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Electrochemical exfoliation of a graphite
electrode in 1-ethyl-3-methylimidazolium
chloride-[EMIM]*Cl™—AlCl; ionic liquid and
its electrocatalytic application
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The electrochemical exfoliation of graphite using 1-ethyl-3-methylimidazolium chloride-[EMIM]CL-AICl3
ionic liquid (IL) has been anticipated to be an environmentally benign and economically viable graphene
production technique based on the intercalation of AlCl,™ ions into a graphite anode in an IL mixture.
An equimolar mixture of the two solids AlClz~ and EMIMCL™ becomes a liquid at room temperature via
the acid—base reaction to form AICl,~ and EMIM® ions. This liquid is not only an electrolyte, but also
a source of electroactive species for intercalation into graphite. The crystallographic properties of gra-
phite and physicochemical properties of the IL enable better intercalation of AlCl,~ (2.95 A) into the
graphite layer (lattice distance 3.3 A). The results clearly demonstrate that graphene is produced within the
graphite anode in AICIz—EMIM*CI™. The IL is significantly important in terms of its cost efficiency, wide
electrochemical window, and high exfoliation performance for the production of graphene. The as-prepared
few-layer graphene was drop-casted on a pre-polished glassy carbon electrode (GCE), followed by the electro-
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1. Introduction

Graphene, a single-atom framework with a 2D sp>hybridized
carbon hexagonal sheet structure, has great potential applica-
tions in energy conversion and storage, electrocatalysis, sensing,
and electronics."™ Graphene has a large surface area, good
thermal conductivity, high electron mobility, and good optical
transmittance.””® Although there are various methods to synthe-
size graphene sheets, it remains a challenge for researchers to
supply top-quality graphene sheets via eco-friendly and economically
practicable processes.

Several graphene preparation methods have been developed
since its discovery.” Among them, the mechanical exfoliation
and epitaxial growth of graphene provide high-quality material
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deposition of Pt dendritic nanoparticles, for application in the electrooxidation of glucose.

for fundamental research, but only in limited quantities.®
Chemical vapor deposition (CVD) using catalytic metal sub-
strates such as Ni or Cu produces large-area high-quality
graphene."” The major obstacles to the cost-effective industrial-
scale production of CVD-grown graphene are the requirements
for high temperature, a sacrificial metal, and multistep transfer
processes onto the desired substrates. Chemical exfoliation of
graphite based on Hummers’ method is an appealing route to
produce solution-processable graphene oxide (GO) at the bulk
scale, but thermal or chemical reduction is required to partially
restore the electronic properties of graphene.'” Several other
methods have been developed to overcome these limitations, such
as solvent- and/or surfactant-assisted liquid-phase exfoliation,"
electrochemical expansion,” and the formation of graphite-
intercalating compounds. The electrochemical exfoliation of
graphite has been performed mainly in aqueous acids (H,SO,
or H3PO,4)," and the formation of graphene with a small lateral
size and a significant amount of oxygen-containing functional
groups cannot be avoided due to the overoxidation of graphite.
ILs have better electrochemical properties to supply graphene
sheets from graphite via the exfoliation method; Coleman et al.
reviewed exfoliation to obtain nanotubes and graphene in solvent
media."* "

In the chemical synthesis of graphene, harsh oxidizers and
powerful reducing agents are normally used, and many researchers
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have reported the exfoliation of graphite ionic conductive electro- chemical methods in aqueous electrolytes suffers from low
Iytes using DC techniques.'®" The production of graphene using electrical conductivity, a narrow electrochemical window, and
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Fig. 1 (A) Schematic illustration of the electrochemical exfoliation of graphite to graphene in the IL [EMIM]CI-AICls, followed by drop-casting graphene
on a GCE and subsequent electrodeposition of Pt dendritic nanoparticles in 1.0 mM K;PtClg and 1 mM SDS to modify an electrode for the
electrooxidation of glucose. (B) Scheme illustrating the intercalation of AlCl,~ ions into the graphite anode under a constant potential of 7 V for 3 h.
(C) XRD pattern of graphene. Peaks correspond to the (002) plane of graphite at 20 = 23° and the (100) crystal plane of graphene. (D) XRD pattern
showing the peaks of the electrodeposited Pt dendritic nanoparticles at 42° and 68° for Pt (111) and (220), respectively. (E) FT-IR spectrum of the
graphene electrochemically exfoliated from graphite in the IL [EMIM]CI-AICls.
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the limitation of water electrolysis. Since ILs are thermally stable,
have wide electrochemical windows, and are liquid at room
temperature, various combinations of very large organic cations
and relatively bulky inorganic counter-ions have been used as
electrolytes for graphite exfoliation.>”

In this study, we systematically investigate the exfoliation
mechanism at a graphite anode via the intercalation of AICl,™
ions under a constant potential of 7 V and successfully obtain
few-layered graphene. Dendritic Pt nanoparticles are electro-
chemically deposited on a prepolished glassy carbon electrode
(GCE) substrate onto which a graphene and Nafion suspension
has previously been drop-casted and dried overnight. The
resulting electrode has been studied as an electrocatalyst for
the electrooxidation of p-glucose.

2. Experimental section

2.1. Electrochemical exfoliation

The schematic in Fig. 1(A) illustrates the electrochemical exfolia-
tion of graphite into graphene in the ionic liquid [EMIM]CI-AICI;
followed by the electrodeposition of Pt dendritic nanoparticles
onto a graphene-modified GCE for the electrooxidation of glucose.
A high-purity graphite rod with a diameter of 5 mm and length of
4 cm (Graphite Store) exposed to the IL was used as the anode, and
a platinum wire with a diameter of 2 mm and length of 4.5 cm was
used as the counter-electrode. The IL [EMIM]CI-AICl; was pre-
pared by the slow addition of a particular weight of [EMIM]CI
(99%, Merck) to an equimolar amount of AlCl; (99%, Merck) at
room temperature. The IL mixture was continuously stirred using
a magnetic bar for 3 h to ensure homogeneity. For the exfoliation
of graphite, a constant voltage of 7 V was applied (Powertron, PIPL-
0630PR, DC power supply); the current was within £5-10 mA of
80 mA throughout the course of the experiments. After a brief
induction period, the colorless IL became dark yellow-brown; the
graphite anode then swelled, and the expanded pieces discharged
from the anode into the IL formed a black slurry, as shown in
Fig. 1B. The exfoliation process was stopped after 3 h. The product
was diluted with a water:ethanol mixture and centrifuged at a
speed of 1200 rpm to obtain pure graphene. The dispersion was
dialyzed with Millipore water using a dialysis bag with a molecular
weight cutoff (MWCO) of 500 Da.

2.2. Preparation of exfoliated graphene anchored Pt-dendritic
nanoparticle modified glassy carbon electrodes (EG-Pt-D NPs/
GCE)

Approximately 1 mg of graphene was first dispersed in 0.2 ml of
a 0.5 wt% Nafion (Sigma Aldrich) solution, the mixture was
stirred to obtain a uniform Nafion-graphene suspension, and a
glassy carbon electrode (GCE) was covered with 5 puL of the
Nafion-graphene suspension and allowed to dry in air over-
night. Electrochemical experiments were performed using a
PARSTAT 2273 (Princeton Applied Research, US) electrochemical
analyzer with a conventional three-electrode cell, in which
platinum foil and Ag/AgCl (saturated KCl) were the auxiliary
electrode and reference electrode, respectively. The working

© 2021 The Author(s). Published by the Royal Society of Chemistry
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electrode was a modified GCE with a diameter of 3 mm (ALS,
Tokyo, Japan). Before modification, the surface of the GCE was
polished using alumina slurries (0.1 and 0.05 pm) to achieve a
mirror finish. The scheme in Fig. 1(B) depicts the intercalation of
AICl,™ ions into the graphite anode at a constant potential of
7 V throughout the electrochemical cell. The previously prepared
EG/GCE was used as the working electrode for the electrodeposi-
tion of Pt dendritic nanoparticles at —0.2 V in an electrolyte
consisting of 1.0 mM K,PtCls and 1 mM SDS for 400 s. After
electrodeposition, the Pt electrode was washed with Millipore
Milli-Q water several times and dried at 100 °C for 1 min.
Assuming a 100% current efficiency, the Pt loading on the
EG/GCE was determined by the charge integrated during the Pt
deposition.?® The charge for the deposition of Pt was 0.0316 C,
which corresponded to a Pt loading of 16.04 pg.

2.3. Characterization of exfoliated graphene (EG) and
electrodeposited Pt dendritic nanoparticles (EG-Pt-D/GCE)

The electrochemical experiments were carried out in a conven-
tional three-electrode cell using a PARSTAT 2273 (Princeton
Applied Research, US) electrochemical analyzer. The FT-IR
spectra were obtained using a PerkinElmer Spectrum GX
FT-IR system with pure KBr as the background. The X-ray
diffraction pattern of the crystal phases was measured using
a Phillips diffractometer over the 20 range of 10 to 100 degrees
using CuKa radiation (/4 = 0.154 nm). A Raman spectrum was
collected using a confocal Raman spectrometer (WiTec GmbH
CRM 200) with a 514.5 nm Nd:YAG laser as a light-weight
source. The microstructural morphology of EG and EG-Pt-D/
GCE was observed using a scanning electron microscope
equipped with energy dispersive X-ray spectroscopy (Hitachi,
3000H). The thickness, width and height of EG and the Pt
dendritic nanoparticle topography were studied using atomic
force microscopy (AFM, Agilent Technologies, 5500 series) and
transmission electron microscopy (TEM, Tecnai 20 G2, FEI make).

3. Results and discussion

3.1. Surface morphology of EG and Pt dendritic nanoparticles

Fig. 1C shows the typical XRD pattern of the resulting graphene
nanosheets, which exhibit a structure intermediate between the
crystalline and amorphous structures. This is evidenced by the
reappearance of the C (002) diffraction line at a 20 value of 23°,
which appears as a wider low-intensity peak due to the out-of-
plane graphitic reflections that occur at an equivalent position
to that of the reflection from bulk graphite;** the peak at a 26
value of ~43° corresponds to the (100) crystal plane of gra-
phene. The in-plane crystallite size (L) is often expressed in
terms of the in-plane periodicity peak at a 20 value of ~23°asL =
1.84//f cos 6. Similarly, the average crystallite width D is often
calculated using the well-known Debye-Scherer equation as D =
0.89//f cos 6. The crystalline nature of the Pt dendritic nano-
particles electrodeposited on graphene was confirmed by the
XRD pattern, as shown in Fig. 1D. The pattern of EG-Pt-D/GCE
exhibits peaks at 42° and 68°, which correspond to Pt (111) and
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(220), respectively.>*>” The number of graphene layers (n) per
domain is often calculated from the XRD peak broadening by
combining the Debye-Scherrer and Bragg equations to obtain
n = (D/d) + 1; the calculated average number of graphene layers
for the exfoliated graphene was 26.27.%® Fig. 1E shows the FT-IR
spectrum of the graphene electrochemically exfoliated in the IL
[EMIM]CI-AICI;. An O-H stretching peak due to water absorbed
in the ionic liquid can be observed at 3751 cm™*, the peak at
2919 cm ' corresponds to C-H (stretching), and the aromatic
C—C peak at ~1637 cm™ " confirms the hexagonal structure and
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corresponds to the skeletal vibration of the graphitic backbone,
consistent with the literature.*

The confocal Raman features at 1341, 11591, 2696 and
2919 cm ! are the D, G, 2D and S3 bands, respectively. The G
band corresponds to the first-order scattering of the E,, optical
mode of the sp> domain; in contrast, the D-peak is due to the
disordered regions containing sp® carbons with associated out-
of-plane vibrations. The 2D band is considered to be an overtone
of the D peak, whereas S3 is attributed to the mixture of D and G
peaks. The 2D band is a characteristic peak of the graphene
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(A) Raman spectrum of the exfoliated graphene nanosheets showing the D, G, 2D and S3 bands of a highly disordered state. (B) EDS spectrum

of the exfoliated graphene supported Pt dendritic nanoparticles. (C) Surface topography of the as-obtained EG anchored Pt dendritic nanoparticles.
(D) SEM image of the exfoliated graphene sheet. (E) Low-magnification SEM image of the electrodeposited Pt dendritic nanoparticles. (F) High-

magnification SEM image of the electrodeposited Pt dendritic nanoparticles.
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structure, and the ratio of the intensity of the 2D and G bands,
Lypllg, depends on the number of graphene Iayers.30 An Lp/lg
ratio of ~2-3 corresponds to monolayer graphene, 2 > L/l > 1
to bilayer graphene, and I,p/Ig < 1 to multilayer graphene. Based
on the I,p/I; ratio observed in its Raman spectrum, the graphene
exfoliated from graphite in the IL is multilayer, since its Ip/lg
value is 0.8, which is smaller than 1.

Fig. 2B shows the EDX spectra of the exfoliated graphene
modified GCE with electrodeposited Pt dendritic nanoparticles.
Based on the EDX data, the C, O and Pt contents are 73.05%,
8.74% and 18.21% respectively, with a low calculated O/C ratio of
0.1196. This result is consistent with the FT-IR data, which shows the
presence of a small quantity of absorbed water in the ionic liquid.
Fig. 2C shows the surface topography of the as-obtained EG anchored
Pt dendritic nanoparticles. AFM has the advantage of being able to
probe minute details related to graphene thickness, and horizontal
cross-section analysis gives information about the width and height
of the Pt nanoparticles. The thickness of the exfoliated graphene
prepared in the ionic liquid ranges from 1 to 2.3 nm, corresponding
to single-layer to few-layer sheets, and the Pt dendritic nanoparticles
have a width of 200 nm and heights from 2.6 to 10 nm.

The surface morphologies of EG and EG-Pt-D/GCE were char-
acterized using scanning electron microscopy (SEM) and TEM, as
shown in Fig. 2D-F. The results revealed that the electrochemically
produced EG nanosheets were well dispersed with a characteristic
wrinkled morphology. The TEM image of the EG sheets shown in
Fig. 3A demonstrate a folded silk-like morphology with abundant
wrinkles and crumpling, which would prevent them from closely
restacking face-to-face when packed or compressed onto an
electrode with a high area. The EG-Pt-D/GCE was also observed
using SEM. It has been noted that the deposition potential and
SDS affect the morphology and therefore the density of Pt nuclei at
—0.2 V. Fig. 3B shows that the Pt dendritic nanoparticles are
uniform and reside on the surface of EG sheets, which prevents
them from aggregating and restacking. The typical Pt dendritic
nanoparticle size estimated from the TEM image is 60 + 5-8 nm.

3.2. Electrochemical intercalation

Wu and associates reported that a planar configuration has been
proposed for the intercalated AICl,~ anion, which is unusual,
considering that the anion in the IL has both a tetrahedral and

20 m

Fig. 3
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planar configuration. The diffusion barrier for the AICl,” anion
in graphite was calculated to be as low as 0.023 eV.*" Graphite
contains a high concentration (~4.2%) of C vacancies with a
formation energy of above 7 eV,>*** consistent with the electro-
chemical reaction formula proposed by Lin et al** Charged
AICl, anions are intercalated into the bulk graphite, and one
electron moves far from the external circuit. The Al-Cl bond
lengths and bond angles are distorted as a result of interaction
with the graphite layers, which press the AICl,” tetrahedron from
the c-axis direction, and the shape of the anion therefore
becomes planar. The planar AICl,” ion geometry within the
graphite is actively more comfortable than the tetrahedral one,
and more stable with an energy difference of 0.81 eV. The reason
for this is that the intercalation of the AICl,” cluster might
increase the d-spacing between two graphene layers in graphite
from 6.025 A to 8.162 A after exfoliation; therefore, the planar
AICl,~ ion is more favorable when inserted into the graphite.*”
The diffusion of the AICl, ™ cluster in bulk graphite is must faster
than that of Li-graphite intercalation compounds. Thus, it is
expected that the movement of the AICl,~ cluster might be
instantaneous at room temperature, consistent with transition
state theory, which indicates that the AICl, cluster can diffuse
instantaneously within the bulk graphite. Moreover, the adsorp-
tion and diffusion of the AICl,™ cluster on the graphite surface
are also relevant to the electrochemistry.

In Al batteries, aluminium foil serves as the anode material
and graphite serves as the cathode material. Conventional
Li-ion or Na-ion batteries can only transfer one unit charge in
one redox couple, while Al-ion batteries can transfer three
charges in one redox couple (AI**/Al), and can therefore attain
more gravimetric capacity and volumetric capacity than Li-ion
or Na-ion batteries. The electrolyte is a mixture of AICI; and
1-ethyl-3-methylimidazolium chloride ([EMIm]CI) in a 1.3:1
molar ratio. In the discharge process, Al metal is oxidized
and liberated from the Al foil to form AI**. In the electrochemical
exfoliation of graphite under the influence of an electric field,
however, the Al ions move to the cathode side, and AI** and AICI,
coordination anions [Al,Cly]” concurrently intercalate into the
graphite layers, forming Al,Cl,. The intercalated AlLCl, and
neighboring graphite layers interact with one another via van der
Waals forces. In the charge process, the opposite electrochemical

Current (pA)

—— EG-Pt-D/GCE (KOH)
|
08 04 00 -04 -08 -12
E (V vs. Ag/AgCl, KCl (sat))

(A) TEM image of graphene nanosheets showing the crumpled morphology of the single-layer graphene sheets. (B) TEM images of Pt dendritic

nanoparticles electrodeposited at —0.2 Vin a 1.0 mM K,PtClg and 1 mM SDS electrolyte solution. (C) Cyclic voltammograms of EG—Pt-D/GCE with 0.5 M
KOH at a scan rate of 50 mV st in the presence and absence of 0.05 M glucose.
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reactions occur. In the ionic liquid, the coordination ions present
are AICl,” or AL,Cl, ™, so the intercalated coordination ion [Al,Cly] ™
might be AICl,™, Al,Cl,~, or a mixture of these. An equilibrium
should exist among the concentrations of AI**, AICI,~ and Al,Cl,~
in the electrolyte to maintain the intercalation and deintercalation
process, which requires further study.>*>®

3.3. Electrooxidation of glucose using EG-Pt-D/GCE

The electrocatalytic activity of the materials was examined by
cyclic voltammetry using the Fe(CN)s> ™ redox couple. The
effective surface area of the electrodes was estimated by cyclic
voltammetry using 10 mM Fe(CN)s>~"*~ in 1 M KCI solution.
The electroactive surface area was estimated according to the
Randles-Sevcik equation, ip = 2.69 x 10°2*24ACDY?1*?, where
ip, n, 4, C, D, and v are the peak current, number of electrons
involved in the reaction, electroactive surface area, concen-
tration of the reactant, diffusion coefficient of the reactant
species and scan rate, respectively. The redox reaction of
Fe(CN)s>*~ involves only one-electron transfer (n = 1), and
the calculated electroactive surface areas of GCE, EG-GCE and
Pt-EG-GCE are 3.1 x 1072, 6.6 x 102 and 7.09 x 1072
respectively. Cyclic voltammograms of EG-Pt-D/GCE in 0.5 M
KOH at a scan rate of 50 mV s~ in the presence and absence of
0.05 M glucose are shown in Fig. 3C. In the absence of glucose,
the electrooxidative current through the EG-Pt-D/GCE electrode
is nearly negligible. Cyclic voltammetry of the EG-Pt-D/GCE
electrode in KOH with potential sweeps from —0.9 V to 0.6 V
indicate that at a positive potential, the buildup of the inter-
mediate on the electrode surface inhibits the additional adsorp-
tion of glucose, leading to a decrease in peak current at
—0.649 V (A1). Platinum-OH surface species begin to form in
KOH electrolyte, which can be viewed as the formation of an
equivalent somewhat bound species during oxidation. The
chemical adsorption of glucose related to the O1 oxidation
peak takes place at the OH-adsorbed EG-Pt-D/GCE site. During
a continuous positive sweep, reasonably bound poisoning
intermediates formed during the reaction in the potential
region from —0.648 to 0.218 V are oxidized within the butterfly
region at —0.178 V (A2). Consistent with the literature,**™*" the
oxidation of glucose on EG-Pt-D/GCE in alkaline solution
involves reaction between the adsorbed organic species and
therefore the platinum-OH layer. The happenstance of the
onset of this peak and therefore the butterfly peak supports
the view that it is due to the formation of the Pt-OH layer.
Within the hydrogen adsorption and double-layer region, the
adsorbed dehydrated intermediates are often further oxidized
to weakly adsorbed gluconate,** the configuration of which
depends on the potential at which the weakly adsorbed gluconate
species can desorb to form gluconate during a continuous sweep
in the positive direction. Given the lower electrooxidation peak
current (A3) at 0.216 V, this is often probably partly due to better
coverage of the intermediate, which may appreciably reduce the
adsorption of OH-species in this potential region. In the —0.65 to
0.216 V region, the adsorbed dehydrogenated intermediate
formed lead by oxidation to d-gluconolactone could be formed
on the surface and followed by desorption of lactone occurs slowly
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to gluconate by hydrolysis. The decrease in current after the third
current peak (A3) might be due to the formation of thick platinum
oxide, which subsequently also inhibits the oxidation of glucose
during the negative potential scan. The cathodic current peaks C1
and C2 appear, and therefore the cathodic current peak at
—0.283 V should originate from to the reduction of platinum
oxide, and that at —0.782 V could be due to the reduction of the
oxidized products of glucose or the desorption of the oxida-
tion products. This peak is only apparent in the presence of
glucose.*>**

4. Conclusion

We have investigated the successful exfoliation of graphite into
graphene in an IL by an electrochemical method using graphite as
the anode. This process is highly efficient and eco-friendly, and
represents an excellent candidate as an alternative to the conven-
tional Hummers’ method. This approach is more advantageous in
terms of the excellent exfoliation caused by the effective intercala-
tion of AICl, anions within the graphitic layers, the wide electro-
chemical window of the IL, and the greater efficiency of the
process. The as-prepared graphene obtained using the exfoliation
method was characterized by XRD, FT-IR, Raman, SEM, EDS, AFM
and TEM analysis. A suspension of the exfoliated graphene with
Nafion was cast onto a GCE, onto which Pt dendritic nanoparticles
were then electrodeposited (EG-Pt-D/GCE). The EG-Pt-D/GCE
modified electrode was successfully used for the electrochemical
oxidation of glucose.
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