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Graphene sheets decorated with nickel or copper oxides that were anchored on polyaniline (denoted as
PANI-graphene/NiO and PANI-graphene/CuQO) were prepared by a simple, easy to-control
electrochemical method and applied as novel materials for sensitive and selective methanol sensing.
The fabricated sensors exhibited good electrocatalytic activity, appropriate dynamic linear range
(20-1300 mM), sensitivity (0.2-1.5 pA mM™* cm™) and excellent selectivity towards methanol. It
should be highlighted from the selectivity tests that no significant interference was observed from
ethanol and other alcohols. To our best knowledge, using inexpensive but efficient transition metals
like Ni, Cu instead of Pt, Pd and their composites with PANI, graphene would be scientifically novel
and practically feasible approach for sensor fabrication that could be potentially used to identify
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1. Introduction

Methanol (MeOH) is one of the most widely used organic solvents
in industrial and household products as well as one of the most
potential candidates for an alternative automobile fuel.
Compared to ethanol (EtOH), MeOH is less expensive and more
easily available, thus it could be accidentally sold or intentionally
added to beverages to strengthen the effects of alcohol for more
profit. Moreover, it could be abused as a substitute for EtOH fuel.
This could be very dangerous, as MeOH was known for its toxicity
to human health and its metallic corrosion, especially towards
aluminum (the most used metal in manufacturing vehicles).
According to the US Occupational Safety and Health Adminis-
tration, 8 hour Time Weighted Average (TWA) and Short-Term
Exposure Limit (STEL) for MeOH was 200 ppm and 250 ppm,
respectively.”> Considering the harmful effects of MeOH, this
requires good measures to determine its permitted levels in the
use of chemical, fuel, and food industry.

Development of a simple/economical, but sensitive/selective
as well as practical/label-free method is essentially demanded
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methanol adulteration in counterfeit alcoholic beverages.

for environmental monitoring, food industry and clinical
diagnostics.>* Traditional methods for the quantitative analysis
of MeOH including chromatography — mass spectrometry (GC-
MS), gas chromatography - flame ionization detector (GC-
FID), headspace - gas chromatography (HS-GC), however,
these methods required the complex and expensive apparatus,
and therefore incompatible for practical routine monitoring of
MeOH.”> Over the past decade, MeOH sensors have been
proposed as an alternative method for MeOH detection due to
their rapid response, low cost, and portability.>” These sensors
can be classified into two groups based on the mechanism of
operation including physical (density, capacitance, viscosity,
sound velocity, infrared/Raman spectroscopy, refractive index,
heat capacity) and electrochemical types. The low selectivity of
the physical sensors linked to similarity in physical properties
of alcohols has limited their application. Otherwise, the (elec-
tro)chemical sensors offer many advantages thank to their
electrical output signal, sensibility, and selectivity. So far, most
electrochemical MeOH sensors are developed based on the
operating characteristics of the liquid-fed direct MeOH fuel
cells (DMFCs). These fuel cell type sensors are very useful for
monitoring the concentration of MeOH in the DMFCs.
However, this remains extremely difficult for other applications
such as the analysis of MeOH in beverages and fuels. While the
other approach based on enzyme-modified electrodes (biosen-
sors) remains the challenge of low selectivity as well as stability.
Therefore, it is essential to develop simpler and more practical
techniques for directly detecting MeOH in the liquid phase.
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In this context, the development of non-enzymatic electro-
chemical sensors using various materials including polymers,*°
metal'® and metal oxide'** nanoparticles (NPs), carbon-based
materials and their composites’'>"” has been intensively
explored. In particular, metal and metal oxide NPs, such as Pt,*®
Cu,"?° CuO,"”* and Pd** NPs, have attracted significant atten-
tion because of their high surface energy and large surface area
and thus high electrochemical catalytic activity in numerous
electrochemical processes, including methanol electro-
oxidation. Normally, these NPs are loaded onto the inorganic/
organic supports as electrochemical catalysts. It is of crucial
importance to ensure both even dispersion and good electron
transfer between the surface of NPs and electrode to get higher
sensitivity and lower detection limit. Typically, some inorganic—
inorganic, organic-organic, inorganic-organic configurations
have been proposed such as palladium-nickel/silicon nano-
wires (Pd-Ni/SiNWs);** NiO/Fe,0;;** Au-Ni/graphene oxide;*
graphene-NiO nano composites;* polymethyl methacrylate-
graphene-carbon nanotubes;*® reduced graphene oxide/ferri-
cyanide;*” N-5-methoxysalicylaldehyde, N'-2-hydrox-
yacetophenone - 1,2 phenylenediimino nickel(u) (Ni(ir)-MHP)
and reduced graphene oxide (RGO) (Ni(u)-MHP/RGO);*® EG/
rGO/np-NiOOH;* PTh-a-Fe,O; *°... Although Pt and Pt-based
catalysts are common and efficient for MeOH oxidation, there
are some significant obstacles preventing their large-scale
application such as high cost, reactivity, and the extent of
poisoning towards MeOH.

Primary objective of this work is to construct nanocomposite of
PANI-graphene to get the appropriate sensitivity, higher selectivity
(against other alcohols) for MeOH determination. Despite poly-
aniline (PANI) is among one of the most widely investigated
conductive polymers because of its interesting redox properties,
high stability and ease of preparation and graphene is considered
as one of the most interesting materials due to its excellent char-
acteristics including its high conductivity. On the other hand,
graphene is well-known as a planar sp” carbon nanostructure that
could render the high surface area, outstanding electrical, thermal,
and mechanical properties. Moreover, using less expensive but
equally efficient transition metals like Ni, Cu instead of Pt, Pd and
their composites with PANI, graphene should be also a much more
promising approach. For these reasons, PANI-graphene/NiO (or
CuO) platforms can be foreseen with following advantageous
features: (i) PANI-graphene is capable of eliminating the main
drawbacks of the electrochemical sensors such as the phenom-
enon of “electrode fouling” or “memory effect” from one sample to
another as well as the possibility to be produced inexpensively and
controllably at large scale; (ii) PANI-graphene interface is expected
to express a synergic effect to the overall system and thus improve
sensing characteristics; and (iii) the enhanced oxidation of MeOH
is likely to occur more favorably at PANI-graphene/NiO (or CuO)
compared to that of other alcohol interferences, making the MeOH
sensor highly selective and electrochemically feasible. According to
the available literature, to the best of our knowledge there is no
previous report on the design of PANI-graphene, NiO or CuO
catalyzed electrodes for electrochemical detection of liquid meth-
anol from the alcohol mixtures.
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2. Experimental

2.1. Chemicals and apparatus

Aniline (ANI) was obtained from ACROS Organics™ and was
purified before use. Analytical-grade graphene (Production
code: ANT-GNPs-160101, bulk density of 0.015 g mL ', diameter
of 10-20 pm, thickness <5 nm, C content =99%) were
purchased from Applied Nano Technology Joint Stock Company
(ANTECH, Vietnam). CuCl,-2H,0 (99%) and NiCl, (98%) were
obtained from Acros Organics. Sodium hydroxide (NaOH, 98%),
methanol (MeOH, 99.9%), ethanol (EtOH, 99%), isopropyl
alcohol (IPA), acetone, sulfuric acid (H,SO4, 99%) were supplied
by Fisher, Scientific. Electrochemical experiments were on
Gamry Interface 1010T system, using a FTO working electrode
(resistance of 8 Qm cm™", thickness of 2.2 mm, Dyesol, Aus-
tralia), with a platinum sheet as the counter electrode, and Ag/
AgCl in 3.5 M KCl electrode as the reference. Fourier transform
infrared spectra (FTIR) were collected with Bruker LUMOS II;
field-emission scanning electron microscopic (FE-SEM) and
high resolution transmission electron microscopic images were
analyzed using JEOL JSM-6480LV and Multipurpose 200 kV JEM
2100 JEOL respectively; energy-dispersive X-ray spectroscope
(EDS) was obtained with Hitachi SU-8010; Raman spectrometer
was collected using Jobin Yvon Labram 300; X-ray diffractom-
eter was done with D8 Advance Eco, Bruker.

2.2. PANI-graphene/NiO, PANI-graphene/CuO electrode
fabrication

The sensing electrodes were fabricated by cyclic voltammetry
(CV) using the FTO as conducting substrate. The FTO glasses
were cleaned with distilled water and ethanol in an ultrasonic
bath and dried at 120 °C before electrochemical experiments.
The electrode preparation protocol comprising three main
steps. Firstly, the electrodeposition PANI-graphene films were
carried out using the CV method with scanning potentials
between —0.5 V and 1.3 V for 20 cycles at a scan rate of
30 mV s~ . The electrolyte containing 0.1 M aniline, and 0.5 M
H,S0, in a mixture of H,O/IPA (v/v = 1/1) has previously
dispersed graphene by sonication (0.01 mg mL™"). After 20 CV
cycles, the PANI-graphene coated FTO (FTO/PANI-graphene)
was rinsed with deionized water, EtOH, and then leave for dried
at room temperature. For comparison, PANI film was also
prepared using the same protocol as PANI-graphene. Secondly,
metal catalyst (Ni, Cu) was electrodeposited onto the FTO/PANI-
graphene electrodes from a solution of 0.025 M CuCl,-2H,0 (or
0.025 M NiCl,) in KCI 0.1 M aqueous electrolyte solution by the
CV method (potential range of —0.3 to —0.9 V, 20 cycles, scan
rate of 100 mV s~ ). The modified electrodes were then rinsed
with deionized water then allowed to dry at room temperature
before electrooxidation step. Finally, the surface functionalized
metals (Ni, Cu) were electrooxidized to their respective oxides
(NiO, CuO) in 0.1 M NaOH electrolyte by CV method (potential
range from 0 to 0.8V, 5 cycles, scan rate of 50 mV s~ ). The films
were rinsed with deionized water then allowed to dry at room
temperature to obtain FTO/PANI-graphene/NiO and FTO/PANI-
graphene/CuO sensing electrodes.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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2.3. Characterization of methanol sensor

Electrocatalytic oxidation of MeOH on the sensing electrodes
(FTO/PANI-graphene/NiO, FTO/PANI-graphene/CuO) were
examined in a 0.1 M NaOH solution containing 50 mM meth-
anol by CV method (potential range of 0 to 1.3 V, scan rate of
100 mV s~ ). The detection performance of the sensors was

View Article Online
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studied by the chronoamperometry (CA) method at an applied
potential of 0.55 V in a 0.1 M NaOH electrolyte with constant
stirring and successive addition of methanol up to 1500 mM.
The selectivity of the sensor was tested by the CA method using
different alcohols (EtOH, IPA, acetone). Further, the sensing
electrodes were also analyzed with real samples using alcoholic
distilled beverages.
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Fig.1 CV curves during electropolymerization of PANI and PANI-graphene.
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3 Results and discussion appeared in the first scan was ascribed to the oxidation of ANI.

. . From the second scan, this ANI oxidation peak was overlapped
3.1. Electrochemical synthesis of PANI-graphene with the oxidation peaks (Epai, Epa) Of the PANI product

Fig. 1 shows the cyclic voltammograms during the electro- deposited on the FTO electrodes.’® The CVs show that the
polymerization of PANI and PANI-graphene. The anodic peak current density increases in each successive cycle, confirming
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Fig. 2 (a) Raman spectra; (b) SEM image; (c) HRTEM image of PANI-graphene/Cu, and (d and e) CV curves for electrodeposition and elec-
trooxidation of Ni, Cu on PANI-graphene.
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electrodepositing, thickening PANI films. It can be additionally
seen from Fig. 1 that the redox peaks of the PANI-graphene
(sharper) composite are more reversible than those of PANI
(broader) which is a result of the highly electrical conductive
graphene.

The Raman spectra of the samples exhibit two distinct peaks
at around 1350 and 1590 cm ' corresponding to the well-
defined D band and G band, respectively (Fig. 2a). The
graphitic peak (G band at 1590 cm™ ') is due to the E, vibra-
tional mode of the C-C bond stretching and the disorder peak
(D-band at 1350 cm ™ 1) is due to the Ay, vibrational mode. The
intensity ratio of the D and G bands (Ip/Ig ~0.93) allows to
estimate the defects of graphene where a lower ratio ensures
less defects on graphene. Moreover, from Raman spectra, it can
be expected that a strong interaction between PANI and gra-
phene will facilitate effective degree of electron delocalization,
and thus enhance electron transfer and the selectivity of elec-
trochemical detection with PANI/graphene interface compared
to that of pure PANI. Logically, Raman spectra intensity was
weaker for PANI-graphene/CuO (or NiO), after subsequent
electrodeposition and electrooxidation. SEM images confirmed
high porous structure of PANI-graphene, which is important for
Ni (or Cu) occupancy after the electrodeposition (Fig. 2b).
Further HRTEM images showed that the Ni or Cu nanoparticles
were successfully incorporated onto PANI-graphene nano-
composites (Fig. 2c). The existence of graphene in porous
structure can provide a larger specific surface area than pure
PANI. The next steps of electrodeposition/oxidation of Ni/NiO
(or Cu/CuO) on the surface of PANI-graphene (Fig. 2d and e)
were also visualized and compared by FTIR, XRD, EDX analyses
of PANI, PANI-graphene and PANI-graphene/NiO (or CuO)
composites (Fig. S1-S3, Table S1, ESI{). In summary, on the
basis of the above characterization results, it can be concluded
that: (i) graphene facilitated electron transport on the electrode
surface; (ii) the porous framework of PANI-graphene can be
beneficial for Ni or Cu electrodeposition as well the enhanced
electron transfer throughout the interface; (iii) enhanced
oxidation of MeOH should be expected on synergic PANI-
graphene/NiO (or CuO) platform.

3.2. MeOH electrooxidation

Fig. 3 indicated that PANI in PANI-graphene/CuO, being not in
acid doped form, are not electroactive in alkaline solution
(black line). In the alkaline solution containing MeOH or EtOH,
a new peak appeared in anodic scan at about 0.8-0.85 V, which
was attributed to the MeOH and EtOH oxidation that did take
place after the oxidation of NiO/CuO to NiOOH/CuOOH,
according to the following reactions:**-**

CuO/NiO + OH™ — CuOOH/NiOOH + ¢ (1)
CuOOH/NiIiOOH + MeOH + 30, — CO, +Cu(1n) + 4H,0 (2)
It is well known that the electrooxidation processes of MeOH

and EtOH are very similar to each other and are kinetically slow.
From the CV curves, it can be seen that the oxidation potential

© 2021 The Author(s). Published by the Royal Society of Chemistry
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peak of MeOH (Epeai at 0.8 V) is slightly lower than that of EtOH
(Epear at 0.85 V), but the respective current intensity of the
former is much higher than that of the later. Significantly
higher peak current densities recorded with MeOH clearly
demonstrated the importance of NiO/CuO in MeOH electro-
oxidation (the electroactivity difference between PANI-gra-
phene and PANI-graphene/CuO in alkaline medium was
compared in Fig. S4t). Theoretically, to obtain the highest
signal (the largest current), the applied potential in chro-
noamperometry should be fixed at MeOH oxidation peak
potential (0.8 V), however, to deliberately eliminate the involved
process of EtOH (to have the best signal/noise), the chro-
noamperometric curves were recorded at lower onset oxidation
potential (0.55 V).

3.3. MeOH selectivity detection

To investigate the selectivity of PANI-graphene/NiO (or CuO)
films towards MeOH, the experiments were done for a series of
other alcohols such as EtOH, IPA, acetone. As discussed above,
to get the best signal/noise (best MeOH selectivity with the
lowest oxidation of interferents), the chronoamperometric
curves were taken at the onset oxidation potential (0.55 V).

Some important remarks could be drawn from Fig. 4. First,
both PANI-graphene/NiO and PANI-graphene/CuO had no
response to all added interferences, including EtOH (50 mM
added). The electrooxidation of MeOH was significant
compared to that of other interferences (EtOH, IPA, acetone):
the current intensity for MeOH oxidation (added 50 mM, i ~3.5
pA cm~?) was greater than that of other interferences at high
concentration (200 mM, i < 0.5 pA cm ™ 2). It could be supposed
that the detection of MeOH was quite selective even at high
concentration of interferences (Fig. S5, ESIT).

Next, since Ni/NiO particles were electrodeposited in
a greater quantity on PANI-graphene compared to that of Cu/
CuO (see Fig. 2d: the reduction current of the first cycles
during metallic electrodeposition), the MeOH oxidation on

{====NaOH + MeOH
NaOH + EtOH
NaOH

MeOH oxidation

-0-5 v T & T L T T — v
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

E (VAg/AgCl)

Fig. 3 The electrooxidation of MeOH 50 mM, EtOH 50 mM on PANI-
graphene/CuO.
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PANI-graphene/NiO should be more sensitive compared to that
on PANI-graphene/CuO for a low MeOH concentration range,
as it was experimentally confirmed from the slope values of
calibration plots (Fig. 4d, for concentration below 100 ppm). At
higher MeOH concentration range, the response currents of
PANI-graphene/NiO and PANI-graphene/CuO resembled each
other, confirming the same sensitivity for Cu and Ni in that
concentration range. The similar electrocatalytic of Ni and Cu in
MeOH oxidation can be explained by their similarities in the
crystallographic data (both with the same face centered cubic
(fec) structure and lattice parameters) and surface properties.
Furthermore, the calibration plots displayed two different
slopes related to two linear zones, corresponding to two
different ranges of MeOH concentrations: (i) lower concentra-
tion from 0 to 400 ppm and (ii) higher concentration from 400
to 1300 ppm, in which the sensitivity decline observed at higher
MeOH concentration is likely related to the saturation of the
electrocatalytic active sites with MeOH target molecules. The
main electroanalytical parameters obtained from different
MeOH sensors were compared and summarized in Table 1.

To determine the practical performance and feasibility of the
above sensor, the determination of MeOH from real samples of
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Table 1 Analytical parameters obtained from different MeOH sensors

Sensitivity
Sensor interfaces Range (mM) (LAmM 'cm ?) Ref.
PANI-graphene/NiO 20-100 1.5 This work
300-1300 0.2
PANI-graphene/CuO 20-300 0.8 This work
300-1300 0.2
EG/rGO/np-NiOOH 10-40 1.32 29
Graphene/NiO/GCE 0.2-24 2.21 25
Pd-Ni/SiNWs 0-75 1.96 22
PMMA-graphene-CNTs 1 x 107 °to 10 13.494 26
PTh-o-Fe,03/GCE 5-1000 0.793 30
Pt/CNTs 25-100 6 11

alcoholic beverage was examined. Taking into account the fact
that Cu was almost two times cheaper than Ni, PANI-graphene/
CuO was chosen for further evaluations with real samples. The
results were summarized in Table 2. The recoveries of the
samples were in range of 85-99%, indicating that the detection
procedure can be used as an effective electrochemical deter-
mination of MeOH in the commercial samples.
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Fig. 4 MeOH selectivity vs. EtOH and other interferents: (a) PANI/CuO; (b) PANI-graphene/CuO; (c) PANI-graphene/NiO sensor electrodes;
(d) the calibration curves of PANI-graphene/NiO and PANI-graphene/CuO sensor electrodes.
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Table 2 Determination of MeOH in real samples using PANI-graphene/CuO

Parameter S1 S2 S3
0.1 M NaOH volume (mL) 30 30 30
Added real sample (mL) 6 6 6
MeOH conc. (ppm) in real sample 2500 3700 4900
Diluted MeOH conc.” (ppm) in electrochemical cell test 416.6 616.6 816.6
MeOH found” (ppm) (before diluted of real sample) 2479 3187 4175
Recovery (%) 99 86 85

“ Value was obtained by the appropriate dilution factor equal 1/6. * Average of three replicates.

4. Conclusion

PANI-graphene/NiO and PANI-graphene/CuO based MeOH
sensor with appropriate linear response range, sensitivity, good
reproducibility, selectivity, and long-time stability was expected
to meet the requirements of real sample detection of smuggled
alcoholic beverages whose illegal production/consumption is
quite popular in many developing countries. One advantageous
aspect of this sensor is its low cost and its ability to detect
MeOH selectively from binary MeOH-EtOH, and therefore, may
be of great importance for authorities to consider the necessary
measures and legal acts preventing smuggled commerce and
reducing toxicity risk of methanol.
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