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Highly selective detection of ethanol in biological
fluids and alcoholic drinks using indium
ethylenediamine functionalized graphene

Ramin Boroujerdi, @©* Amor Abdelkader and Richard Paul

A graphene-based electrochemical sensor has been fabricated by attaching indium-ethylenediamine
nanoparticles to the surface of reduced graphene oxide nanolayers. The developed screen-printed
graphene ink electrode was utilized to detect and measure trace amounts of ethanol in various biological
and industrial aqueous authentic samples in a cyclic voltammetry system. The combination of selective
interaction between indium nanoparticles with aqueous ethanol and the large surface area provided by
two-dimensional graphene layers allows the sensor to detect ethanol concentrations as low as 100
micromolar. The sensor offers a wide linear range and can generate a linear response to the increase of
ethanol in the environment up to 3 molar concentrations. The selectivity of the sensor was tested and
compared in response to various primary, secondary, and tertiary alcohols, where it proved to be highly
selective towards ethanol. After passing standard tests, the sensor has been tested with aqueous authentic

rsc.li/sensors

Introduction

In 2004, the discovery of graphene triggered a wave of
theoretical and experimental research worldwide due to its
unique properties. Graphene-based materials and their
composites enjoy the status of being the new super-material
on the horizon of condensed matter physics and materials
science respectively, owing to their applications in numerous
industries. 2D graphene with its honeycomb lattice structure
and free electrons not only possesses unique
physicochemical properties such as high mechanical strength
and flexibility, large surface area, thermal stability, and high
conductivity, but also offers wide potential and a variety of
applications in different fields.">

Accurate and rapid measurement of ethanol in aqueous
samples is a requirement across many fields, including
biological sample testing in medical and pharmaceutical
applications as well as forensic applications which may
require on-site, portable testing solutions.””® Nanolayered
graphene, due to its extraordinary characteristics, could be
one of the best candidates to develop affordable, durable,
and fast response electrochemical sensors. These
characteristics have led to the development of various
graphene based ethanol sensors, yet almost all of them
respond only to the ethanol vapors." The mechanism of
detection in those sensors relied on measuring changes in
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samples and was able to successfully detect and measure ethanol in urine, saliva, beer and whisky.

resistance at high temperatures.' There was only one report
to date of a graphene-enzyme sensor that could detect
ethanol in aqueous samples,° and a purely chemically
functionalized graphene based sensor for measuring ethanol
in aqueous samples using cyclic voltammetry is something
we report in this paper for the first time. It is worth
mentioning that despite the fact that enzyme based sensors
are highly selective and can work in aqueous samples, they
sometimes suffer from poor detection limit,”® short lifetime,
poor power density, poor electron transfer rate, and
difficulties of enzyme loading problems which all are related
to enzyme molecule characteristics and stability.”"" Whilst
the combination of graphene and enzyme fixed some issues
such as improving electrochemical behavior of the sensor,?
other issues still need to be addressed before such biosensors
can become competitive in practical applications. To address
these problems we present here the development of a stable
and selective sensor, capable of detecting ethanol in aqueous
samples in the compartment of an electrochemical sensor.

Indium based nanoparticles generate a relatively high
surface area which is highly preferred for sensors and lets
the sensor interact with the environment much more than
bulk materials.>*® The applications and mechanism of
ethanol gas sensing (in the form of volatile gases) for indium
based compounds, such as indium oxide (In,O;)"* and
nitrogen doped indium oxide (N-In,03)'” has been studied
very recently, yet again most of those sensors rely on
measuring changes in resistance of the gas, and not
measurement of ethanol in aqueous samples."

© 2022 The Author(s). Published by the Royal Society of Chemistry
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While it was expected that different products could have
developed from the interaction between indium salts and
amines, from possibility of aminolysis and formation of
In,0; (ref. 16) to formation of tris(ethylenediamine)
complexes with indium (In(en);),"” to date no research has
reported on the interaction between indium and
ethylenediamine. Here we present the synthesis of this
complex and the study of its characteristics and applications
as an electrochemical sensor. Moreover, the chemical
composition of our sensing compartment is novel and as
Raman, FTIR and XPS results showed, no sign of In-O bonds
has been found in samples. However, we can still expect the
general oxidation procedure to be similar to the previously
reported sensors.

In this paper we successfully anchored novel nanoparticles
of indium-ethylenediamine (In-en) to the surface of
graphene by forming chemical bonds and applied this sensor
for the detection and measurement of ethanol in various real
samples. The selectivity and sensitivity of the sensor was
found to come from the In-en nanoparticles, and so the
effects of this functional group were also tested separately
from bonding with graphene. It was demonstrated that
graphene amplifies the signal generated from the selective
compartment. The development of a sensing probe made of
a combination of 1D and 2D nanoparticles, which offers high
surface area, allows us to miniaturize the sensing system,
while maintaining the sensitivity and selectivity of the sensor,
to achieve portable sensors. Our sensor showed selective
response to ethanol in beer, whisky, saliva and urine. After
developing a calibration curve in a complex matrix like urine,
we were able to measure the alcohol concentration by
monitoring the changes in the intensity of the oxidation
peak.

Materials and methods
Reagents

Chemicals were purchased from Fisher Scientific, UK, and
were analytical reagent grade. Aqueous solutions and
dilutions were prepared using distilled water. Beer (5%
alcohol; made of barley malt, rice and hops) and American
style whisky (35% alcohol; made of corn, barley, rye and
natural honey) were used as industrial real samples.
Biological samples used in testing was urine donated by an
adult male volunteer who was teetotal. Informed consent was
obtained from human subject.

Apparatus

Cyclic voltammetry measurements were carried out using
IviumStat.h  potentiostat  (Ivium  Technologies, the
Netherlands) in a 1.5 mL cell with a three-electrode
configuration at room temperature (~25 °C). Ag/AgCl was
used as a reference electrode, while a Pt wire (1 mm
diameter) worked as the counter electrode in response to the
developed graphene-based electrode. Graphene ink was made
in U500H Ultrasonic Bath (Ultrawave, UK) and Jeio Tech's

© 2022 The Author(s). Published by the Royal Society of Chemistry
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OV-11 vacuum oven (South Korea) dried printed electrodes.
Platinum ATR - Alpha II FTIR spectrophotometer (Bruker,
USA) was applied to collect Fourier transform infrared (FTIR)
spectra and XploRA™ PLUS Raman spectrometer was used
for Raman spectra. JEOL JSM-6010 tungsten cathode
scanning electron microscope was used to carry out both
scanning electron microscopy and energy dispersive
spectroscopy (SEM and EDX) analysis. High-resolution
transmission electron microscopy (HR-TEM) imaging was
carried out on the JEOL 2100F FEG-TEM at 80 kV. Flash EA
1112 elemental analyser was used to measure the ratio of
carbon and nitrogen in the developed crystals while Vista-
PRO Simultaneous Inductively coupled plasma-optical
emission spectrometer (ICP-OES) was applied to measure
indium ratio in the same crystal. X-ray photoelectron
spectroscopy (XPS) data were collected on a Kratos AXIS
ULTRA instrument configured with a monochromated Al Ko
(1486.6 eV) X-ray source.

Graphene oxide (GO) and reduced graphene oxide (rGO)

One of the most widely applied methods which has been
used for synthesising graphene oxide in the past decades was
developed by Hummers and Offeman, which is known as
Hummers method."®"® For this experiment, we used a
slightly modified Hummers' method to obtain graphene
oxide. Since the conductivity of reduced graphene oxide is
much higher than graphene oxide' for developing an
electrode, and also the removal of oxygen functional groups
will minimize unwanted interactions and improves the
selectivity. We used aluminum as the reducing metal in
hydrochloric acid due to the proven ability to obtain a very
high carbon to oxygen ratio.>® Developed reduced graphene
oxide washed with centrifuge to neutral pH, and freeze dried
to be functionalised later in the next steps.

Synthesis of indium-ethylenediamine crystals

1.5 g indium acetate was added to 15 mL ethylenediamine in
a 50 mL round bottom flask in a reflux system and stirred at
800 RPM at 130 °C for 24 hours. Brown sediments were
separated from the mixture using centrifuge (6000 RPM, 2 h)
and washed multiple times with ethanol to form a white
solid. Then it is left in vacuum oven at 160 °C to form yellow
crystals of indium-ethylenediamine complex.

Synthesis of indium-ethylenediamine functionalised
graphene

The process of preparing indium-ethylenediamine
functionalised graphene (In-en) is similar to that of
preparing indium-ethylenediamine crystals, with minor
changes in the concentration and addition of rGO. 0.5 grams
indium acetate is added to 15 mL ethylenediamine and left
for 24 hours reflux, then condenser is removed from the
system and heating is reduced (to approximately 50 °C). Then
1.5 grams of rGO was added to the mixture and stirred for 1
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hour. The black mixture was then washed with ethanol and
left to dry in vacuum oven at 160 °C.

Electrode preparation

In order to investigate the mechanism of sensing and
determine the role of indium complex and rGO in the
process of sensing ethanol, various electrodes were prepared
as follows.

Pure rGO electrode. To determine if the sensing
mechanism was caused by the indium composite or rGO, a
sample of pure rGO was used to print an electrode. 1.5 mL
water was added to 0.5 gram of freeze dried rGO to form an
ink. The ink was then printed on a copper layer with a
thickness of 0.1 mm, which was already patterned by
temperature tolerant polyimide tapes, and left in the vacuum
oven at 130 °C for 24 hours. Final electrodes had a weight of
approximately 30 mg cm >,

rGO-indium electrode (physical mixture). To study the
effects of the indium complex, it was physically mixed with
graphene and printed as an electrode to be tested with
ethanol standards. 2 mL water was added to 0.3 grams of
rGO mixed with 0.006 grams of indium complex and
sonicated for 20 minutes to form the ink. Developed ink was
then applied on the patterned copper substrate (0.1 mm
thickness) and dried at 130 °C in vacuum oven for 24 hours.
The weight of dried rGO and In-en was about 41 mg cm ™.

Acetylene black - indium electrode (physical mixture). To
elucidate the role of rGO in the sensing process, we prepared
electrodes using acetylene black (AB) as the conductive agent.
10 mL water was added to 0.195 grams AB along with 0.004
grams of indium complex. To form the ink, the mixture was
first sonicated for 10 min then stirred with a magnetic stirrer
for 1 hour, then again sonicated for 10 minutes before
application on the patterned copper (0.1 mm thickness) and
dried in vacuum oven for 24 hours (130 °C). The weight of
the dried mixed sample was about 1 mg cm ™2,

(a) (b)
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rGO-indium electrode (chemically developed composite).
The main sensors for this research were developed from
chemically bonded rGO-indium, where 0.5 grams of the
rGO-indium sample formed an ink with 1.5 mL water and
was printed on 0.1 mm patterned copper substrate and dried
in the same manner as previous electrodes. The weight of
printed chemically functionalised graphene was about 1 mg
em™>

Results and discussion
Materials characterization

To determine the surface chemistry of the graphene and
graphene hybrids one of the widely used spectroscopy
methods is Fourier transform infrared spectroscopy (FTIR)
due to the non-invasive and non-destructive nature of the
method.” Fig. 1a compares the FTIR spectra of reagents
(indium acetate and ethylenediamine) and the produced
indium complex. The primary amine stretching peaks at
3357, 3286 cm " and primary amine N-H bend at 1595 cm™
belonging to ethylenediamine were not present in the
product, but the C-N stretching around 1148 c¢cm™ and
secondary N-H single stretching peak at 3159 cm ' were
found in the product.”* Considering there are no amine
groups in the initial indium salt (indium acetate), and
conversion of primary amine groups on pure
ethylenediamine to secondary amine groups, it is expected
that indium formed a bond with ethylenediamine through its
amine groups and also eliminates the possibility of
aminolysis reaction which could have led to formation of
indium oxide.'®

The formation of graphene oxide confirmed as the FTIR
spectrum of GO in Fig. 1b shows the typical characteristics
peaks including a wide O-H stretching peak at 3300 cm™
and sharp C-O stretch peak at 1628 cm™.?*?* Following the
reduction, the intensity of peaks associated with the oxides
functional groups between 400-1700 significantly decreased,
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Fig. 1 (a) FTIR spectra of reagents (indium acetate and ethylenediamine) vs. final product (In-en) confirms the successful dimerization through the

C=0 bonds. (b) FTIR spectra of graphene oxide, reduced graphene oxide
of graphene with In-en, in a form of a compact disk.
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and functionalised rGO. (c) Sample obtained after the functionalization
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suggesting the successful removal of the oxidative groups by
aluminum and HCL.** After treatment with indium precursor,
the oxides peaks almost disappeared, suggesting more
reduction is  taking place during the indium
functionalization/hybridization. Two new peaks can be
observed in the rGO-In samples between 2800 and 3000
em™', suggesting nitrogen groups from the ethylenediamine
has replaced some of the remaining oxygen functional groups
on the rGO.*> These two new nitrogen peaks add more
evidence to support our hypothesis that graphene is bonded
chemically to indium through a nitrogen containing link.

Further information on the existing phases can be
gathered from the Raman spectroscopy analysis.”>*® Fig. 2b
shows Raman spectra of formed indium-en and indium
acetate in the frequency range of 100 to 1600 cm " obtained
at room temperature. The spectra show clear changes in the
molecular bonds after the reaction as evidenced by the
appearance of multiple new peaks caused by the
ethylenediamine ligands.””*® Peaks at 890.48, 860.87 and
847.67 cm™' represent NH, twist, while the strong peak at
1266.14 cm™' shows CH, twist.>® Two small peaks at 431.22
and 443.64 cm™' caused by metal-nitrogen stretch bond>’
while the sharp peak at 556.01 cm™' could stand for In-N
bond, confirms indium linked to the ethylenediamine.** The
Raman spectrum of the developed indium-en complex
doesn't show any of the specific indium oxide peaks in the
range between 100 and 650 cm™',*"*? which suggests the
homogenous formation of a complex and ruled out the
formation of In,O; as side product in the process. At the
same time, the appearance of narrow and sharp bands
suggests that the developed organometallic complex has good
crystalline structure.*?

Regarding the Raman spectra for carbon materials
(Fig. 2a), graphite shows a G band (at 1584 cm™') sourced
from the scattering caused by carbon atoms with sp> orbitals,
and a weak peak at 2730 cm " which is a 2D band caused by
the combination of 2 types of phonons (double-resonance
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process; D phonon + acoustic longitudinal D’ phonon).>* The
oxidation process leads to the exfoliation of the staked
graphene into monolayer GO, which results in reducing the
intensity of the D + D’ band. In addition, the harsh
environment during the transformation of graphite into
graphene oxide caused significant damage to the graphene
plane, evidenced by the appearance of the defects peak (the
D peak) at ~1353 cm .*° After chemical reduction no
significant changes in the D:G ratio can be observed.*®
However, the 2D band which once vanished in GO spectra
now appears at 2675 cm™ ' for rGO. The re-appearance of the
2D band on graphene suggested the ability of the reduction
process to recover some of the original graphene structure
and properties.’” After chemical functionalization, D and G
bands shifted to 1210 and 1436 cm™" respectively, however
2D band shifted to the opposite side and appeared at 2827
em™; while this shift could have been caused partially by the
changes on the surface of graphene after functionalization,
sample orientation and uniaxial strain could have been
another reason for the shift to happen.***' Ethylenediamine
functionalised graphene oxide has been studied before and it
is proven that the location of the G and D peaks of graphene
are not affected by ethylenediamine,*” so this shift in the
peaks could directly be related to the indium
functionalisation. The homogeneity of the functionalized
product was confirmed by Raman mapping by recording the
Raman spectra over 1000 points on the surface of the
functionalized product as illustrated in Fig. 2c. It can be seen
that there are no signs of unexpected or irregular peaks, and
the graph in Fig. 2c shows that almost all of the studied
points present a similar spectrum and peaks.

More details of the chemical composition of prepared
materials were collected by elemental analyser and
inductively coupled plasma (ICP) analysis. Results of the
measured compositions are listed in Table 1. Nitrogen could
be detected by the elemental analyser, despite the low atomic
weight compared to that of indium. The EDX elemental
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(a) Raman spectra of graphite, graphene oxide, reduced graphene oxide and chemically indium-en functionalised reduced graphene oxide

(rGO-indium complex); graph illustrates the evolution of the D, G, and 2D and D’ from graphite to the main product. (b) Raman spectrum of
indium acetate (reagent) compared with the indium-ethylenediamine complex crystals (product). (c) Raman mapping of chemically developed
rGO-indium complex obtained from studying 1000 data points (10 points in each of X, Y and Z dimensions). Graph shows the entire hyperspectral

dataset of spectra collected.
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Table 1 In-en complex elemental ratios analysis (Fig. 3) confirms the homogeneous distribution of
Contents the elements in the prepared composite. '
The morphology of the prepared composite was
Element % N% In% investigated using SEM and TEM techniques. As shown in
Method EA EA ICP 8 & ques.

Experimental ratios 6.08 2.41 75.79  Fig. 3, the prepared graphene oxide shows a loose, wrinkled
and corrugated structure (Fig. 3b), though it can be seen that

67% cx
97% CK . 15% ox
%ok 3% A
) 11% six
. 2% sik 2% ci

(b)

53% CK

: .35% oK

v . 1% SK

Fig. 3 Figures a to d show SEM and EDS analyses of graphite (a), graphene oxide (b) and reduced graphene oxide (c) in comparison with indium
functionalised rGO (d). Acceleration voltages, 10 keV. Scale bars are 100 um for all EDS graphs. Figures e to h shows HR-TEM image of the
chemically developed rGO-In composite. Scale bars are () 500 nm, (f) 200 nm, (g) 20 nm and (h) 20 nm.
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layers seem to be aggregated after the reduction process
(Fig. 3c). After functionalization with indium, the TEM
images detected the morphology of several indium-
containing nanoparticles; rod-like and almost equiaxial
larger particles. The nanoparticles had an average length of
about 15.78 nm and average diameter of 2.56 nm (Fig. 3f);
however larger nanoparticles with the length of about 217
nm (and thickness of about 53 nm) were also observed
(Fig. 3g). Fig. 3h shows an image of the tangled particles
accumulated at the interface between graphene layer and
indium nanoparticles; the lattice fringe/spacing indicated in
the Fig. 3h is 0.332 nm. It can be seen that functionalised
graphene shows high crystalline quality due to the presence
of the lattice fringes corresponding to the basal plane
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spacing (0.332).** The fact that the basal plane distance is
slightly smaller, but very close to that of bulk graphite
(0.336 nm)** could be that ethylenediamine linked some of
the layers together® and introduced new functional groups
at the same time. Nitrogen doping through the
functionalisation process is less possible as that would
have enlarged the basal plane spacing of the graphene
sample.*®

Further information about the chemical composition and
bonds in the final functionalized graphene can be collected
from the XPS analysis. The carbon spectrum (Fig. 4e) of the
chemically functionalized rGO revealed that it consists of
four components. The first main components belong to
carbon bonds (C=C) of the graphene layer which appeared
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Fig. 4 XPS comparison of chemically functionalised indium-rGO. The corresponding deconvoluted peaks are also shown for each case: (a) wide
scan XPS spectrum of sample, (b) nitrogen 1s, (c) oxygen 1s, (d) indium 3d, (e) carbon 1s.
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at 284.86 eV. The second predominant peaks belongs to
hydroxyl and epoxy C-O bonds at 285.98 eV, which is
probably associated with the residual oxygen group from the
GO or to the link between graphene and indium.*” The peak
at 287.1 eV is for the C-N bond*®*® which might have
overlapped with other peaks. The other two minor
components are from C=N bonds at 283.06 eV (ref. 50) and
O-C=N bonds at 287.9 eV (ref. 51) which are developed
through the functionalisation process. The C-In bond peak is
covered by the C=C peak of rGO and hence it cannot be
pointed out separately in the spectra.®® The presence of
carbon-indium bonds can be confirmed by the indium
spectrum as illustrated in Fig. 4c. Indium spectrum shows
four peaks: two sharp peaks of In 3ds,, and In 3d;/, and their
satellite. Both sharp peaks at 446.13 and 453.63 eV are
related to In"~C bonds,** while both shoulder peaks at 443.33
and 450.93 eV represent the In-N bonds.”**

The high-resolution nitrogen spectrum shows three peaks
(Fig. 4b). The small peak at 406.68 eV could be N-H bonds,
while two big peaks could represent sp® and sp® C-N
bonds.>*® The peak at 401.36 eV is an sp> C-N bond and
comparing to the carbon spectrum, it could show N-C=0
bonds,>” while the peak at 400.09 eV relates to C-N
bands.**”®*° Due to the weak intensity of the nitrogen peak,
it was hard to investigate and differentiate the weak peak
around 396 eV belonging to N-In bond>® from the noise. The
oxygen spectrum (Fig. 4c) shows one broad peak which is
formed from the overlap of two peaks, one at 531.7 eV and
another peak at 533.16 eV which represent O—C and O-C
bands, respectively.’” Interestingly, as expected from
ethylenediamine to further reduce the graphene,®’ not only
did it eliminate the trace amounts of aluminum and chlorine

(@) (b)
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on the surface (trace amounts of Al and Cl found on rGO
based on the EDS results) and almost maintained the carbon
to oxygen ratio, but it also helped with the functionalisation
with indium. The XPS results suggest that indium-en
complex could have connected to the graphene layers both
directly through In-C bonds and possibly through nitrogen,
by forming In-N-C bonds.

The electrochemical performance of the sensor

To evaluate the selectivity of the developed electrochemical
sensor, the change in electrical current, at the oxidation peak
potential, was measured in the presence of several types of
alcohol, including methanol, ethanol, 1-butanol, 2-butanol,
2-propanol and 1,2-propanediol. The response of the sensor
towards 0.1 M aqueous solutions of alcohols is shown in
Fig. 5a. Comparing the response of the sensor to diluted
alcohol (current at peak potential, I) in comparison to
response of the sensor to pure water (current at same
potential as peak potential, I') measured as Al = I/I', and as
illustrated in Fig. 5b, the only alcohol that generated higher
electrical current in comparison to pure water is ethanol; in
other words, the sensor responded to other alcohols in the
same manner as it responded to pure water (Al = 1) and only
shows high selectivity for ethanol. The selectivity toward
ethanol could have been caused by the effect of both size and
reactivity of different alcohols with indium and also attached
amine groups. Smaller molecules can approach and interact
with the receptor more easily. At the same time, acidity of
alcohols decreases as the size of their conjugated base
increases. The mechanism of sensing is explained in the
following sections.
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Fig. 5 (a) Cyclic voltammetry spectra generated from the response of the sensor toward different alcohol standards and pure water; scan rate
was 25 mV s'. Oxidation peak only appears in the presence of ethanol. (c) and (d) Response of 4 different electrodes (pure rGO, rGO-In-en
chemically functionalized composite, rGO-In-en physically mixed composite and AB-In-en physically mixed composite) toward ethanol at
different scan rates of 5 mV s (e) and 25 mV s™* (d). (c) CV of the electrode with [alcohol-free] water, in a separate graph. Graph (b) shows A/,
which is the response of the sensor to different diluted alcohols at the oxidation peak potential (/) to the response towards pure water at the same

potential (/).
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Sensitivity of the sensor towards ethanol

The process of sensing ethanol and obtaining the linear
range of the electrochemical sensor was performed at room
temperature using aqueous standard solutions. In a typical
run, 1.5 mL of standard was added to the micro cell in direct
contact with three electrodes system and current changes in
a full cycle were recorded. To evaluate the sensitivity towards
ethanol, aqueous solutions of different concentrations in a
wide range from 107 M to 5 M were freshly prepared before
use. The CV spectra were recorded in the range between —-450
and +450 mV (scan rate: 1 mV s ') and the current at
oxidation peak potential were recorded and used to develop a
calibration graph. Two phenomena were recorded while
recording the spectra, the first was that slower scan rates
caused the peaks to appear at lower potentials and secondly
it was observed that by increasing the concentration, the
maximum point of the peak slowly shifted towards higher
potentials. As illustrated in Fig. 6a, there was a linear
correlation between increasing the concentration of ethanol
and intensity of the monitored oxidation peak. The sensor
showed linear response to the changes in the concentration
of ethanol in the range between 10 M and 3 M (Fig. 6c).

The characteristics of the developed sensor has been
compared with other graphene-based ethanol sensors in
Table 2. As it can be seen, our sensor showed significant
advantages comparing to previously developed sensors in
different areas such as detection limit, linear range and real
samples and working phase (liquid phase) comparing to others.
As table shows, graphene-based gas sensor that measure volatile
ethanol concentrations, despite their reasonable detection limit,
can mostly work at high temperatures and have not been used
to study real samples." Graphene based sensors that can work
in liquid phase and has been tested before not only offer a very
limited linear range, they also have not been tested for
biological samples such as urine and saliva before.

Mechanism of sensing

In order to understand the role of each of the composite
components on the sensing process, four different electrodes
with different chemical structure were developed: chemically

@) ()
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functionalised rGO-In; physically mixed rGO and In-en;
physically mixed AB and In-en; and finally rGO sensor. All
materials were tested with the same concentration of ethanol
so the responses can be compared with each other.

The pristine rGO electrode showed no oxidation peaks in
the scanned range, suggesting no interaction between rGO
and alcohol. The electrode where rGO or AB was physically
mixed with indium-en shows obvious oxidation peaks. The
oxidation peak recorded in the presence of rGO has much
stronger intensity compared with that of the AB-indium
electrode, suggesting rGO helped with amplifying the
intensity of the signal. The chemically functionalised rGO-In
also shows the same oxidation peak with almost the same
intensity. ~ However, careful investigation of the
electrochemical processes on the two electrodes shows
significant differences. As shown in Fig. 5e at slow scan rate
(5 mv s") the intensity of the oxidation peak for the
physically mixed sensor is higher than the chemically
functionalised sensor. At higher scan rates (25 mV s ';
Fig. 5d), only the chemically functionalised sensor still
generates a measurable signal, suggesting higher impedance
for the physically mixed electrode. As the oxidation peak
appears only at the presence of In-en composite no matter
what base material has been used (graphene or acetylene
black), suggests the selective behavior of the sensor only
happens because of the In-en group. However, from the
results it can be seen that adding graphene to the synthesis
procedure and forming a direct bond between rGO and In-
en, not only improved the intensity of the response and
makes the sensor more sensitive to lower concentrations, but
it also makes the sensor respond at different scan rates and
the chemical bond prevents In-en from being washed away
from the surface after each test.

When the organometallic nanoparticles of the developed
sensor are exposed to ethanol in the sample, the hydrogen
atom in the alcoholic (-OH) group of ethanol binds to the
nitrogen sites while the oxygen atom binds to the indium
site, which could cause the etching of hydrogen
(dehydrogenation) or water (dehydration).'” Both routes
could be responsible for the appearance of an oxidation peak
in cyclic voltammetry measurements.

UOREIJUIIUO) [OU)T

Log (Concentration (M))

Fig. 6 (a) and (b) Response of the sensor to increasing concentrations of ethanol in the environment; scan rate was 1 mV s *. Graph (c) wide linear
range of the sensor between 1 x 10™* M and 3 M ethanol concentrations; R? is 0.9587.
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Table 2 The comparison of ethanol sensing performance of various graphene-based sensors with this research

Sensing material Detection limit Linear range Real samples Working phase Ref.
VA/CuO/Gr-NPls 1800 ppm 1800-4000 ppm None Gas 62
GO/melamine 70 ppm 70-1670 ppm None Gas 63
ZnFe,0,NSs/rGO 0.1 ppm 0.1-100 ppm None Gas 64
Au-AgNPs/P(Cys)/rGO 5 uM 17 pM-1.84 mM Whisky, soft drink Liquid 6
rGO-In,03 68 mM 0.1-1.2 M Beer, whisky Liquid 2
rGO-In-en 100 uM 100 uM-3 M Urine, saliva, beer, whisky Liquid This work

Authentic samples

The proposed electrochemical sensor has been successfully
used for detection and measurement of ethanol in bodily
fluids and alcoholic beverages. We have tested the
performance of the chemically functionalized rGO electrode
in four authentic samples. All of the tests were conducted
with a scan rate of 25 mV s™'. The CV of all samples showed
some shift to a more positive potential in the location of
oxidation peaks as a result of increasing the electrolyte
resistance; other factors that can be attributed to the change
of the oxidation peak potential such as sluggish charge
transfer reaction rates, instrumental delay, and capacitive
currents for double layers®® does not apply here as the only
difference is the changes in the solution matrix. The sensor
still shows an oxidation peak that changes its intensity linear
to the concentration of ethanol in the electrolytes. The
following section discusses the application of our sensor
across a range of authentic samples.

Biological samples (urine and saliva). While ethanol is
metabolised in the human body, some of the consumed
ethanol is excreted in urine unchanged, which can be used to
estimate the alcohol level in blood.*® Urine alcohol
concentration (UAC) of 1.07 g L™" is the legal limit for driving
in UK which is expected to be equal to 0.80 g L™ alcohol in
blood (BAC).®” However, this ratio might not be always
exactly equal, as alcohol ratios in blood and urine depend on
which stage of ethanol kinetics has been reached; while urine
is produced gradually over time and kept in lumbar space,
the blood ethanol can metabolize causing changes in its
concentration.®®®® To minimize these issues during our
evaluation of the sensor, the urine samples were collected
from a teetotal volunteer and tested in the period of 1 to 4
hours after collection to avoid ethanol formation from
possible glucose and other chemicals in the urine;’® then
ethanol at required amounts was added to the sample and
measurements were conducted in the diluted urine matrix
immediately after mixing ethanol with urine.

Sensor response to ethanol in Urine samples
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Fig. 7 Sensor response to different concentrations of ethanol in urine samples.
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Diluted urine samples prepared at ethanol concentrations
in the range between 0.0029 M and 0.8 M were tested and
the sensor was able to generate an oxidation peak for that
range and the intensity of the peak increased in correlation
with the increase in the concentration of ethanol. The range
covers concentrations of about 10 times below the UK driving
limit to much higher amounts and did not show false
positive errors for concentrations below the limit (Fig. 7).

Saliva was tested as the second biological sample. While
expectoration seems to be a straight forward method for
collecting the oral fluid, samples collected using this method
often contain food and oral debris which may cover and
contaminate the surface of electrodes, even after
centrifugation.® To prevent these issues, an 8 x 8 cm
absorbent pad with the thickness of 0.5 mm was chewed for
5 min and then shaken in 5 mL water. Samples were then
prepared in the same manner as for urine described above.
An oxidation peak only appeared for high concentrations of
ethanol and the sensor only responded to relatively high
ethanol concentrations in diluted saliva. As it can be seen in
Fig. 8 while diluted saliva sample which contains 0.8 M
ethanol shows an oxidation peak at around 200 mV; the
current intensity of the peak is below the response of the
sensor to diluted saliva in the absence of ethanol, which can
cause errors.

Industrial real samples (beer and whisky). Two types of
beverages were chosen as authentic samples with complex
matrices which have been through a significant industrial
process. Fig. 9 shows the response of the sensor to these
samples. For the beer sample (Fig. 9a) a clear ethanol
oxidation peak can be found at about 150 mV, while for the
honey whisky sample (Fig. 9b), this peak is less visible and
appeared as a wide peak at approximately 200 mV. The
changes in the intensity, shape and location of the oxidation

View Article Online

Paper

peak can be a factor of changes in the electrolyte as some of
the real sample matrices can offer better conductivity and be
saturated with more ions compared to others. The second
peak appeared around 400 mV for beer (Fig. 9a) and can be a
result of oxidation of another element in the matrix of beer.
At the same time, elements in a complex matrix can be non-
electrolyte or even poison the surface of the electrode and
reduce the response of the sensor, which has probably
happened here for the whisky sample (Fig. 9b) and it shows a
weaker response (oxidation peak) comparing to beer, while it
has about 6 times more ethanol in it. However, the sensor
can be tuned based on the real sample matrix and be tested
in the ethanol standards in the presence of specific real
sample, as illustrated for the urine sample before.

To investigate the kinetics of the process and the speed of
the electrode response, the changes in the intensity (current)
and location (potential) of the ethanol oxidation peak has
been monitored on the beer sample as explained in Fig. 10.
Not only does the oxidation peak potentials slightly shift as
the scan rate increases, but also the intensity of the electrical
current response of the sensor also increased. The diffusion
coefficient describes diffusional transport which can be
calculated from voltammetry studies based on theoretical
relations such as Randles-Sevcik equation.”’””* The diffusion
coefficient for the sensor in the presence of the real sample
(beer) was calculated using Randles-Sevcik equation and
found to be approximately 4 x 10 ¢cm? s™* which represents
the slow diffusion of sample on the electrode in beer sample
which could have been caused by the effect of its complex
matrix and the presence of carbon dioxide bubbles” which
may have covered the surface of the electrode.

I, = 2.69 x 10°AD"n*?y'?C (1)
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Sensor response to ethanol in saliva sample - scan rate: 25 mV/s
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Fig. 8 Sensor response to the saliva sample in the presence and absence of ethanol.
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Fig. 9 Sensor response to alcoholic drinks, (a) beer and (b) whisky; scan rate was 5 mV s™*.
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Fig. 10 (a) Oxidation peaks obtained from cyclic voltammograms recorded in the presence of beer at scan rates of 1, 5 and 25 mV s at room
temperature. (b) Variation of current vs. log (scan rate) at scan rates of 5, 10, 15, 20 and 25 mV s™.

The 2.69 x 10° is the constant in the equation, I, is the peak
current (23.94 uA), A is electrode surface area (0.2 cm?®), y is
the scan rate (1 mV s™*), n represents the number of electrons
involved (considered to be 1), C is the concentration of
ethanol in beer (~0.7 M) and D is the diffusion coefficient.

Conclusion

Indium-ethylenediamine was successfully anchored on rGO
to modify the surface of graphene and be used as an
electrochemical sensor. Functionalised graphene was then
printed on a thin copper substrate to be studied by cyclic
voltammetry. The rGO-In-en sensor showed significant
selectivity towards ethanol compared to a range of alcohols

576 | Sens. Diagn., 2022, 1, 566-578

in aqueous media. Increasing the concentration of the
ethanol caused a linear increase in the current response of
the electrode in a wide range between 10 * M and 3 M. The
analytical performance of the sensor was also proven by
testing biological samples; it was able to detect ethanol
concentrations up to 10 times below the UK legal driving
limit in urine, with a reliable and reproduceable response.
The sensor also showed a good response to industrial
authentic samples including beer and whisky. Furthermore,
the selectivity and high sensitivity of our electrochemical
sensor suggests that while researchers previously have
developed and used graphene-metal sensors for measuring
small molecules such as ethanol only in the form of volatile
gas, our work shows such sensors have potential to be tuned

© 2022 The Author(s). Published by the Royal Society of Chemistry
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and applied to detect such analytes in aqueous forms as well.
There is wide demand for such sensors in a variety of fields,
from forensic investigations to pharmaceutical and food
industries.
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