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Electrochemical sensors based on graphene have gained importance owing to their high selectivity and
sensitivity arising from the high surface area and electrocatalytic activity of graphene based
nanomaterials. While significant amount of work has been carried out on graphene synthesis, lesser
attention has been paid to synthesis of graphene suited for electrochemical sensing applications. This
work demonstrates the synthesis of graphene by using a liquid phase high shear exfoliation (LP-HSE)
method. Use of appropriate dispersing and antifoaming agents helped in obtaining a high-quality
graphene colloidal suspension in water. Later, the dispersing and antifoaming agents were washed away
to get exfoliated graphene suited for electrochemical sensing as confirmed by electrocatalytic activity
measurements. The potential usage of exfoliated graphene in electrochemical sensors was confirmed by
evaluating the performance of exfoliated graphene for ascorbic acid sensing. Linear sweep voltammetry
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(LSV) and amperometry techniques were used for ascorbic acid sensing. The sensor based on exfoliated
graphene was highly selective and sensitive toward ascorbic acid (AA) oxidation, and the limit of
DOI: 10.1039/d2ma00666a detection (LOD) of fabricated sensors was 1.8 uM. The interference study confirmed that the fabricated

sensors are highly selective. The precise determination of AA in vitamin C supplements revealed the
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Introduction

Electrochemical sensing is a promising approach to develop
highly sensitive, accurate, simple, and cost-effective sensing
devices to detect and quantify a wide variety of analytes. The
electrochemical sensing ability of these sensors strongly
depends on material aspects such as chemical and physical
properties and changes in the sensing material characteristics
on applying voltage."” Research on developing potential elec-
trode materials for electrochemical sensing applications has
immensely increased in recent years.*® Initially, carbon-based
materials were largely explored as electrode materials in elec-
trochemical sensing applications due to their low cost,
chemical inertness, and abundant availability.”° Graphene-
based nanomaterials have outperformed other carbon-based
materials because they are less prone to surface fouling, stable
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potential usage of exfoliated graphene in the real-time determination of AA.

in a wide potential window, have better electron transferability,
and are highly selective towards a wide range of analytes.">""
Graphene, a 2-D form of carbon, is known to have excellent
electrocatalytic activity towards different analytes, leading to
development of electrochemical sensors for the detection of
H,0,, uric acid, ascorbic acid, glucose, cholesterol, and
dopamine.’*"® A scalable, low-cost, and environmentally
friendly graphene synthesis method is required to fabricate
graphene-based electrochemical sensors at a large scale. Gra-
phene is produced from graphite by different exfoliation techni-
ques such as chemical reduction methods,"® micromechanical
exfoliation,'® electrochemical exfoliation,'” ultrasonication,®
high shear ball milling,"® and liquid-phase exfoliation
(LPE).>°> Graphene prepared by chemical reduction methods
was examined for fabrication of electrochemical sensors'® but it
was not favored owing to the presence of uncontrolled defects in
the material arising from synthesis.>* It is believed that liquid-
phase graphene exfoliation methods are more promising due to
their simple, cost-effective, environmentally friendly, and scalable
nature.>*”’ Solvent selection plays a crucial role in deciding the
compatibility of graphene produced by liquid-phase exfoliation
techniques for electrochemical sensing applications. The energy
required for exfoliation should be balanced by solvent-graphene
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interaction, and the used solvent should be easily removed from
the graphene surface.”® Different organic solvents like NMP,
DMF, benzyl benzoate, and y-butyrolactone have been used in
the process of liquid-phase graphene exfoliation.****>! The sur-
face tension of most of these organic solvents (y = 40 mJ m™?)
helps to get highly stable graphene dispersion after exfoliation of
graphite.’® Even then, the use of above solvents is not desirable
as it is difficult to remove these solvents from synthesized
graphene which limits the performance of the sensors in terms
of electrocatalytic activity and selectivity. Thus, in this study we
report water (y = 70 mJ m™?) as a solvent with suitable dispersing
agents for liquid phase exfoliation (LPE) of graphene by using a
high-shear exfoliation method. The potential usage of high-shear
exfoliated few layered graphene (FLG) in electrochemical sensors
was studied by standard electrochemical characterization and
electrochemical sensing of AA.

1. Experimental

1.1 Preparation of high-shear exfoliated few layered graphene
(HSE-FLG)

High shear exfoliation of FLG was done by a three-stage liquid-
phase exfoliation (LPE) method (Scheme 1). This method
involves graphite dispersion in solvent (water), exfoliation and
separation. In the typical synthesis process, 1 | natural graphite
(10 pm) suspension was prepared by adding 50 mg ml~" natural
graphite in water and 1 wt% surfactant (formulations are based
on a patent).>® The prepared graphite suspension was sonicated
for 30 minutes for the proper dispersion of graphite in water.
The dispersed graphite suspension was subjected to high shear
mixing using a Ross-Mixer at 8000 rpm for 10 hours. The
temperature rise during the high shear exfoliation process
was maintained using an ice bath. The exfoliated graphite
suspension was subjected to ultrasonication to separate the
exfoliated graphite from graphene. Next, the exfoliated gra-
phene suspension was centrifuged at 10000 rpm for 10 minutes
to separate the graphene nanoplatelets (GNPs) from the few
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layered graphene (FLG) solution. The FLG suspension was
heated at 60 °C to remove the solvent (water), and the FLG
residue was washed with the acetone and ethanol mixture
several times. The collected FLG powder was dried in a vacuum
oven at 60 °C for 24 hours, and as-prepared FLG was used for
electrochemical characterization.

1.2 Preparation of the HSE-FLG-based modified glassy carbon
electrode (GCE)

The GCEs were coated with HSE-FLG based ink for electroche-
mical characterization and sensing studies (Scheme 1). In the
typical ink preparation process, 7 mg of HSE-FLG was added to
1 ml of water and ethanol mixture (1:1). Then, 20 pl of Nafion
(serves as a binder) solution was added to the prepared mixture.
The prepared HSE-FLG suspension was sonicated for 60 min-
utes to get a homogeneously dispersed ink. The GCEs were
polished with alumina powders of different grades (1, 0.1, and
0.05 pm) and washed in ethanol by sonicating them for
5 minutes. The washed GCEs were dried by purging nitrogen
gas. The dried GCEs were coated with 3 pl of prepared HSE-FLG
based ink by drop-casting. The HSE-FLG coated GCEs were
dried at room temperature for 60 minutes. The modified GCEs
were used for further electrochemical characterization and
sensing studies.

2. Material and electrochemical
characterization of prepared HSE-FLG

The crystalline structure of exfoliated FLG was investigated by
X-ray diffractometry (PANalytica- MRDTM with a Cu Ko radia-
tion source of /. = 1.5406 A). The phonon vibrational modes
corresponding to exfoliated FLG were studied with a HORIBA
HR800 Raman spectrometer using an argon laser, with an
excitation wavelength of 514.5 nm. The study of functional
groups formed in exfoliated FLG was carried out by using an
X-ray photoelectron spectrometer (XPS, ULVAC-PHI 5000 Versa-
Probell). The morphology, number of layers, and the structure of
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Scheme 1 GCE modification procedure with HSE-FLG based ink.
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prepared HSE-FLG were investigated using FEG-SEM (Hitachi,
S-3400N) and FEG-TEM (Thermo Scientific, Themis 300 G3). All
electrochemical characterization was carried out on a potentio-
stat (302N), where a GCE was used as the working electrode
(WE), platinum wire was used as the counter electrode (CE),
and a Ag/AgCl electrode was used as the reference electrode
(RE). The standard electrochemical characterization techniques
like cyclic voltammetry (CV), electrochemical impedance
spectroscopy (EIS), and Tafel analysis were carried out in
0.01 M ferricyanide containing 0.1 M KCI as the supporting
electrolyte. All electrochemical sensing studies were carried out
in a 0.01 M PBS solution of pH 7.4.

3. Results and discussion

3.1 HSE-FLG’s crystal structure, morphology, high-resolution
microstructure, vibrational modes, and surface analysis

Morphological and high-resolution microstructural analyses of
HSE-FLG were carried out by FEG-SEM and FEG-TEM. Both
FEG-SEM and FEG-TEM images are shown in Fig. 1. The
exfoliation of bulk graphite into small graphene flakes can be
observed in the FEG-SEM images of pristine graphite and HSE-
FLG. Comparison of the FEG-SEM images of HSE-FLG and
pristine graphite confirms the decrease in flake size from
10 pm to <500 nm. FEG-TEM images of HSE-FLG show thin
graphene flakes with a lateral size of less than 3 um. The HR-
TEM image of HSE-FLG shows a clear indication of graphene
flakes with less than six layers. The flake size distribution and
thickness of exfoliated FLG were analyzed from AFM imaging.
Fig. 1(e) shows the AFM image of HSE-FLG. Graphene sheets
with a lateral size of 100-2000 nm were observed. The thickness

Fig. 1
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of HSE-FLG of less than 3 nm indicates the presence of less
than six layers in the exfoliated graphene.

X-ray diffraction spectra of exfoliated HSE-FLG and pristine
graphite are shown in Fig. 2(a). The XRD pattern of HSE-FLG
showed a strong characteristic graphite peak of the basal plane
(0 0 2), indicating the highly organized crystalline nature of
hexagonal graphite. The decreased intensity and increased
broadness along with peak shift to lower two theta values (inset
of Fig. 2(a)) of HSE-FLG’s basal plane peak as compared to the
pristine graphite peak indicate the decrease in the number of
layers of pristine graphite and confirm the exfoliation of
graphite. The quality of exfoliated FLG was studied by Raman
spectroscopy. Fig. 2(g) shows the Raman Spectra of HSE-FLG
and pristine graphite. The G band at 1575.8 cm ™" is assigned to
the sp>-hybridization of carbon, and the D band at 1343.7 cm ™"
is used to study the defective nature of graphene. The relative
intensity ratio of the D to G band indicates the defect density of
graphene.®® The increased relative ratio of the D to G band from
0.066 (pristine graphite) to 0.616 (FLG) confirms the presence
of a considerable amount of defective sites in HSE-FLG. The 2D
band gives information about the number of layers in gra-
phene. The comparison of HSE-FLG’s 2D band with pristine
graphite showed an increase in broadness and a shift in the 2D
peak to lower wavelengths confirming the decreased number of
layers in the exfoliated graphene (Fig. 1(d)). The Lorentzian fit
of the 2D peak usually gives detailed information about the
number of layers in the exfoliated graphene (Fig. 2(e) and (f)).
The shift of deconvoluted peaks in the 2D band to lower
wavelengths (2687.1, 2577.5, 2460.8) and the presence of an
extra peak as compared to pristine graphite indicate that the
possible layers in HSE-FLG could be lower than 6.**%°
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(a) and (b) FEG-SEM images of pristine graphite and high shear exfoliated few-layered graphene (HSE-FLG), (c) FEG-TEM image of HSE-FLG (the

inset shows the diffraction pattern), (d) high-resolution FE-TEM image of HSE-FLG, and (e) atomic force microscopy (AFM) image with the height and

lateral size distribution profile of HSE-FLG.

© 2022 The Author(s). Published by the Royal Society of Chemistry

Mater. Adv,, 2022, 3, 9019-9029 | 9021


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ma00666a

Open Access Article. Published on 14 October 2022. Downloaded on 2/8/2026 5:28:32 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Materials Advances
(a) L(b) e
(002 S |1y/1=0.616
L Layered Graph < P
i ew Layere: raphene a 2D
P) = B : 5
< ——FowLayered Graphane < Few Layer Graphene 3
=t g ? 8
g s £ r 2
H ° 2
2| 5
L E
T imea e 2 [T/l =0.066 Pristine Graphite
Pristine Graphite d
10 15 20 2‘5 30 35 40 45 50 L L L L L - 1 1 1 1
2 Theta (Degrees) 1200 1500 1800 2100 2400 2700 3000 280 282 284 286 288 290
Wavenumber (cm-‘l) Binding Energy (eV)
|— Pristine Graphite (d) Pristine Graphite (e) [ Few Layed Graphene
~ |——Few Layered Graphene
5[ = L {7\, 2687.1 cm™
8 E] 1 3 7\
2 [ FWHM: - s 327171 cm” st
@ [P-Graphite = 71.81 Z £
8 | FLG =105.97 § § [
Er E E [
° B i
8 ] g A
2 s 5 A
£ £ g 2460.8 cm A,,,,'
S 2 St e
4 £ y
2400 2550 2700 2850 3000 26‘00 27‘00 zalon z;oo 25‘50 27‘00 zs‘so
Wavenumber lClT!'1) Wavenumber cm!) Wavenumber (cm™")
Fig. 2 (a) X-ray diffractometry of pristine graphite and HSE-FLG, (b) Raman spectra of pristine graphite and HSE-FLG, (c) XPS spectra of HSE-FLG,

(d) Raman 2D peak comparison, and (e), (f) Raman 2D peak Lorentzian fitting of pristine graphite and HSE-FLG.

The XPS analysis of HSE-FLG confirmed the defective site
type and nature. Fig. 2(c) shows the deconvoluted XPS spectra
of exfoliated FLG. The XPS peak at a binding energy of 284.5 eV
represents the graphitic carbon (C-C) in HSE-FLG. The extra
peaks at higher binding energies represent the oxygen func-
tional groups confirming the presence of defective sites in HSE-
FLG.**?*” The high shear forces during exfoliation break the
graphene flakes resulting in the formation of defective sites.
The defects formed during exfoliation are usually saturated by
oxygen functional groups. The relative intensity of oxygen
functional groups to graphitic carbon indicates low concentra-
tions of defective sites in HSE-FLG.

3.2 Electrochemical characterization of HSE-FLG in the
standard ferricyanide electrolyte

The potential application of HSE-FLG in electrochemical
sensors needs to be checked by different electrochemical
characterization techniques like cyclic voltammetry (CV), elec-
trochemical impedance spectroscopy (EIS), and Tafel analysis.
The prepared modified GCEs were used for all electrochemical
characterization. 0.01 M potassium ferricyanide solution was
used as the standard electrolyte with 0.1 M KClI as the support-
ing electrolyte in all electrochemical studies. Fig. 3(a) shows the
CV of HSE-FLG, where reversible oxidation and reduction peaks
of ferricyanide can be observed. All the CV parameters are
shown in Table 1. The CV comparison of HSE-FLG with blank
GCE and pristine graphene indicates a higher output current
and lower peak-to-peak potential (AV) for exfoliated graphene.
The peak-to-peak potential (AV) in the case of HSE-FLG is
110 mV, nearly close to the ideal AV (59 mV) of the standard
electrochemical system. CV with increasing scan rate was done
to understand electron transfer kinetics at the surface of the

9022 | Mater. Adv, 2022, 3, 9019-9029

prepared electrodes. Fig. 3(b)-(d) shows the CV of GCE, pristine
graphite, and HSE-FLG with increasing scan rate. The peak
shift with increasing scan rate in the case of HSE-FLG is
extremely low compared to blank GCE and pristine graphite,
indicating that the electrochemical reaction is ultimately
adsorption controlled (decreased kinematic limitations). The
increase in output current with increasing scan rate according
to the linearity of the square root of scan rate vs. output current
calibration plot indicates that the system is highly reversible
and has no involvement of diffusional limitations (Fig. S2,
ESIt). The higher slope of the square root of scan rate vs.
output current calibration plot for HSE-FLG indicates the
increased electrocatalytic activity of exfoliated graphene. The
increased electrocatalytic activity and electron transfer capabil-
ity of HSE-FLG are due to the existing oxygen functional groups
(defective sites) and the higher specific surface area of HSE-FLG
(Table 1). As a result, the ion adsorption capability of the
electrode also increases. So, the effective electroactive surface
area (Aefr) and ion adsorption quantity (¥) of the prepared
electrodes were calculated with the help of the Randles-Sevcik
theory.*

3
Iy = (2.69 x 10%) 2 A DV/*v' 2 C, (1)
n*F?
Ipa = mVAefqu (2)

where n is the number of electrons involved in the reaction, I,
is the output current, D (7.60 x 10~® em® s ") is the diffusion
coefficient for ferricyanide ions, v is the scan rate, C, is the
effective concentration of ferricyanide, F (96 485 coulombs mol )
is the Faraday constant, R (8.314 J mol " K ') is the gas

constant, T is the absolute temperature, A.¢ is the effective

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ma00666a

Open Access Article. Published on 14 October 2022. Downloaded on 2/8/2026 5:28:32 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

80

—— Blank GCE
60 | Pristine Graphite
—— Few Layered Graphe!

Current (uA)
o

(3?....

0.0 0.2 0.4 0.6 0.8
Voltage (V vs Ag/AgCl)

6.18:107> V /10 mV/s

50

: 6.56*19'3 V/10 mVis
-0.2 0.0 0.2 0.4 0.6 0.8
Voltage (V vs Ag/AgCl)

View Article Online

Paper

9.26*10™

V /10 mVisg

100 -

50

Current (uA)

-100

#8.83*10°3 V/ 10 mV/s
1

-150 L . .
-0.2 0.0 02 0.4 06 0.8

Voltage (V vs Ag/AgCl)

2.52*107° V /10 mV/s

Current (uA)

¥ 2.42103 v /10 mVis

0.0 0.2 0.4 0.6 0.8
Voltage (V vs Ag/AgCl)

()

-200
-0..

Fig. 3 Cyclic voltammetry (CV) of blank GCE, pristine graphite, and HSE-FLG in 0.01 M KsFe[(CN)g|] electrolyte with 0.1 M KCl as the supporting
electrolyte: (a) CV comparison of HSE-FLG with blank GCE and pristine graphite at a scan rate of 25 mV s~* and (b)—(d) CV of blank GCE, pristine graphite

and HSE-FLG at different scan rates.

Table 1 Comparison of CV parameters in 0.01 M ferricyanide electrolyte

Sample Iox (M) Iea (MA)  Oxn potential (mV)  Red potential (mV) AV (mV) Aex(ecm®) SSA(m*g ') ¥ (molem™?)
GCE 28.335 55.502 445 63 382 0.978 12.32 x 107
Pristine graphite 40.392 60.991 334 134 200 1.013 12.18 17.27 x 107
FLG 50.729 73.048 336 222 114 1.357 133.45 22.02 x 107'°

electroactive surface area, and ¥ is the adsorption quantity of
electroactive ions.

The calculated A of all three samples is shown in Table 1.
The comparison of calculated A.y indicates the significant
increase in the effective electroactive area of HSE-FLG based
electrodes. As a result, the absorbed ion quantity was increased
for HSE-FLG based electrodes, which led to the superior
electrochemical properties of HSE-FLG. So, from all CV results,
we can conclude that HSE-FLG has significantly improved
electrocatalytic activity due to its increased effective electroac-
tive sites (oxygen functional groups) and enhanced adsorption
capability. The increased specific surface area (SSA) of exfo-
liated graphene confirms the enhanced electroactive sites and
absorption capability of exfoliated graphene.

The electron transfer capability of HSE-FLG was further
confirmed by using electrochemical impedance spectroscopy
(EIS) and Tafel analysis. Fig. 4 shows the EIS and Tafel
plots of GCE, pristine graphite, and HSE-FLG. The charge
transfer resistance (R.) directly represents the electron transfer

© 2022 The Author(s). Published by the Royal Society of Chemistry

capability of electrode materials. The R. value of all three
electrodes was calculated by fitting the EIS plot using NOVA
1.11 software. The equivalent circuits for fitted EIS plots are
shown in Fig. S3 (ESIT). The simulated R, values can be found
in Table 2. The significant decrease in the R value of HSE-FLG
compared to GCE and pristine graphite indicates a substantial
improvement in electron transfer capability. This charge trans-
fer ability of HSE-FLG is further explained by Tafel analysis. The
calculated exchange current density (J,) values of all three
samples are shown in Table 2. The higher j, for HSE-FLG
confirms the better electron transfer capability of exfoliated
graphene, and it supports the simulated R, value of HSE-FLG

.8,39

by eqn (4):
Jo

K, = 3
° = CuF (3)
RT
Jo = 4
® 7 nFRy ()
Mater. Adv,, 2022, 3, 9019-9029 | 9023
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Fig. 4 (a) Comparison of EIS of blank GCE, pristine graphite, and HSE-FLG in the frequency range of 10~100 000 Hz at an amplitude of 5 mV s~* and
(b) comparison of the Tafel plot of HSE-FLG, blank GCE and pristine graphite.

Table 2 Comparison of EIS and Tafel parameters of blank GCE, pristine
graphite, and HSE-FLG

Samples Jo (Aem™?) Ko (em s™) R (k Ohm)
GCE 3.756 x 10° 3.890 x 107° 4.91
Pristine graphite 4.402 x 10°° 4.874 x 107° 5.12
FLG 7.466 x 107° 7.738 x 107° 1.56

where J, is the exchange current density, C is the concentration
of electroactive ions, 7 is the number of electrons involved in
the electrochemical reaction, F (96,485 coulombs mol ') is the
Faraday constant, R (8.314 ] mol " K™") is the gas constant, T is
the absolute temperature, R is the charge transfer resistance,
and K, is the reaction rate constant.

The reaction rate constant (K,) is another essential property
of electrode materials that reveals the ideal characteristics of
electrochemical sensor electrode materials. The K, is calculated
using the EIS and Tafel analysis (Table 2) following eqn (3). The
significant increase in the K, value of HSE-FLG indicates that
the exfoliated graphene has high electrocatalytic activity and is
approaching the ideal electrochemical sensor electrode beha-
vior. All electrochemical characterization of HSE-FLG con-
firmed the superior electrochemical properties of HSE-FLG.
Hence, the prepared HSE-FLG can be used as an electrode
material to develop different electrochemical sensors.

The electrochemical sensing capability of HSE-FLG was
studied by using the ascorbic acid (AA) analyte. Electrochemical
oxidation is the sensing mechanism of exfoliated graphene for
electrochemical sensing of AA, which can be seen in Scheme 1.
Fig. 5(a) shows the CV of blank GCE, pristine graphite, and
HSE-FLG in the presence of 0.1 mM AA. The CV comparison of
all three samples showed a significant increase in output
oxidation current density for HSE-FLG in the presence of AA,
indicating the effective oxidation of AA at 0.1 V by HSE-FLG.
The reversibility in the oxidation of AA adsorbed on the
electrode surface is due to fast disproportionation of
semihydroascorbic acid to ascorbic acid and dehydroascorbic
acid. The increase in the current density of HSE-FLG is
mainly correlated to the concentration of electroactive sites of

9024 | Mater. Adv., 2022, 3, 9019-9029

HSE-FLG. The AA oxidation peak position in the case of HSE-
FLG is shifted from 0.55 V to 0.1 V due to the selective oxidation
of AA with the defective sites present in the exfoliated FLG. The
shift of the AA oxidation peak to lower voltages is also an
advantage in the case of HSE-FLG to avoid many interference
problems. Fig. 5(b) and (c) shows the CV of pristine graphite
and HSE-FLG with continuously increasing AA concentration. It
can be seen that the rate of increase in the current density of
HSE-FLG is much higher than that of pristine graphite. The
AA oxidation peak shift with increasing AA concentration
for pristine graphite is much higher than that for HSE-FLG,
indicating the improved kinematic limitations of HSE-
FLG based electrodes for AA detection. The CV plot of HSE-
FLG with an increase in AA concentration following the linear-
ity with respect to peak current indicates the effectiveness of
detecting AA. All the improved electrochemical properties of
HSE-FLG are mainly due to the increased electroactive area and
enhanced electron transferability. Hence, HSE-FLG can be used
to develop electrochemical AA sensors.

Linear sweep voltammetry (LSV) and hydrodynamic ampero-
metric characterization were used to measure AA. The LSV of
HSE-FLG with a continuous increase in AA concentration was
carried out to determine the sensitivity and LOD of HSE-FLG
based AA sensors. Fig. 5(d)-(f) shows the LSV of HSE-FLG based
AA sensors. The current density of exfoliated graphene’s LSV
increases from 1 uM AA. There was no considerable increase in
output current density for lower AA concentrations (<1 uM),
indicating that the maximum detectable quantity of AA by HSE-
FLG is 1 pM. The inset of Fig. 5(d) shows the calibration plot for
the LSV of HSE-FLG. The sensitivity and LOD of HSE-FLG
based AA sensors were calculated by regression analysis.
The calculated sensitivity of fabricated AA sensors was
219 pA mM ' em ™, and the LOD of the sensor was 1.8 uM.
The LSV of HSE-FLG for higher concentrations of AA also shows
a continuous increment in output current density (Fig. 5(e)
and (f)). The calibration plots of LSV at higher concentrations of
AA also follow perfect linearity indicating accurate detection of
AA even at more than 5 mM concentration of AA (Fig. S4(a) and
(b), ESIY).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5

(a) CV comparison of blank GCE, pristine graphite, and HSE-FLG in 0.1 mM AA containing 0.01 M PBS solution of pH 7.4 at a scan rate of

25mV s~ (b) and (c) CV of pristine graphite and HSE-FLG at different concentrations of AA in 0.01 M PBS solution of pH 7.4, (d)~(f) LSV of HSE-FLG with

different concentrations of AA at a scan rate of 25 mV s ™2

, (@) hydrodynamic amperometry comparison of HSE-FLG at an applied voltage of 0.1 Vin 1 mM

AA containing 0.01 M PBS solution of pH 7.4 and (h) hydrodynamic amperometry of HSE-FLG adding different concentrations of AA at an applied voltage

of 0.1V in 0.01 M PBS solution of pH 7.4.

Hydrodynamic amperometric characterization of HSE-FLG
based AA sensors was done to determine the maximum possi-
ble sensitivity and detection time of AA sensors. Fig. 5(g) shows
an amperometry comparison of blank GCE, pristine graphite,
and HSE-FLG by adding 1 mM AA while continuously mixing
the electrolyte at 1000 rpm at an applied voltage of 0.1 V. The
higher output current density in the case of HSE-FLG indicates
the superior electrocatalytic activity of HSE-FLG towards the
oxidation of AA. Fig. 5(h) shows the hydrodynamic amperome-
try of HSE-FLG by adding different concentrations of AA at a
50 s time interval while mixing the electrolyte at 1000 rpm. The
continuous increment in output current density following the
linearity can be observed from the inset of Fig. 5(h).
The maximum possible sensitivity of HSE-FLG based AA sen-
sors was 334 pA mM ! em ™!, and the detection time was less
than 5 seconds. The comparison of the HSE-FLG based AA
sensor with other graphene exfoliation technique-based AA
sensors indicating the significant improvement confirms the

© 2022 The Author(s). Published by the Royal Society of Chemistry

potential usage of the HSE method for graphene synthesis in
electrochemical sensors (Table 3).

Repeatability and reproducibility of fabricated AA sensors
were studied by LSV in the presence of 1 mM AA. Fig. 6(a) and
(b) shows the repeatability and reproducibility studies of fabri-
cated HSE-FLG based AA sensors. There was a minor change in
the output oxidation peak current density for different mea-
surements of the same device and the same measurement for
different devices, indicating that the fabricated sensors are
accurate in detecting AA (can be seen in the LSV plots of
Fig. S5(a) and (b), ESIt). Interference study of fabricated sen-
sors was done by LSV in the presence of equivalent concentra-
tions of different interfering species (Fig. 6(c)). There was no
considerable effect on AA oxidation peak current density in the
presence of different interfering species, which can be seen in
the LSV plots of HSE-FLG in the presence of different interfer-
ing species (inset of Fig. 6(c)). So, from the interference study of
fabricated sensors, it can be concluded that HSE-FLG is highly

Mater. Adv,, 2022, 3, 9019-9029 | 9025
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Table 3 Comparison of the sensing parameters of the HSE-FLG based AA sensor with other graphene exfoliation technique-based AA sensors

Electrode type Method for graphene synthesis Sensitivity (LA mM ' cm?) LOD (uM) Linear range (uM) Ref.
N-rGO Chemical — 9.6 100-4000 12
GS-PTCA Chemical — 5.60 20-420 40
rGO Chemical — 4.7 — 41
Gr ink — — 17.8 5-1000 42
N-rGO Chemical — 16.7 50-4000 43
Ce0,/rGO Chemical — 10 50-150 44
T-GO Chemical — 47 500-5000 45
N-3D Gr Chemical — 24.33 100-7000 46
Poly-L-CyS/GPE CVD 91.11 0.231 1-260 47
GR/CVD CVD — 1.58 5-1500 48
Gr nanosheets Ultrasonication 260.56 120 400-6000 49
Pristine graphene Ultrasonication 65.62 6.45 9-2314 50
rGO Thermal 2.5 pA mM ! — 50-30 000 51
HSE-FLG-LSV Liquid phase 219 1.8 1-5000 This Work
HSE-FLG-Ampero Liquid phase 314 3.2 2-1600 This Work
16 (a) 16 (b) 100 (C)
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Fig. 6

(a) and (b) Repeatability and reproducibility of fabricated HSE-FLG based AA sensors, (c) interference study of the fabricated HSE-FLG based

sensor by adding equivalent concentrations of different interfering ions, and (d)—(f) real sample analysis of HSE-FLG based AA sensors by using vitamin C

supplements and natural citrus fruit juice.

selective towards the oxidation of AA. Hence, the fabricated
sensors can be used to detect AA in real samples.

Real sample analysis of fabricated sensors was done by
hydrodynamic amperometry in 0.01 M PBS solution of pH 7.4
while continuously mixing the electrolyte at 1000 rpm. Vitamin
C supplements and natural citrus fruits (gooseberry, lemon)
juice were chosen for recovery and real sample analysis. As per
the AA content in the vitamin C supplement, the stock solution
was prepared in PBS solution by maintaining a 0.01 M concen-
tration of electrolyte. The same stock solution was used for the
recovery analysis. Fig. 6(d) shows the hydrodynamic ampero-
metry comparison of vitamin C supplements and AA. The
output current density response for the same concentrations

9026 | Mater. Adv, 2022, 3, 9019-9029

of pure AA and AA in vitamin C supplements shows approxi-
mately same current density, indicating that the fabricated
HSE-FLG-based AA sensors accurately measure AA in commer-
cial samples. The recovery analysis data for vitamin C supple-
ments suggest that the recovery is approximately equal to
100%, with a deviation not exceeding more than 10 (Table S1,
ESIT). AA determination in citrus fruit (gooseberry, lemon) juice
was done by adding 1/10th volume of citrus juice in PBS
solution by maintaining 0.01 M concentration. Fig. 6(e) and
(f) shows the hydrodynamic amperometry of HSE-FLG based AA
sensors towards citrus juice. The significant increase in current
density with no change in noise after adding citrus juice
indicates that the fabricated sensors are compatible with

© 2022 The Author(s). Published by the Royal Society of Chemistry
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measuring AA in natural samples. The addition of pure AA after
adding citrus juice also shows an increment for different
concentrations of AA, indicating that the fabricated sensors
can accurately measure the AA in real samples. So, all these real
sample analysis results indicate the potential usage of
fabricated HSE-FLG based AA sensors in the real-time
detection of AA.

The stability of fabricated HSE-FLG based AA sensors was
studied by the hydrodynamic amperometric technique in 1 mM
AA. The fabricated electrode was stored in 0.01 M PBS solution
of pH 7.4 and the response towards 1 mM AA over a period of
18 days was measured. Fig. 7 shows the hydrodynamic ampero-
metric plots for the stability study. The HSE-FLG modified
electrode showed consistent output amperometric current den-
sity for 18 days of AA measurements indicating that the HSE-
FLG based AA sensors are highly stable.

Conclusion

This study demonstrates the use of graphene synthesized by the
liquid-phase exfoliation technique in electrochemical sensing
applications. The challenges posed by the use of organic
solvents were addressed with the use of water as a solvent for
graphene exfoliation resulting in graphene which was found to
be compatible for electrochemical sensing. The defect sites in
graphene that developed during high shear graphene exfolia-
tion helped in enhancing the electrochemical activity of exfo-
liated FLG. The defect sites in the exfoliated FLG helped to
develop a highly sensitive AA sensor with a sensitivity of
334 pA mM ' em™! and a detection limit of 1.8 pM. The
interference and real sample analysis of fabricated AA sensors
revealed the potential usage of HSE-FLG based AA sensors for
real-time determination of AA. In summary, it can be concluded
that the liquid phase high shear exfoliation of graphene by
using water as a solvent is a possible solution for the large-scale
production of FLG for electrochemical sensing applications.
The exfoliated graphene with high electrocatalytic activity can
be used to make inks suited for screen printed electrodes for
electrochemical sensing applications. The material can thus be
a potential candidate for the point-of-care diagnosis of AA.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(a) Amperometric plots of HSE-FLG modified GCE towards 1 mM AA on different days and (b) stability study of the HSE-FLG based AA sensor.
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