0.005 0.004

The sensitivity was calculated by linear regression of the
calibration curves presented in Figure 6. The dispersion was
defined as the standard deviation of the sensitivities of
different characterized devices. To study the stability and
reproducibility of the sensors, we measured each sample 5
times.

[\VV. DISCUSSION

Although the sensors fabricated with the same laser power
presented a slightly different overall resistance from one to
another, the variation of their normalized resistance as a
function of the testing gases is quite similar, as demonstrated
by the standard deviation of the sensitivity for all cases. The
increase of the resistance is given by the p-type property of
rGO together with the electron acceptor of the gas molecules.
The p-type semiconducting behaviour of GO depends on its
degree of oxidation and therefore on the oxygen remaining on
the carbon plane [55]. This, together with the higher presence
of corrugations, breakages, and wrinkles to absorb the gas
molecules, makes the less-reduced GO (rGO@50mW) more
sensitive to the gas adsorption than the flat rGO films, as
demonstrated for both ammonia and ethanol [56], [57]. The
absorption of the gas molecules leads to a decrease of the
LrGO conductivity, thus increasing the sensor resistance as the
gas concentration increases. In general, the change in the
sensors’ resistance presents a relatively high linearity with
respect to the gas concentration. However, it can also be seen
that the more sensitive sensors are also more responsive as the
target gas concentration increases due to both the higher
absorption ability and the increase in the probability of
adsorption of the gas molecules. This effect is handled in some
works by defining two linear working regions (for lower and
higher concentrations), as reported by Karaduman et al. [58]
and Wang ef al. [59] for their rGO-based gas sensors
decorated with metal nanoparticles and ZnO/SnO,,
respectively. The lower sensitivity of LrGO for ethanol when
compared with ammonia at room temperature was also
reported in the literature for other resistive sensors based on
GO [60]. This is a consequence of a better adsorption of the
NH; molecules into the functional groups of the rGO layer
when compared with the CoHsOH, likely attributable to its
smaller molecule size. Moreover, the sensors present low
hysteresis, for both gases, demonstrating that the high surface
area of rGO is able to absorb the tested concentrations with no
saturation and that the recovery procedure accomplishes the
total desorption of the target gas molecules.

Table IV sums up the characteristics of the sensors develop
and establish a comparison with respect to other rGO-based
sensors reported in the literature. In our work, we selected as
tested gases ammonia (NH3) in a concentration range between




10 ppm and 100 ppm and ethanol (C,HsOH) covering the
concentration range from 25 ppm to 130 ppm, in a similar way
than Sha ef al. [37], Chang et al. [61] and Feng et al. [62]. It is
important to highlight that this work only considers the use
raw LrGO as sensitive layer. Thus it simplifies the fabrication
process when compared with other rGO-based sensors which,
in addition to require the chemical reduction of GO, are also
associated with the synthesis of other materials, such as Zinc
Oxide (ZnO) composites [37], SnO, nanocrystals [61] or
cobalt oxide (Co304) [62]. Moreover, the devices proposed in
this work can operate at room temperature for both tested
gases that, together with their purely resistive behavior, makes
easier their integration in a final end-user device. Finally,
although in this work we have considered the raw LrGO as
sensitive layer, this technology can also be combined in future
works with other materials to enhance their sensing properties.

TABLE IV. COMPARISON BETWEEN DIFFERENT RGO-BASED GAS SENSORS
IN LITERATURE.

Gas
) Tested L conc. | Temp
Ref. Material Gases Type Sensitivity Range | (°C)
(ppm)
0.0140%/ppm
(100 mW)
This - 0.0191%/ppm 25—
work rGO Resistive (80 mW) 130 20- 25
0.0390%/ppm
(50 mW)
Li et al. . 0.973%/ppm 5-—
(20] 8ZTO/rGO Resistive (up to 100 ppm) | 1200 275
Ethanol
Sha et Amperom 508.91 2-
al. [37) | "€0/Zn0 etric yAmM-tem2 | 230 | 400
Tang et e 0.981%/ppm 10 -
al. [42] MoQOs-rGO Resistive (up to 100 ppm) | 8000 310
Chang et . 56.818 %/ppm | 0.56 —
al. [61] rGO/Sn0O2 Resistive (up to 1.68 ppm) | 1.68 300
0.0402%/ppm
(100 mW)
This - 0.0652%/ppm 10 -
work rGO Resistive (80 mW) 100 20-25
0.0928%/ppm
NHs (50 mW)
Feng et | rGO/C0304 e 1.072%/ppm
R -1 2
al. [62] | nanofiber esistive | p 1o 50 ppm) |3 710 20
Huang et| Chemically - 0.742%/ppm
al. [36] GO Resistive (up to 50 ppm) 20-50| 35

V. CONCLUSIONS

In this paper, we present ammonia and ethanol gas sensors
based on laser reduced-graphene oxide reduced (LrGO) as
sensitive layer. First, we analyzed the impedance response of
the devices under no test exposure and observed that the
devices present a low pass filter characteristic, with a phase of
virtually zero up to 100 kHz, which yields a purely resistive
characteristic. The results presented validate that the sensors

based on LrGO are promising candidates for the detection of
NH; and VOCs, like ethanol. In particular, LrGO exhibits
higher sensitivity towards ammonia with a value of
0.0402%/ppm than ethanol (0.0140%/ppm) for a same level of
GO reduction. In general, we observed that lower levels of GO
reduction make the sensors more sensitive to gases absorption
as a consequence of a higher p-type behavior and a higher
presence of corrugations, breakages, and wrinkles to trap these
molecules. We conclude that laser-reduced GO can rise a great
attention for environmental monitoring of toxic gases, since it
is proven as a cost-effective and a low energy process, thus
contributing to the circular economy through the development
of sustainable electronics.
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