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A highly responsive methanol sensor based on
graphene oxide/polyindole compositest

Katesara Phasuksom,?® Walaiporn Prissanaroon-Ouajai® and Anuvat Sirivat (9 *a°

Graphene-based materials, namely commercial graphene (cm-G), commercial graphene oxide (cm-GO),
reduced graphene oxide (rGO), and synthesized graphene oxide (OIHM-GO), and their composites with
polyindole (PIn) were used as sensing materials for methanol vapor. The synthesized graphene oxide was
prepared by the optimized improved Hummers' method. rGO was prepared from cm-GO by two different
methods: thermally mild reduction at 120 °C to yield T-rGO and chemical reduction by ascorbic acid to
yield C-rGO. Graphene-based material/polyindole composites were prepared by in situ polymerization. In
this report, the sensing responses were evaluated from the responsive electrical currents at room
temperature. cm-GO showed the highest methanol response because it possessed the highest number of
oxygen species, which act as the active sites. The relative electrical conductivity response of the in situ cm-
GO/dPIn composite to methanol was the highest amongst the composites. The in situ OIHM-GO/dPIn
composite possessed the high relative conductivity response of 81.89 + 2.12 at 11.36 ppm, a sensitivity of
7.37 ppm~* with R? of 0.9967 in the methanol concentration range of 1.14-11.36 ppm, a theoretical LOD of
0.015 ppm, and repeatability of at least 4 cycles with good selectivity. This work represents the first report of

rsc.li/rsc-advances

1. Introduction

Presently, graphene is a highly interesting and utilized material
because of its extraordinary 2D crystal structure consisting of
sp’>-hybridized carbon atoms; it provides a larger surface area
compared to other nano-scaled particles," high flexibility, good
mechanical strength (Young modulus ~ 0.05 TPa), high thermal
conductivity (5000 W m~" K at 27 °C) and extremely high
electron mobility (200 000 cm® V' s™') under ambient condi-
tions, and high electrical conductivity owing to its near zero
band gap (resistivity 10" Q cm).? Due to these unique proper-
ties of graphene, it can be used in various applications, such as
batteries,>* anti bacterial activities,® transistors,® drug delivery,”
photovoltaics,® capacitors,® solar cells,' and sensors."
However, graphene is poorly reactive because it has no
reactive species; thus, it is insensitive to other chemicals.*>*
Graphene oxide (GO) is covalently bonded and functional-
ized with oxygen functional groups, such as hydroxyl, carbonyl,
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the preparation and testing of graphene-based materials/polyindole composites as methanol sensors.

carboxyl, and epoxide groups, attached to its structure, leading
to some partial sp® hybridized carbon atoms™ and a decrease in
its electrical conductivity. However, the electrical conductivity
of GO depends on the number of oxygens in its structure and
can be controlled by its band gap.'®> GO has received much
interest in gas sensor applications because its structure
contains various oxygen species, which provide a variety of
possible active sites. These oxygen species, namely hydroxyl,
carbonyl, carboxyl, and peroxide groups, provide the active sites
for interaction with the methanol vapor and increase the
methanol response relative to the pristine conductive polymer.
Generally, GO can be prepared by the oxidation of graphite
using various procedures, such as Brodie's method using KCIO;
and HNOj;," Hofmann's method using KClOz;, HNO;, and
H,S0,,"” Staudenmaier's method* using KClO;, HNOj;, and
H,S0,, and the Hummers' method using NaNO;, H,SO,, and
KMnO,."” However, the Hummers' method is more popular
because of its safe synthesis procedure compared to the other
methods, lack of toxic reactants (KClO;), easily controlled
synthesis temperature, and high degree of oxidation.** Although
the Hummers' method is popular, NaNO; used in oxidation can
emit harmful gases.*® To remedy this problem, the Hummers'
method was improved by replacing NaNO; with H,SO,4, H;PO,,
and a doubled amount of KMnO,; this technique is sometimes
called the “improved Hummers' method” or “Tour method”.*
In 2016, the optimized improved Hummers' method was re-
ported as a novel synthetic method for modified GO by Lavin-
Lopez et al.;** its advantages are low production cost, short
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reaction time and lack of toxicity. The reaction time decreases
from 12 hours to 3 hours because the coagulation step is
omitted; the wash step is reduced, the use of H;PO, is not
necessary, the production per batch of GO is increased, and the
method is easily scalable.

Reduced graphene oxide (rGO) is a graphene-based material
which has received much attention because it not only possesses
high electrical conductivity but also exhibits adaptable surface
properties. Two major reduction strategies can be performed to
prepare rGO, namely chemical reduction and thermal reduction.
Chemical reduction can be divided into four techniques: (i)
chemical reagent reduction; (ii) photocatalyst reduction; (iii) sol-
vothermal reduction; and (iv) electrochemical reduction.*
Commonly, reduction with a chemical reagent is popular because
of its large scale synthesis in which GO can be reduced with strong
reducing reagents such as sodium hydride, sodium borohydride,
lithium aluminium hydride, and hydrazine. Although these
reducing agents provide very powerful reduction ability, they are
highly toxic.”® Recently, green reducing reagents such as sugars,
amino acids, plat extracts, and, especially, ascorbic acid or
vitamin C have emerged as interesting alternative reducing agents
because of their non-toxicity, powerful reduction ability, low cost,
production of more stable rGO, and lack of heteroatom crea-
tion."***** Thermal reduction is classified in two methods, (i)
thermal annealing and (ii) microwave and photo reduction;
thermal annealing provides a higher degree of reduction and
lower cost.'**

Gas sensing materials fabricated from graphene-based
materials exhibit good sensing properties. They show high
surface areas and provide low limits of detection; facilitate gas
interaction owing to the oxygen species functionalized on their
structures, which promote energy and gas adsorption;*® and can
achieve high sensitivity and selectivity by hybridization or
compositing with other materials.”” Sensing materials fabri-
cated from combinations of conductive polymers and graphene-
based materials have recently attracted interest. For example,
Al-Mashat et al. (2010) prepared a graphene/polyaniline (PANT)
nanocomposite via chemical polymerization as a H, sensor; the
sensor provided a higher H, resistive response and sensitivity
compared to sensors based on pristine PANI and graphene
alone because the graphene enhances the overall surface area of
the composite nanostructure.”® Konwer et al. (2013) synthesized
GO/PANI composites by in situ polymerization for use as
a methanol sensing material; the composite sensor provided
a higher sensitive response and reproducibility and a shorter
response time relative to pure PANI because the larger surface
area and the more reactive oxygen species on GO promoted the
methanol interaction.? Tiwari et al. (2015) fabricated a rGO/PPy
composite film for ammonia detection by drop-cast in situ
oxidative polymerization. The thin film sensor showed homo-
geneous dispersion of graphene in the polymer matrix; this
enhanced the mechanical and electrical properties, including
the surface-to-volume ratio. The sensitivity of the rGO/PPy
composite was higher than that of pure PPy, and the response
time slightly decreased; however, the recovery was not fully
complete because of the higher energy binding sites of rGO.*°
Graphene/conductive polymer composites can be prepared by
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three main methods: (i) in situ polymerization; (ii) mechanical
mixing; and (iii) melt mixing. However, in situ polymerization is
extensively used because it facilitates homogeneous dispersion
of loaded graphene in the polymer matrix, resulting in a strong
interaction between the graphene filler and the polymer.**

Conductive polymers are organic polymers that possess
extraordinary properties compared to conventional polymers
because they can induce charge and electron transfer through
their chemical structures, called conjugated structures.** Thus,
they have been suitably used in electronic applications such as
light emitting diodes, sensors, solar cells, capacitors, and
transistors. Generally, the electrical conductivity of a conductive
polymer is controlled by a dopant. Mostly, the dopants are
anions; thus, most conductive polymers are typically p-type
semiconductors.*> Conductive polymers have been used in
sensor applications because they behave as either transducers
or sensing materials as chemiresistive sensors; also, they are
inexpensive and portable, can be used at room temperature,
and enable real time monitoring.*> The conductive polymers
that are ubiquitously investigated in sensor applications are
polyaniline, polypyrrole, and polythiophene owing to their high
electrical conductivity, facile preparation, and ease of surface
modification;**** however, there have been a few reports on
polyindole in sensor applications.

Polyindole (PIn) is a conductive polymer with a conjugated
structure of alternative single bonds and double bonds along
the polymer chain. The PIn structure consists of a benzene ring
linked with a pyrolytic ring. Although PIn possesses low elec-
trical conductivity, it has other advantages, such as good
thermal stability, high redox activity, and stable electrical
conductivity in air. Our previous work reported that the doping
of PIn with perchloric acid (HClO,) could improve its electrical
conductivity by many orders of magnitude to support various
electronic applications.** Recently, PIn was applied as an anti-
fungal material for the fungi Penicillium chrysogenum® and as
a capacitor,®® humidity sensor,”” methanol sensor,*® etc.
Furthermore, PIn-composited graphene based materials can be
applied in various electronic applications; for example, GO/PIn
composite was utilized as a supercapacitor,®** GO/PIn-
incorporated Ag was applied as an electrode material,® and
rGO/PIn nanocomposite was used as a capacitor.** However,
graphene-based material/PIn composites have not been previ-
ously reported in sensor applications.

Methanol is a volatile organic compound; it easily evaporates
into the surrounding air at room temperature because of its
high vapor pressure. Methanol is widely used as a solvent or
cleaning agent in both laboratories and industry. Inhalation of
much methanol vapor can cause a variety of health effects, such
as headache, drowsiness, nausea, blurred vision, convulsion,
and even blindness, tumour, and cancer. Moreover, it is highly
flammable and toxic; thus, it is harmful to humans and
animals. The American Conference of Governmental Industrial
Hygienists (ACGIH) allows a threshold concentration of meth-
anol vapor released during a working day (8 hours) for repeated
exposure without producing adverse health effects of
200 ppm.*~** Thus, it is necessary to detect methanol at a very
low concentration.
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The aim of this work was to prepare composites of poly-
indole and graphene-based materials (commercial graphene
(cm-G), commercial GO (cm-GO), synthesized GO (OIHM-GO),
T-rGO, and C-rGO) by in situ polymerization for application as
methanol sensors. rGO was prepared by both thermally mild
reduction and chemical reduction with ascorbic acid or vitamin
C, where cm-GO was used as a starting raw material. The
synthesized GO was prepared by the optimized improved
Hummers' method (OIHM) in order to compare it with cm-GO.
The graphene-based materials and their composites were
characterized by various techniques: FT-IR, XRD, XPS, FE-SEM,
and 2-point probe. The graphene-based materials and their
composites with polyindoles were used as sensing materials to
detect methanol vapor. The sensor response was recorded in
terms of the electrical current signal change at room tempera-
ture using nitrogen as a base gas. The most suitable composite
material was chosen to determine the effects of the filler content
(% v/v) on the methanol response. Moreover, the sensitivity,
limit of detection, reversibility, repeatability, and selectivity
were investigated and are reported here.

2. Experimental
2.1 Materials

Indole powder was used as a monomer in the synthesis, and
anhydrous ferric chloride (FeCls;, analytical grade) as an
oxidizing agent was purchased from Merck. 37% wt/wt hydro-
chloric acid (HCl, analytical grade) and 98% wt/wt sulfuric acid
(H2SO,4, analytical grade) were obtained from RCI Labscan.
Ethanol (EtOH, analytical grade) for monomer dissolution was
purchased from HAYMAN. 30% wt/wt ammonium hydroxide
(NH,OH, analytical grade) and 70% wt/wt perchloric acid
(HClO,, analytical grade) were purchased from KEMAUS and
were used as a de-doping agent and a doping agent, respectively.
Potassium permanganate (KMnO,, analytical grade) as an
oxidant for the graphite oxidation was acquired from Ajax
Finechem Pty Ltd. 30% hydrogen peroxide (H,O,, analytical
grade) was purchased from Chem-supply. Graphene (grade M)
was purchased from XG Science Company, and commercial GO
was purchased from Xiamen Tob New Energy Technology Co.,
Ltd. Synthetic graphite powder with a particle size lower than 20
pum purchased from Aldrich Chemistry was used as a raw
material in the GO synthesis. r-Ascorbic acid and vitamin C
(analytical grade) were used as reducing agents and were
acquired from Carlo Erba Reagents. The methanol (CH;0H,
analytical grade) used in the sensor testing was purchased from
Honeywell. Acetone (analytical grade) was purchased from
Scharlau. Hexane and tetrahydrofuran (THF, analytical grade)
were purchased from RCI Labscan. Ultra-high purity nitrogen
(99.998% purity) from Praxair Company was used as a carrier
gas. Double distilled water was used as a solvent in the
synthesis.

2.2 Reduction of graphene oxide

In the thermal reduction, the cm-GO was treated by thermal
heating at 120 °C under atmospheric air in an oven for 24 hours
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to obtain the thermally reduced graphene oxide (T-rGO). In the
chemical reduction, cm-GO was sonicated in double distilled
water for 30 min using an ultrasonic sonicator (Transsonic
570H, Elma). To cool the heat produced during the sonication,
the sonicated cm-GO solution was stirred at room temperature
for 1 hour. Then, ascorbic acid powder was gradually added to
the cm-GO solution at room temperature and then stirred for 24
hours. Next, the chemically reduced graphene oxide (C-rGO)
was filtered, washed with double distilled water, and dried at
80 °C for 24 hours, respectively.** The suitable GO to ascorbic
acid weight ratio was fixed at 1 : 3.3 according to the work of Z.
Sui et al. in 2011.** The analytical results of the rGOs are re-
ported in Fig. S1 and S2 in the ESL¥

2.3 Graphene oxide preparation by the optimized improved
Hummers' method

To prepare the synthesized GO, the oxidation step in the 2016
work of M. del P. Lavin-Lopez et al. was followed; however, the
amount of graphite was reduced to 3 g and the
graphite : KMnO, mass ratio was maintained at 1 : 3 in order to
obtain the same oxidation degree.?” 3 g of graphite powder was
mixed with 80 mL of 98% wt/wt H,SO, and then continuously
stirred for 1 h. Next, a strong oxidizing agent (KMnOy,, 9 g) was
gradually dropped into the mixed solution, where the temper-
ature was slowly raised to 45 °C in this step because of an
exothermic reaction. Then, the mixed solution was heated to
50 °C under stirring. The reaction was continuously allowed to
proceed for 3 hours by controlling the reaction temperature
under 55 °C to prevent overheating; the black color of the
graphite slowly changed to dark brown and the solution became
viscous due to the oxidation with KMnO,. After that, the mixture
was poured over 400 g of ice flakes. Next, 3 mL of 30% wt/wt
H,0, was slowly added to the mixture with the ice flakes to
terminate the oxidation, and the mixture was simultaneously
stirred by hand until all gas bubbles disappeared. Next, the
mixture was separated by filtration with a vacuum pump to
obtain a GO slurry. Finally, the GO slurry was washed with
double distilled water (200 mL), 5% v/v HCl (200 mL), and
ethanol (200 mL), respectively. The GO slurry was dried at room
temperature for 24 hours and at 50 °C in the oven for 24 hours
to obtain the solid GO. Finally, the solid GO was ground with
a coffee grinder to obtain GO powder.*”> Herein, the synthesized
GO was named OIHM-GO. The OIHM-GO synthesis procedure is
shown in Scheme 1. The analytical results of OIHM-GO are re-
ported in Fig. S3 of the ESL.{

2.4 Composite preparation by in situ chemical oxidative
polymerization

Each graphene-based material (cm-G, ¢cm-GO, OIHM-GO, T-
rGO, and C-rGO) was separately sonicated by a sonicator
(Elma, Transsonic 570H) for 30 min in 0.1 M HCI (100 mL),
which was used as the solvent in the PIn synthesis. 10.66 g of
FeCl; as the oxidant in the PIn was separately dissolved in 0.1 M
HCI (80 mL). The sonicated solution was cooled to room
temperature by stirring at room temperature in order to reduce
the heat that arose from continuous sonication before mixing

This journal is © The Royal Society of Chemistry 2020
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Scheme 1 GO synthesis by the optimized improved Hummers'
method (OIHM).

with the oxidant solution. Next, an indole monomer solution
(3 g of monomer dissolved in 10 mL of ethanol) was gradually
dropped into the mixture solution and then constantly stirred
for 24 hours. Then, the composite was filtered and washed with
double distilled water until the yellow mixture solution became
clear. Finally, the precipitate was dried at 70 °C for 24 hours and
gently milled with a mortar for 2-3 min to obtain a composite
powder. The composites of PIn with various graphene-based
materials synthesized by in situ polymerization, cm-G, cm-GO,
OIHM-GO, T-rGO, and C-rGO, were named in situ cm-G/PIn, in
situ cm-GO/PIn, in situ OIHM-GO/PIn, in situ T-rGO/PIn, and in
situ C-rGO/PIn, respectively, in which the graphene-based
material content was fixed at 10% v/v. PIn was synthesized by
the same procedure without the graphene-based materials in
order to compare it with the composites. The in situ polymeri-
zation steps are shown in Scheme 2.

2.5 Doping-dedoping process

The obtained PIn powder was dedoped in 5 M NH,OH solution
for 24 hours at the dedoping NH,OH/PIn mole ratio of 10 : 1.
The dedoped-PIn was filtered, rinsed with double distilled

A

GO In 0.1 M HCI solution
sonicated for 30 min

(3
FeCl, dissolved

in 0.1 M HCI Slow dropping indole

monomer in ethanol

p— i Stlrnng'orL'amm‘
[ |l \

(._

Scheme 2
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water, and dried at 70 °C for 24 hours. The dedoped-PIn powder
was then doped with 2.5 M HCIO, for 24 hours at a doping mole
ratio of HCIO,/PIn of 10 : 1 (the doping mole ratio is defined as
(acid mole)/(PIn mole), where PIn denotes the average indole
repeating units).*® The doped-PIn (dPIn) was filtered by a cellu-
lose acetate membrane (pore size of 0.45 pm, Whatman) and
dried at 70 °C for 24 hours. The graphene-based materials/PIn
composites prepared by in situ polymerization were dedoped
and doped under the same method. Also, the ¢cm-GO/dPIn
composite was fabricated by simple physical mixing; the dPIn
was mixed with cm-GO in order to compare its response with
the composites prepared by the in situ polymerization. Herein,
the cm-GO/dPIn composite fabricated by simple physical mix-
ing was named SM cm-GO/dPIn.

2.6 Methanol vapor detection

The sample powder was compressed in a pellet with a thickness
of 1.5 £ 0.3 mm and a diameter of 1.3 cm. The constructed gas
chamber system consisted of two stainless steel chambers with
volumes of 8 inch® connected in series. The first chamber was
used to prepare a gas at a certain concentration before releasing
it into the second chamber. The sample pellet was loaded into
a custom-built 2-point probe and placed into the second
chamber, where the electrical signal was real-time recorded in
this chamber using an electrometer (6517A, Keithley) and the
6517 Hi-R Test software under applied voltage in the linear
ohmic regime. First, air and humidity inside the chambers were
evacuated by a vacuum pump; the electrical signal tended to
decrease with decreasing pressure inside the chamber owing to
air and humidity removal until the electrical signal became
relatively constant. Next, N, gas was injected into the chambers;
the electrical conductivity (o) of the sample under the initial N,
atmosphere in the equilibrium state was defined as injtial,x,-
After that, N, was removed by the vacuum pump. Methanol
vapor was prepared by flowing N, gas at a constant flow rate of
5.59 L min~" controlled by a mass flow controller (AALBORG,
GFC171S) into the methanol solvent without dilution; this vapor
was injected into the first chamber and maintained for 5 min to
obtain a homogeneous vapor before releasing it into the second
chamber. The relative humidity was around 20 + 3% as recor-
ded by a Bluetooth wireless temperature and humidity data

§ / Graphene based materials

Pin

Filtering, Washing, and
DMng at 80 °C for 24 hr.

=

Sllmng for24 hr

‘7.‘.;"' — ‘ ‘

Graphene based materials/Pin composites

In situ polymerization of the graphene-based materials/PIn composites.
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logger (EL-BT-2, Lascar Electronic). The electrical conductivity
of the sample under the methanol vapor in the equilibrium
state is defined as omethano- The electrical conductivity of the
sample under final N, in the equilibrium state is defined as
Ofina,n,- The methanol vapor detection was tested at 1.1 atm
pressure to prevent interfering gas or humidity from the envi-
ronment from penetrating through the tested chamber, and the
temperature was controlled at 26 + 1 °C. N, gas with 99.998%
purity obtained from Praxair was used as a base gas. The sensor
testing system was set up as in a previous report.*

The relative conductivity response was utilized to identify the
sensor response, which was defined as the normalized electrical
conductivity under methanol vapor minus that under initial N,
and divided by that under initial N,, as in eqn (1):

. .. Omethanol — Tinitial N
Relative conductivity response = ——— 2022 (1)
T initial, N,

The electrical conductivity during the methanol vapor
detection was measured and calculated as in eqn (2):

1

o= X0 (2)

where Vis the applied voltage (V), I is the resulting current (A), ¢
is the sample thickness (cm), and K is the geometric correction
factor of the custom-built 2-point probe, which was calibrated
using a silicon wafer as the reference. The calibration procedure
to obtain K is given in a previous report.*®

The sensitivity of the sensor is defined as the slope of the
calibration curve acquired from the plot of the relative
conductivity response (y-axis) and the methanol vapor concen-
tration in ppm (x-axis); thus, the sensitivity unit is ppm ™. The
methanol concentration in ppm was obtained by altering the
ratio between the % methanol vapor volume and % total vapor
volume. The theoretical limit of detection (LOD) is defined as
three times the standard deviation of the electrical conductivity
signal in the N, gas (without methanol vapor) divided by the
sensitivity, as in eqn (3):***

LoD = — 5D (3)
sensitivity
where the LOD is the limit of detection in ppm and SD is the
standard deviation of the electrical signal under N, atmosphere.
The apparent LOD is defined as the extrapolation of the cali-
bration curve to the x-axis, where the x-interception indicates
the apparent LOD.?®
The response and recovery times are defined as the time
required for electrical signal of a sensor to reach 90% of the
equilibrium value under vapor exposure and the time required
for the electrical signal of sensor to return to 10% of its original
electrical signal under N, after gas desorption, respectively.

2.7 Characterization

The functional groups of the graphene-based materials and
their composites with polyindole were characterized by a Four-
ier transform infrared spectrometer in transmittance mode
(Nicolet iS5, Thermo Scientific). The FT-IR spectra were
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recorded in the 4000-600 cm ' wave number range with
a resolution of 4 cm ™" and a scan number of 64, and potassium
bromide (KBr) (spectroscopy grade, Carlo Erba) was used as
a reference. The sample powder was mixed with KBr by milling
in a mortar and was then compressed into a pellet before
testing. The crystal structures of the samples were analyzed by
a wide-angle X-ray spectrometer (Smartlab XRD, Rigaku), using
a scan step of 0.01° at 26 from 5° to 80° with a scan speed of
10° min ', where the Cu-Ko, X-ray source was generated at 40
kv/30 mA. The morphological properties of the materials were
investigated by high magnification field emission scanning
electron microscopy (FE-SEM, HITACHI, S$-4800), with an
accelerating voltage of 5 kV and an emission current of 10 pA.
The sample powders were dried at 80 °C for 24 hours and then
distributed on a carbon tape mounted on the stub; then, they
were sputtered with pure platinum for 150 s before testing.
Element and chemical bonding analysis was carried out by an X-
ray photoelectron spectrometer, XPS (Kratos Analytical Shi-
madzu Group Company, Axis Ultra DLD), operated using
a monochromated Al Ka X-ray radiation source. The wide scan
XPS spectra were obtained at a pass energy of 160 eV and the
high-resolution XPS spectra were analyzed at a pass energy of
40 eV. The binding energy was calibrated by using C 1s as
a reference (binding energy of 284.8 eV). The XPS spectra were
obtained using Casa-XPS software. The true densities of
graphene-based materials and PIn were characterized by a gas
pycnometer (Quantachrome, Ultrapycnometer 1000) operated
by determining the pressure changes resulting from displace-
ment of highly pure helium gas by the sample powder. The true
density values of cm-G, cm-GO, OIHM-GO, C-rGO, T-rGO, and
PIn were 1.6218 g cm °, 1.8541 g cm >, 1.8305 g cm °,
1.7426 g em*, 1.7331 g em*, and 1.3321 g em~°, respectively.

The electrical conductivity was measured using a custom-
built 2-point probe with two gold electrodes with a diameter
of 1 mm and a probe spacing of 1.05 cm. Each sample pellet
with a diameter of 1.3 cm and a thickness of 1.5 £ 0.3 mm was
placed on the sample holder, and the two point probes were
connected to the sample surface. The 2-point probe was linked
with the electrometer (6517A, Keithley), and the voltage was
applied in a linear ohmic regime to record the resulting current.
The current-voltage slope (I-V slope) was obtained by the plot
between the applied voltage (x-axis) and the recorded current (y-
axis). The electrical conductivity (S em™*) of the material in air
at 26° + 1° was calculated by eqn (4):

I I-7V slope
Tk T K

(4)

3. Results and discussion

3.1 Characterization of graphene-based material/PIn
composites and doping

Graphene-based materials/PIn composites were prepared by in
situ polymerization, where the graphene-based material was
fixed at 10% v/v. The functional groups of the composites and
pristine PIn were characterized by FT-IR. For PIn, the main

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Characterization of the graphene-based materials/PIn composites: (a) FT-IR; (b) XRD; (c) wide scan XPS. The composites were prepared
by in situ polymerization. (d—f) SEM images at 2.5k magnification of cm-GO, in situ 10% v/v cm-GO/dPIn, and SM 10% v/v cm-GO/dPIn,

respectively.

absorption characteristics of the N-H stretching appeared at
3211 cm™ ', the aromatic C=C stretching at 1617 cm ™, the N-H
deformation at 1567 cm ™", the C-N stretching at 1456 cm ™", the
C=N stretching at 1378 cm ™", the out-of-plane deformation of
C-H at 742 ecm ', and the C=O stretching at 1730 cm '
resulting from the over-oxidation of PIn.** The characteristic IR
absorptions of the composites and PIn are very similar, except
that the N-H stretching and the out of plane deformation of
C-H are slightly shifted to lower wavenumbers for the
composites. The shifts of the IR peaks to lower wavenumbers
may correspond to the restricted growth and the confined
modes of vibration of PIn in the presence of the graphene-based
materials owing to the pi-pi interactions generated by the
overlapping pi-orbitals of the non-planar aromatic rings of
graphene and PIn.*® After doping PIn with HClIO,, the FT-IR
spectrum of dPIn showed strong characteristic IR absorptions
of CI-O at 1141 and 1082 cm™ ', and the N-H stretching shifted
to a lower wavenumber; this confirms that the doping process
was successful.®* In the case of the composites doped with
HCIO,, the FTIR spectra of the composites are slightly different
and difficult to discern. The FTIR spectra of the in situ cm-GO/
dPIn and in situ OIHM-GO/dPIn show OH-stretching at 3372
and 3353 cm ™", respectively. Moreover, the N-H stretching of
PIn composited with GO or OIHM-GO shows higher peak
wavenumbers relative to the other samples. This is because of
the higher interaction between the N-H sites of PIn and the
oxygen species of GO. The in situ cm-G/dPIn spectrum appar-
ently shows the C-H stretching of graphene at 2961 and
2923 cm ™ '. However, the FTIR spectra of in situ C-rGO/dPIn and

This journal is © The Royal Society of Chemistry 2020

in situ T-rGO/dPIn are quite similar. A summary of the peak
assignments of the FTIR spectra of the composites is shown in
Table S1 in the ESL{ All composites show the characteristic
peaks of the dopant ClO,~ at 1141 and 1082 cm ™.

Fig. 1(b) shows the X-ray diffraction spectra of the compos-
ites and dPIn. The main diffraction peaks of dPIn are broad and
are visible at 20 = 7.4°, 18.7°, and 25.8°, indicating a relatively
amorphous structure.*® The smallest diffraction angle at 20 =
7.4° is related to the spacing between the dopant and the
positively charged nitrogen atom in the pyrolytic ring, and the
diffraction peaks at 260 = 18.7° and 25.8° can be referred to as
the reflection of the polymer backbone.* The interchain
spacing of PIn is 4.31 A as evaluated from the diffraction peak at
260 = 25.8°.%° For an amorphous polymer, the interchain spacing
is attributed to the distance between the polymer chains as
induced by the specific arrangement of chemical bonds; the
larger interchain spacing, the higher the disorder between
polymer chains.*® For in situ cm-G/dPIn, the spectrum shows
three diffraction peaks at 26 = 6.2°, 17.6°, and 25.7°. The
intense diffraction peak at 20 = 25.7° indicates uniform and
tight graphene layers and poor exfoliation by PIn.** In addition,
the weak and broader diffraction peaks of PIn are slightly
shifted to lower diffraction angles of 26 = 6.2° and 17.6°. The
other composites prepared by in situ polymerization exhibit
three diffraction peaks, similar to dPIn; however, all the peaks
became broader and are slightly shifted to lower diffraction
angles, corresponding to the exfoliation of their graphene layers
by PIn and the irregular stacking of graphene-based materials
with the PIn matrix.** The XRD spectrum of SM c¢cm-GO/dPIn,
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which was prepared by simple physical mixing, can be
compared to that of in situ cm-GO/dPIn; the XRD spectra are
quite different, as shown in Fig. 1(b). The SM cm-GO/dPIn
retains the (001) diffraction peak at 26 = 10.9° belonging to
GO; however, it does not appear in the case of the in situ cm-GO/
dPIn. This is because the in situ polymerization causes complete
growth of PIn on the GO layers, whereas for SM ¢m-GO/dPIn,
only physical interactions occur between GO and PIn; hence,
the major diffraction peak of GO remains.

Wide scan XPS was used to identify the element composi-
tions of the composites, as shown in Fig. 1(c), and the details are
reported in Table 1. PIn consists of four elements: C, O, N, and
C], in which the presence of oxygen is the result of overoxidation
and the existence of chlorine is owing to self-doping of Cl™
dopant from HCI and FeCl; with the oxidized PIn chain by
electrostatic interactions.** After doping PIn with HCIO,, the
same elements were observed; however, the amounts of O and
Cl increase because of the incorporation of ClO, by doping, as
identified by the characteristic IR absorption of Cl1O, " in the FT-
IR spectrum. The high resolution scan of the N 1s XPS spectra
was used to study the doping level related to the electrical
conductivity of a material. The doping level is defined as (N** +
N"™)/Norar,** where N** and N** are the numbers of polarons and
bipolarons and Ny, is the amount of all nitrogen species on
the PIn backbone, consisting of N**, N**, and N-H (amine
nitrogen), observed at the binding energies of 399.6-400.3 eV,
400.7-400.9 eV, and 401.7-402.1 eV, respectively. Doping with
HCIO, increases the doping level from 37.65 to 42.87 due to the
increment of the number of charge carriers. In the cases of the
composites, the wide scan XPS spectra are similar to that of PIn
and consist of four elements: C, O, N, and Cl. However, the
doping levels appear to be higher. The % doping levels of the
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composites are ordered as follows: in situ cm-G/PIn (48.16) > in
situ C-rGO/PIn (45.10) > in situ T-rGO/PIn (41.70) > in situ OIHM-
GO/PIn (40.25) > in situ cm-GO/PIn (39.27). For the composites
after doping, the wide scan XPS shows the same elements;
however, the numbers of oxygen and chlorine atoms are
increased owing to the electrostatic interactions between ClO,~
and the oxidized PIn. In addition, bipolarons can be distinctly
observed after doping with HCIO, because ClO,  compensates
for charges and generates a hole-like structure of PIn, inducing
an increase in the bipolaron state. The % doping levels of the
composites after the doping are ordered as follows: in situ cm-G/
dPIn (59.79) > in situ C-rGO/dPIn (56.29) > in situ T-rGO/dPIn
(54.16) > in situ OIHM-GO/dPIn (47.37) > in situ cm-GO/dPIn
(44.85). For SM ¢cm-GO/dPIn, the % doping level is 53.30.

The electrical conductivities of the composites were
measured by the 2-point probe and are listed in Table 1. The
electrical conductivity of the materials is directly related to the
doping level, as confirmed by XPS. The electrical conductivity of
the composites is as follows: in situ cm-G/PIn (0.51 =+
0.05 S cm™ ') > in situ C-rGO/PIn ((3.65 + 0.44) x 10 >Scm™ ') >
in situ T-rGO/PIn ((1.86 + 0.08) x 10> S cm ™) > in situ cm-GO/
PIn ((3.82 & 0.95) x 10™* S ecm™ ") > in situ OIHM-GO/PIn ((2.88
+ 0.65) x 107> S ecm™ ). For the pristine PIn, the electrical
conductivity is (1.15 + 0.28) x 10> S cm ™. Clearly, the elec-
trical conductivity of the composites is higher than that of pure
PIn because of the pi-pi interactions between PIn and the
graphene-based materials, which induce the creation of charge
carrier pathways.”>*> Another reason is that the order of the PIn
molecules is enhanced because the PIn molecules are oriented
on the layers of graphene-based materials with induced chain
expansion; consequentially, the electrical conductivity of PIn is
enhanced.” For the composites doped with HClO,, the

Table 1 Element compositions and electrical conductivity in air at room temperature of graphene-based materials, Pin, and their composites®

Element (at%)

Doping level Electrical conductivity
Material C1s O 1s N 1s S2p Cl 2p (%) in air (Sem™1)
PIn 85.13 8.27 5.92 — 0.68 37.65 (ref. 34) (1.15 + 0.28) x 107 (ref. 34)
dPIn 73.44 20.07 4.73 — 1.76 41.87 1.26 + 0.08 (ref. 34)
cm-G 93.49 6.51 — — — — 31157.68 £ 6
In situ 10% v/v cm-G/PIn 86.60 2.45 9.34 — 1.61 48.95 0.51 £ 0.05
In situ 10% v/v cm-G/dPIn 70.63 19.11 6.92 — 3.34 59.79 19.17 £ 0.86
cm-GO 67.12 31.31 — 1.57 — — 1.23 £ 0.38
In situ 10% v/v cm-GO/PIn 87.06 2.62 9.26 — 1.06 39.27 (3.82 £ 0.95) x 1073
In situ 10% v/v cm-GO/dPIn 71.28 20.39 5.59 — 2.73 44.85 2.11 £ 0.38
SM 10% v/v cm-GO/dPIn 67.91 20.56 9.04 — 2.48 53.30 4.05 £ 1.07
C-rGO 80.94 19.06 — — — — 1143.11 £ 3.089
In situ 10% v/v C-TGO/PIn 87.86 0.79 9.99 — 1.36 45.10 (3.65 & 0.44) x 1072
In situ 10% v/v C-rGO/dPIn 67.59 19.65 9.18 — 3.58 56.29 12.15 £ 2.90
T-rGO 77.05 21.34 — 1.61 — — 684.57 + 25.36
In situ 10% v/v T-tGO/PIn 86.57 2.08 10.10 — 1.25 43.73 (1.86 £ 0.08) x 1072
In situ 10% v/v T-rGO/dPIn 69.61 19.22 8.21 — 2.95 54.16 7.64 £+ 0.35
OIHM-GO (the synthesized GO) 66.62 31.77 — 1.61 — — 1.45 + 0.02
In situ 10% v/v OTHM-GO/PIn 88.29 1.66 8.75 — 1.30 40.25 (2.88 + 0.65) x 1072
In situ 10% v/v OIHM-GO/dPIn 64.96 21.82 9.75 — 3.47 47.37 2.22 +0.43

“ Remarks: (1) sulfur atoms observed in graphene-based materials were obtained from residual H,SO,. (2) Doping of PIn and composites was fixed
at a 10 : 1 doping mole ratio of HClO4/indole. (3) Doping level (%) of the conductive polymer is defined as [(N*" + N"")/Niogal] X 100.
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electrical conductivity sequence is as follows: in situ cm-G/dPIn
(19.17 £ 0.86 S ecm™ ') > in situ C-rGO/dPIn (12.15 4+ 2.90 Scm ™)
> in situ T-rGO/dPIn (7.64 + 0.35 S cm ™ ') > in situ cm-GO/dPIn
(211 + 038 S em ') > in situ OIHM-GO/dPIn (1.45 =+
0.02 S cm™ '), This indicates that the doping improves the
electrical conductivity by several orders of magnitude. When the
electrical conductivity of SM ¢cm-GO/dPIn is compared with that
of in situ cm-GO/dPIn, the electrical conductivity of SM cm-GO/
dPIn is higher than that of in situ cm-GO/dPIn. For SM cm-GO/
dPIn, GO is not fully covered by the available PIn molecules,
resulting in poor interfacial interaction and a non-
homogeneous phase in the mixture. On the other hand, GO
can easily interact with moisture in the environment, leading to
an increase in electrical conductivity.

The surface morphologies of the composites were charac-
terized by SEM. All the composites showed that the graphene-
based materials were covered with PIn because indole mono-
mers can adsorb and grow on the surfaces of graphene-based
materials.** For example, this phenomenon is illustrated in
Fig. 1(d) and (e), which show the surface morphologies of cm-
GO and the in situ cm-GO/dPIn composite, respectively. It can
be observed that their morphologies are not alike. The pure GO
shows a wrinkled surface, as clearly marked in the inset of
Fig. 1(d), which shows the SEM image at 100k magnification.
Meanwhile, for in situ cm-GO/dPIn, GO is fully covered by PIn
molecules and the wrinkles disappear, as shown in the inset of
Fig. 1(e), which shows the SEM image at 100k magnification.
This suggests that PIn nucleation was generated on the GO
surface. Fig. 1(f) shows the surface morphology of SM cm-GO/
dPIn, which is clearly different from that of in situ cm-GO/
dPIn because the cm-GO sheet is not covered by PIn, as
observed from the wrinkled surface of the cm-GO.

The intermolecular interactions between the conductive
polymer and the graphene-based materials can be based on
various interactions, such as hydrophobic interactions; pi-pi
interactions; electrostatic or coulombic interactions; hydrogen
bonding; and van der Waals interactions.> For in situ cm-G/PIn,
the intermolecular interactions between graphene and PIn
mainly arise from pi-pi interactions, hydrophobic interactions,
and van der Waals interactions because the graphene structure
does not contain heteroatoms. For the other composites, the
interactions are not only pi-pi interactions, hydrophobic
interactions, and van der Waals interactions, but also include
electrostatic or coulombic interactions and hydrogen bonding
because the oxygen functional groups in the GO and rGO layers
can interact with the heterocyclic atoms of PIn and promote
strong interfacial interactions.”

3.2 Graphene-based materials and methanol responses

c¢m-G, cm-GO, OIHM-GO, T-rGO, and C-rGO in pellet form were
used to detect 11.36 ppm methanol vapor under N, base gas at
room temperature (26 + 1 °C). The relative conductivity
response is a factor used here to compare different material
responses for methanol vapor detection, as shown in Fig. 2 and
as detailed in Table 2. The methanol responses are ordered as
follows: cm-G < C-rGO < T-rGO < OIHM-GO < c¢m-GO, whereas

This journal is © The Royal Society of Chemistry 2020
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the corresponding relative conductivity responses toward the
methanol vapor are (7.90 + 3.58) x 1073, —0.10 £ 0.03, —0.48 +
0.12, 1.53 £ 0.02, and 3.79 + 0.3, respectively. Interestingly, the
relative conductivity responses of the graphene-based materials
do not depend on the original electrical conductivity of the
material but are related to the available active sites of the
materials. Methanol is a highly polar vapor; its adsorption on
a sensing material is induced by hydrogen bonding interac-
tions. A material containing a large amount of oxygen func-
tional groups with hydrophilic properties produces a high
methanol response. Herein, the amount of oxygen atoms of GO
is higher than those of the rGOs and graphene, as confirmed by
the XPS data in Table 1. Thus, it can be concluded that GO
provides the highest methanol response because it possesses
the highest hydrophilicity and more active sites compared to
the rGOs and graphene. The high response of GO can be
attributed to the interpretation of S. Prezioso et al. (2013) that
the response to a target vapor is strongly enhanced when gra-
phene is functionalized as GO to produce a higher number of
active sites.**

For OIHM-GO, although the number of oxygen atoms of
OIHM-GO is slightly higher than that of cm-GO, the methanol
response is lower. This may occur because of the low degree of
oxidation of OIHM-GO, as confirmed by the low intensity (001)
diffraction peak and the existing (002) diffraction peak.*” The
low oxidation degree may be responsible for the low exfoliation,
which provides a low surface area. Despite the large surface area
and high electrical conductivity of graphene, it hardly responds
to methanol vapor because its surface is hydrophobic, which is
unreactive to the highly polar vapor. For the rGOs, the methanol
responses are lower than those of GO; this is because the
decrease in oxygen amount after the reduction induces low
hydrophilicity, reducing the methanol response.

Negative responses were observed in both T-rGO and C-rGO,
arising from the decreases in the electrical conductivity during
methanol vapor exposure. A negative response of rGOs can

2

Relative response of conductivity

-1 T T T T T

G GO  OIHM-GO T-rGO CrGO

Graphitic materials

Fig.2 Relative responses of the conductivity of the graphitic materials
under exposure to 11.36 ppm methanol vapor at 26 + 1 °C, 1.1 atm
pressure, and 20 + 3% RH.
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Table 2 Methanol sensor efficiency under N, base gas of the graphene-based materials, dPIn, and their composites®

Material Relative conductivity response Response time (min) Recovery time (min) Reversibility
cm-G (7.90 & 3.58) x 10 11.67 £ 1.17 — Irrecoverable
cm-GO 3.79+0.3 16.15 + 3.03 12.81 + 3.43 Fully recoverable
C-1GO —0.10 £ 0.03 21.67 £ 4.50 — Partly recoverable
T-rGO —0.48 £ 0.12 15.14 + 0.31 — Partly recoverable
OIHM-GO 1.53 £ 0.02 16.25 + 3.78 1.29 £+ 0.51 Fully recoverable
dPIn®® 57.83 £ 5.03 25.93 & 1.44 18.88 + 0.27 Fully recoverable
In situ 10% v/v cm-G/dPIn 0.71 + 0.13 59.48 + 7.26 4.52 + 0.65 Fully recoverable
In situ 10% v/v C-rGO/dPIn 27.37 £ 2.22 54.84 + 1.51 17.49 £+ 1.01 Fully recoverable
In situ 10% v/v T-rGO/dPIn 20.03 + 3.78 44.76 £ 2.31 19.83 £ 1.31 Fully recoverable
In situ 10% v/v cm-GO/dPIn 95.76 + 3.77 54.03 + 1.08 17.68 £ 0.82 Fully recoverable
SM 10% v/v cm-GO/dPIn 19.98 + 1.63 78.23 + 5.08 8.29 +1.78 Fully recoverable
In situ 10% v/v OITHM-GO/dPIn 81.89 +2.12 28.08 £ 1.93 19.91 + 3.50 Fully recoverable

% Remarks: (1) methanol concentration was constant at 11.36 ppm, 1.1 atm pressure, and 20 + 3% RH. (2) Doping of PIn and composites was fixed at
a10 : 1 doping mole ratio of HClO,/indole. (3) In situ means the graphene-based materials/PIn composites were prepared by in situ polymerization.
(4) SM means the graphene-based material/PIn composite was prepared by simple mixing.

originate from the p-type semiconducting behavior of rGO
under ambient conditions.*® The negative responses of the rGOs
toward methanol vapor are consistent with the results of H. Ahn
et al., who reported in 2014 that rGO responded with a resis-
tance increase (electrical conductivity decrease) during expo-
sure to electron-donating methanol vapor.®® A positive response
was clearly observed for GO, in which the electrical conductivity
increased during methanol vapor exposure; this is due to the n-
type semiconducting behavior of GO, as reported by H. Ahn
et al. in 2014.%°

For the sensor recoverability, complete recoveries were
found only for cm-GO and OIHM-GO, whereas partial recoveries
were observed for T-rGO and C-rGO and no recovery was
observed for cm-G. The partial recoveries and non-recovery may
correspond to the limited desorption of chemisorbed gas
molecules by flushing with N, gas,” the pore sizes of the
materials,*® and the high-binding energy sites.*®

Pure graphene contains a low amount of oxygen, which
provides fewer active sites. Thus, it requires a shorter response
time to reach equilibrium compared to the other samples. The
shorter time for graphene corresponds to its lower sensitivity
due to its smaller amount of active sites.

3.3 Graphene-based material/dPIn composites and
methanol responses

The graphene-based material/dPIn composites prepared by in
situ polymerization were used to detect 11.36 ppm methanol
vapor at room temperature (26 + 1 °C), and N, was used as
a base gas. All the composites contained graphene-based
materials at 10% v/v. The composites and PIn were doped
with HCIO, at a doping mole ratio of 10 : 1 before the methanol
vapor exposure testing.*® Herein, the role of PIn, as the main
phase of the composite, is to interact with methanol by H-
bonding; the interaction occurs between the N-H or "N-H site
of the PIn chain and the O-H site of the methanol molecule.
The methanol interaction results in expansion of the PIn chain,
leading to higher electron mobility; consequentially, the elec-
trical conductivity increases.

15214 | RSC Adv, 2020, 10, 15206-15220

The relative conductivity responses of the composites are
shown in Fig. 3 and detailed in Table 2. The methanol responses
of the composites are arranged as follows: in situ cm-GO/dPIn >
in situ OTHM-GO/dPIn > in situ C-rGO/dPIn > in situ T-rGO/dPIn
> in situ ¢cm-G/dPIn; the corresponding relative conductivity
responses are equal to 95.76 + 3.77, 81.88 + 2.10, 27.37 + 2.22,
20.03 £ 3.78, and 0.71 + 0.13, respectively. All the composites
manifested positive responses, indicating that the electrical
conductivity of the composites increases under exposure to
methanol vapor.

The response behavior toward methanol vapor of the
composites based on rGOs is different from that of the pristine
materials, which gave negative responses. The key reason for
this is the dPIn covered on the surface of the rGOs.*® For the
composites based on graphene and rGOs, their methanol
responses are lower than that of the pristine dPIn. This is
because graphene and rGO have low hydrophilicity, resulting in
low adsorption and diffusion of methanol into the inner layers
of the composites. Thus, the gas diffusion and the methanol

120
I [ situ cm-G/dPIn 10%v
100 - EE [nsitu C-rGO/dPIn 10%v
B In situ T-rGO/dPIn 10%yv
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% go { EEEA Insitu OIHM-GO/dPIn 10%
g o8 (PIn
=
g
s 601
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=}
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& 40 A
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Composite Materials

Fig. 3 Relative responses of the conductivity of dPIn and various
graphene-based materials/dPIn composites under exposure to
11.36 ppm methanol vapor at 26 £ 1°C, 1.1 atm pressure, and 20 + 3%
RH.
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interaction are more important than the electrical conductivity.
However, the methanol responses of the composites are higher
than those of their pristine graphene-based materials alone. For
instance, in situ cm-G/dPIn provides a higher relative response
than cm-G alone, and the methanol responses of in situ T-tGO/
dPIn and in situ C-rGO/dPIn are higher than those of T-rGO and
C-rGO, respectively.

Herein, the two composites affording the highest responses
to dPIn are the composites based on cm-GO and OIHM-GO; this
is probably because (i) they contain more active sites for
methanol molecules to adsorb to;* (ii) the methanol diffusion
into the inner layers is higher as a result of the hydrophilicity of
GO, which induces intercalation or swelling when exposed to
the polar vapor;” and (iii) a synergistic effect is involved in the
supplementary responses of both GO and dPIn.”* However, the
relative conductivity responses of the composites based on
OIHM-GO and GO are comparable. The response times of in situ
c¢m-GO/dPIn and in situ OIHM-GO/dPIn are longer than that of
dPIn due to the higher interaction between the oxygen species
of cm-GO and OIHM-GO, which act as high energy active sites,
defects, and vacancies; thus, the composites take more time to
reach equilibrium.” Moreover, on comparing the methanol
responses of SM ¢cm-GO/dPIn to in situ cm-GO/dPIn, the relative
conductivity response of SM cm-GO/dPIn is equal to 19.98 +
1.63; this is lower than that of in situ cm-GO/dPIn, which is
95.76 + 3.77. This is probably because of the poor interfacial
interaction between dPIn and the GO layers, which results in
instability of the methanol interaction. Herein, the methanol
sensors based on these composites are completely recoverable,
as observed from the complete recoveries of the electrical
signals to the original values after methanol removal.

The sensing mechanism of the graphene-based material/
dPIn composites is significantly related to the methanol
adsorption and diffusion into the inner layers of the composite
and can be ordered as follows: in situ cm-GO/dPIn > in situ
OIHM-GO/dPIn > in situ C-rGO/dPIn > in situ T-rGO/dPIn > in
situ cm-G/dPIn, respectively. The methanol diffusion ability into
the inner layers depends upon the surface properties, such as
hydrophobic/hydrophilic properties.” Generally, GO is well
known as a highly hydrophilic material owing to the fact that it
consists of many oxygen functional groups, inducing high
diffusion of methanol molecules into the inner layers to interact
with the active sites. For rGO and graphene, the hydrophilicity is
low because oxygen species were eliminated; thus, the diffusion
of methanol into the inner layers is lower. Thus, it can be sug-
gested that methanol diffusion into the inner layers of the
composites is obstructed by the rGO and graphene layers. For
the graphene/dPIn composite, graphene as a hydrophobic
material physically obstructs the interaction of methanol with
polyindole as the main phase. Thus, this composite requires
a longer response time to reach equilibrium relative to GO/dPIn
and rGO/dPIn. The diffusion mechanism of methanol vapor
into the inner layer of the composites is proposed in Fig. 4.

The positive responses of the composites toward methanol
vapor can be attributed to these mechanisms: (i) the increase in
electrical conductivity of the composites is associated with the
major interaction of the dPIn acting as the main phase of the

This journal is © The Royal Society of Chemistry 2020
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composite; the methanol interaction induces expansion of the
compact PIn chains to more stretched PIn chains and increases
the charge carrier mobility resulting from the hydrogen
bonding between methanol and the PIn chain;® (ii) the partial
composite swelling related to the molecular interaction
between methanol and the composites by hydrogen bonding
leads to volume expansion and a decrease of the interparticle
distance; consequentially, the electrical conductivity increases.
This last phenomenon is called the negative vapor coefficient
effect (NVC).”* According to the swelling effect, the composite
based on GO tends to greatly and easily swell because of its
highly hydrophilic properties and good adsorption and diffu-
sion of methanol molecules into the inner layers of the
composite; thus, it demonstrates a higher response toward
methanol compared to the composites based on rGO and
graphene.

3.4 Performance of the OIHM-GO/dPIn composite in
methanol sensing

In situ OTHM-GO/dPIn composites were prepared to investigate
the effects of the OIHM-GO content. Although its response to
methanol is lower than that of cm-GO, it is relatively effective
and inexpensive to produce. Samples with OIHM-GO contents
of 2.5, 5, 10, 15, and 20% v/v were prepared in order to deter-
mine the relative conductivity response under methanol vapor.
Fig. 5 illustrates the relative conductivity response of the in situ
OIHM-GO/dPIn samples with various OIHM-GO contents. The
results show that the relative conductivity response tends to
increase up to 10% v/v OIHM-GO. However, the relative
conductivity response tends to decrease if the OIHM-GO
content becomes excessive. Although OIHM-GO promotes the
sensing response toward methanol vapor, the excessive OIHM-
GO provides the composite with a denser physical barrier and
thus diminishes the direct interaction between dPIn and
methanol molecules; eventually, the sensing response is

\9/;\°\o/—\ L _~ © Methanol vapor

° o °

g Ny Nt Ny g e dPIn
N N S W™ \-/—\

S g, NN,

B, St NS Graphene
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N~ &< e

o 9 ' on ()

- o dPIn
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Fig. 4 Proposed diffusion of methanol molecules into different gra-
phene-based material/dPIn composites.
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decreased.” Therefore, the OITHM-GO content of 10% v/v is
suitable because it provides the highest relative conductivity
response toward methanol vapor. However, the sensors based
on the in situ OIHM-GO/dPIn composites with all OIHM-GO
contents were capable of full recovery because the electrical
signal returned to its original value after methanol removal.

3.4.1 Repeatability and reversibility confirmation. The
repeatability was examined by cyclic response testing using the
same sensor in the same methanol environment, and the
results are illustrated in Fig. 6. In this study, the in situ 10% v/v
OIHM-GO/dPIn composite was used at a methanol concentra-
tion of 3.41 ppm under N, base gas at 26 = 1 °C. The results
show that the sensor can be used repeatedly for at least 4 cycles
with nearly identical responses and can recover its original
value after methanol removal in every cycle.

The reversibility of the methanol sensor based on in situ 10%
v/v OIHM-GO/dPIn was confirmed by FT-IR spectroscopy. The in
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Fig. 6 Cyclic response of a sensor based on in situ 10% v/v OIHM-GO/
dPIn toward 3.41 ppm methanol vapor at 26 + 1 °C, 1.1 atm pressure,
and 20 + 3% RH.
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situ OIHM-GO/dPIn powder was homogeneously mixed with
KBr (reference material) and then compressed to a thin pellet
before being placed in a FT-IR gas cell. The FT-IR spectra of
methanol vapor and the in situ 10% v/v OIHM-GO/dPIn
composite before, during and after methanol exposure are
shown in Fig. 7. Before being exposed to methanol, the in situ
OIHM-GO/dPIn composite shows characteristic IR absorptions
of O-H stretching at 3353 cm ™', N-H stretching at 3152 cm ™,
C=O0 stretching at 1714 cm ', aromatic C=C stretching at
1613 cm ', C-N stretching at 1455 cm™ !, C=N stretching at
1374 cm ™', CI1-O stretching at 1144 and 1088 cm ™' and out-of-
plane deformation of C-H at 747 cm ‘. During methanol
exposure, it can be observed that the IR absorption character-
istic peaks slightly shift to higher wave numbers, such as the
O-H and N-H stretching peaks, and some peaks slightly shift to
lower wavenumbers, such as the C=0 and C=N stretching
peaks. These results may be associated with hydrogen bonding
interactions, as proposed in Fig. 8. After methanol vapor
removal, the IR absorption characteristics are similar to those of
in situ OIHM-GO/dPIn before exposure to methanol. Therefore,
it can be inferred that the interaction between in situ 10% v/v
OIHM-GO/dPIn and methanol vapor is completely reversible.

3.4.2 Sensitivity and limit of detection. The sensitivity of
the methanol sensor was obtained from the slope of the cali-
bration curve plotted between the relative conductivity response
(y-axis) and the methanol vapor concentration in ppm (x-axis).
The sensitivity of the in situ 10% v/v OIHM-GO/dPIn sensor is
equal to 7.37 ppm ™' with a linear correlation coefficient (R*) of
0.9967 in the methanol concentration range from 1.14 to
11.36 ppm, as shown in Fig. 9.

The sensitivity of dPIn reported in our previous work was
5.27 ppm ' with R* of 0.9965 in the same methanol concen-
tration range.*® Thus, compositing dPIn with OIHM-GO by in
situ polymerization can improve its methanol sensitivity. This
result can be associated with the increase in the hydrogen
bonding interactions between methanol and the active sites of
dPIn and the oxygen species on the GO layer as proposed in
Fig. 8; the hydrogen bonding interaction induces effective
diffusion into the inner layer of the composite. The slope of the
calibration curve not only indicates the sensitivity of the sensor
but can also be used to calculate the theoretical LOD, as in eqn
(3). For the in situ OIHM-GO/dPIn 10% v/v composite, the
theoretical LOD is 0.015 ppm. The apparent LOD was also ob-
tained from the extrapolated calibration curve to the x-axis; it is
equal to 0.012 ppm. The LOD is lower than the threshold limit
value (TLV) of methanol which is equal to 200 ppm.** In the
previous report, the theoretical LOD and apparent LOD of the
methanol sensor based on dPIn were 0.048 ppm and 0.43 ppm,
respectively.*® Therefore, the in situ OIHM-GO/dPIn composite
can improve both the sensitivity and LOD toward methanol
vapor, and it can be operated at room temperature. The
performance of methanol sensors prepared from various
sensing materials is compared to this work in Table 3. It can be
observed that the methanol sensors based on hybrid materials
from metals must be operated at high temperature (over 100
°C). However, their advantages are fast response and recovery
times. The sensing materials based on conductive polymers and

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 FTIR spectra of (a) methanol vapor; (b—d) in situ 10% v/v OIHM-GO/dPIn before, during, and after methanol exposure, respectively.

Fig. 8 Proposed interactions between the in situ OIHM-GO/dPIn
materials and methanol vapor.
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Fig. 9 Calibration curve of the methanol sensor based on the in situ
10% v/v OIHM-GO/dPIn composite at 26 + 1 °C, 1.1 atm pressure, and
20 + 3% RH.

their carbon-based composites show relatively high responses
and low LOD, short response and recovery times, and room
temperature operation. The sensor based on the in situ 10% v/v

This journal is © The Royal Society of Chemistry 2020

OIHM-GO/dPIn composite shows higher methanol response
than other graphene-based material/conductive polymer
composites, such as PANI/GO, rGO-PIL/PEDOT, N-GQDs/
PEDOT:PSS, and PEDOT-PSS/UL-GO, as shown in Table 3.
However, the methanol sensors herein require long response
and recovery times, probably because of the larger numbers of
available active sites and defects as well as the sensing config-
uration. This may be also related to the preparation of the
sensor as a thick pellet; as a result, methanol molecules take
more time to diffuse into the inner layers of the composites and
to reach an equilibrium state.

3.4.3 Selectivity. Sensor selectivity is a significant property
because it can indicate the capability of a sensor for target gas
detection in a mixed gas environment.” The selectivity coeffi-
cient (Q) is generally used to describe the selective properties of
sensors; it is defined as the ratio of the responses of the sensor
toward the target vapor and another vapor (Q = S,/Sg). Herein,
Sa and Sg refer to the relative conductivity response toward
methanol and an interfering vapor, respectively; the larger the Q
value, the higher the ability to differentiate methanol from a gas
mixture.”” Interfering vapors such as hexane (non-polar vapor),
THF (low polar vapor), and acetone (high polar vapor),
including air with a relative humidity (RH) of 64%, were
investigated. The in situ 10% v/v OTHM-GO/dPIn composite was
used as the sensing material for the selectivity testing under N,
base gas. Fig. 10 shows a comparison of the relative conductivity
responses to various vapor types; the inset table indicates the
relative conductivity response, selectivity coefficient and vapor
properties. It can be seen that the sensors are distinctly sensi-
tive to methanol vapor compared with other vapors, as observed
from the highest relative conductivity response. This is because
the highly polar methanol vapor has a high dielectric constant
(¢) and strong hydrogen bonding interactions (dy), thus
providing high interactivity with the sensor active sites. The
sensor tends to be sensitive to acetone, another highly polar
vapor, as well; however, its response is lower than that to
methanol. For low polarity vapors such as THF and non-polar

RSC Adv, 2020, 10, 15206-15220 | 15217
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Fig. 10 Relative conductivity response of in situ 10% v/v OIHM-GO/
dPIn toward various vapor types at 26 + 1 °C, 1.1 atm pressure, and 20
+ 3% RH under N, base gas, including the selectivity coefficient and
vapor properties. oy is the hydrogen interaction (MPa'?), ¢ is the
dielectric constant of the substance, RS is the relative response of
conductivity, and Q is the selectivity coefficient. The dy and ¢ of air with
64% RH are based on oxygen.

vapors such as hexane, the sensor is almost insensitive, indi-
cating that the sensor used to detect these interfering vapors is
quite selective. For air at RH = 64%, the sensor shows a slight
response; however, the relative response is rather lower than
that of methanol. For the Q value, it can be observed that the Q
values are 329.40, 109.32, 31.85, 1.82, and 1 toward hexane,
THF, air at RH = 64%, acetone, and methanol, respectively. It
can be summarized that the methanol sensor is highly selective
toward the interfering gases of hexane, THF, air at RH = 64%,
and acetone, respectively.

4. Conclusion

The methanol sensing abilities and the methanol conductivity
responses of the carbon-based materials were arranged as
follows: cm-GO > OIHM-GO > T-rGO > C-rGO > cm-G. The
methanol response was related to the amounts of oxygen
content present in the materials acting as the active sites.
However, obtaining the positive or negative response depended
on the n-type or p-type semiconducting behavior of the mate-
rials. Among the composites, the in situ 10% v/v cm-GO/dPIn
was the most effective methanol sensing material because it
provided the highest relative conductivity response of 95.76 +
3.77 at a methanol concentration of 11.36 ppm. The in situ 10%
v/v OIHM-GO/dPIn relative conductivity response was compa-
rable, with a value of 81.90 £ 2.12. The sensitivity of the in situ
10% v/v OIHM-GO/dPIn composite was 7.37 ppm ™', with R* of
0.9967 and a theoretical LOD of 0.015 ppm. In addition, the
methanol sensor response based on the 10% v/v OIHM-GO/dPIn
composite was reversible and quite selective; the response was
nearly reproducible for at least 4 cycles. Although the methanol
sensor herein exhibited good sensing performance, it still
requires long response and recovery times. The short response

This journal is © The Royal Society of Chemistry 2020
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time can be improved by preparing the composite as a thin film
on a screen-printed electrode or an interdigitated electrode.
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