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a b s t r a c t

Anodic electrochemical exfoliation of graphite is one of the promising methods for the fast production of
graphene with moderate quality at low cost. Sulfate-containing aqueous solutions have been identified as
the most efficient electrolyte condition for anionic exfoliation process of graphite into graphene. How-
ever, the origin of the high exfoliation efficiency of sulfate-containing electrolytes remains unanswered.
In this study, we study the role of anions in anodic exfoliation of graphite by comparing different dilute
acid systems (sulfuric, nitric, phosphoric, and hydrochloric acids). Using the combination of in-situ mass
spectrometer, cyclic voltammetry, and density functional theory computation modeling, we reveal that
only the sulfate anions allows reversible intercalation behavior upon cycling voltammetry cycles,
probably due to the highest repulsive binding energy between graphene sheets compared to those of
other anions. Therefore, the easy access of sulfate anion into the graphite layer facilitates the diffusion of
water molecules into the bulk of the graphite during the anodic process, and the subsequent water
oxidation enables efficient exfoliation of graphite into graphene. These results highlight the importance
of understanding the interactions between electrolyte ion and graphite for the electrochemical
manufacturing of graphene.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Graphene [1], a single layer of carbon atoms bonded in a hon-
eycomb structure, has attracted significant attention from many
researchers due to its exceptional electrical [2,3], mechanical [4,5],
chemical [6], thermal [7], and optical [8] properties. Such intriguing
properties have led to its potential applications in composite ma-
terials [9e15], electronic devices [8,16e18], and energy storage and
conversion devices [19e24]. To employ graphene for these appli-
cations, many fabrication approaches have been attempted to
produce large-scale, high-quality graphene in cost-effective ways.
High-quality, wafer-scale graphene can be fabricated by bottom-up
processes, such as chemical vapor deposition (CVD) [25,26] or
epitaxial growth on SiC [27], for high-end electronic applications.
However, the fabrication of graphene on the substrate is imprac-
tical for large-scale applications, such as composite materials or
. Jang), seung.lee@me.gatech.
energy devices, due to its high cost and slow production rate.
Top-down approach, exfoliation of earth-abundant mineral

graphite, has a great potential to provide scalable, cost-effective
production ways of graphene towards large-scale applications
[28e34]. Micromechanical exfoliation method was first used to
produce single-layer graphene from graphite for mostly research
purposes [35], but it is not scalable due to the low-yield and slow
production rate. Other exfoliation methods, such as sonochemical
liquid-phase exfoliation by extended sonication [36] and interca-
lation expansion using volatile agents [37], have been attempted to
produce high-quality graphene, but the progress on scalability and
production rate is still not practical. Solution based chemical
exfoliation of graphite based on the Hummers methods, which
includes the oxidation of graphite with strong acids and oxidants,
provides a scalable route to produce graphene oxide (GO) [38,39].
During the strong oxidation process, the sp2 conjugation carbon
network of graphene sheets is oxidized with the formation of
various oxygen functional groups, such as hydroxyl, epoxy,
carbonyl, and carboxylic acid [40]. The hydrophilic character of
these oxygen functional groups on GO enables solution-processable
GO dispersions in various solvents, including water. However, the
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produced GO is almost insulating compared to pristine graphene
due to the disruption of long-range conjugation carbon network,
requiring subsequent chemical or thermal reduction processes to
recover its electrical conductivity [41]. In addition, typical reduc-
tion processes involve high-temperature treatment [42] or toxic
reducing agents, such as hydrazine [43], sodium borohydride [44],
and hydroiodic acid [45].

Electrochemical processing has been applied for the production
of nanocarbonmaterials, such as graphite intercalation compounds
(GICs), from the 1960s [46e58]. As graphene has recently emerged
as a rising material [5,59e62], this old GIC chemistry has been
extended to a new electrochemical method for the exfoliation of
graphite into graphene [63e65]. Electrochemical exfoliation pro-
cess has many advantages over conventional exfoliation methods,
including low-cost, simple operation, fast production-rate, and in-
situ functionalization [63e79]. Moreover, electromotive force is a
more controllable processing parameter compared to other
chemical or mechanical driving forces for the exfoliation of
graphite [63]. Depending on the applied potentials, graphite is
either anodically or cathodically exfoliated interacting with elec-
trolytes, producing different kinds of products such as oxidized
graphite [31,69], carbon nanoparticles [72], nanoribbons [72], and
low-defect graphene [67,71]. Electrochemical exfoliation process
has been studied in various electrolytes, including ionic liquid
[11,72], lithium perchlorate in propylene carbonate [33], and
aqueous inorganic salt solutions [31,67], and electrolytes with ad-
ditives [80e82]. Both positive potential (anodic) and negative po-
tential (cathodic) introduce electrolyte ions into the graphite layer
structure, weakening van derWaals interactions between graphene
sheets. The cathodic exfoliation process in non-aqueous electro-
lytes has been attempted as a non-oxidative route, producing few-
layer graphene with reduced oxygen content [33,79,83,84]. How-
ever, using organic solvents is expensive and sensitive to oxygen
and moisture, which limits their practical applications. The anodic
exfoliation with aqueous inorganic salt solution [31] has been
identified as the most efficient condition to produce high-yield
graphene. In particular, sulfate-containing electrolytes, such as
H2SO4, (NH4)2SO4 and K2SO4, showed exceptional exfoliation effi-
ciency compared to other aqueous electrolyte systems [31,67,69].

The proposed anodic exfoliation process of graphite into gra-
phene in aqueous electrolytes is a complex phenomenon, involving
ion intercalation, chemical oxidation, gas evolution, blister forma-
tion, mechanical expansion and exfoliation reactions [31,67]. When
high electrical potential is applied to the graphite electrode, anodic
oxidation of water generates hydroxyl ions (OH-) or oxygen radicals
(O�) [67,72,85]. The hydroxylation and oxidation reactions of these
ions and radicals at the edges of graphite open up the edge sites,
facilitating intercalation by anions, such as SO4

2� [31,67]. During this
intercalation process, water molecule co-intercalate to graphitic
sheets with the SO4

2� [31,67]. Previous studies suggested that
various gaseous species, such as SO2, O2, CO, CO2 can be generated
by SO4

2� anion reduction, water oxidation, and carbon corrosion
[31,67]. The generated gaseous species can further expand the
interlayer distance of graphitic layers, resulting in the separation
and production of graphene sheets. The previous study explained
that the higher efficiency with sulfate salts may be attributed to the
lower standard reduction potential of SO4

2� (þ0.20 V) compared to
those of other anions (0.96 V for NO3

�, 1.36 V for Cl�, and 1.42 V for
ClO4

�) [67]. They hypothesized that the favorable formation of SO2
gas from SO4

2� compared to other NO or Cl2 gases is responsible for
the effective exfoliation in sulfate-containing solution [67]. How-
ever, this hypothesis has not been proven by experiments and it is
unclear how the reduction reactions from electrolyte anions can be
coupled with other oxidation reactions. In addition, the following
questions should be addressed to understand the exfoliation
mechanism: 1) What is the role of intercalation reactions of anions
into graphite sheets for the exfoliation and corresponding struc-
tural change of graphite? 2) How do the other gas evolution re-
actions, such as O2 fromwater oxidation and CO or CO2 from carbon
corrosion, affect the exfoliation process?

Herein, we investigate and compare the electrochemical exfo-
liation processes of highly oriented pyrolytic graphite (HOPG) in
different acidic electrolytes: H2SO4, H3PO4, HNO3, and HCl. Detailed
physical and chemical characterizations of the graphene product
obtained fromvarious electrolytes show that H2SO4 has exceptional
exfoliation efficiency in producing high-quality graphene. We
employ an in-situ mass spectrometer to detect gaseous species
during the electrochemical exfoliation of graphite in different
electrolyte systems to correlate the water oxidation and carbon
corrosion reactions with exfoliation efficiency. Cyclic voltammetry
and density functional theory (DFT) computations reveal that sul-
fate anions can move relatively freely within the graphite lattice
compared to other anions. We find that such a unique intercalation
property of sulfate anion facilitates the diffusion of more water
molecules into the bulk of the graphite during the anodic electro-
chemical exfoliation process, and the subsequent water oxidation
enables efficient exfoliation of graphite into graphene.

2. Experimental section

2.1. Two-electrode electrochemical exfoliation with in-situ gas
analysis

Highly oriented pyrolytic graphite (HOPG, mosaic
angle ¼ 0.4 ± 0.1�, Alfa Aesar) was cleaved with adhesive tape prior
to each experiment. HOPG was used as a working electrode with an
area immersed in each electrolyte of 0.2 � 0.5 mm2. A Pt rod was
used as a counter electrode. Electrolytes were prepared by diluting
concentrated acids with deionized (DI) water with a resistivity of
18.2 MU cm. The concentrated acids, H2SO4 (95%), H3PO4 (85%),
HNO3 (70%), and HCl (37%), were all purchased from Sigma�Aldrich
and used without further purification. For in-situ gas analysis, a
mass spectrometer (Cirrus 2, MKS Instruments) was connected to
the electrochemical cell in series. Ar gas (ultrahigh purity, Airgas)
was fed into the electrochemical cell as a carrier gas at a flow rate of
20 mL min�1 controlled by a mass flow controller (G-series, MKS
Instruments). Prior to the electrochemical exfoliation, the carrier
gas was injected for ~30 min until the signal on the gas analyzer
was stabilized. A voltage of 10 V with a compliance current of ~1 A
was applied by a source meter (2400, Keithley) across the elec-
trodes for 5 min (or 1 min 30 s particularly for the sulfuric acid
electrolyte). After the exfoliation, the solid products were collected
and washed with DI water/ethanol via a vacuum filtration method,
while employing Celgard3501 (Celgard) membrane as a filter. After
the washing, the solid products were transferred to anhydrous
dimethylformamide (DMF, 99.8%, Sigma�Aldrich), followed by
sonication for 15 min. The production rate of exfoliated graphene
from each acid were calculated based on the layer number statis-
tics, where only graphene flakes of up to four layers were consid-
ered. The flow rates of generated gas products were obtained by
normalizing partial pressure of each gas (signal on the instrument)
against its ionization efficiency and flow rate of the carrier gas.

2.2. Characterizations of the solid products of the electrochemical
exfoliation

The morphology of solid products from the exfoliation was
investigated by scanning electron microscopy (SEM, SU8230,
Hitachi) operated at 0.5 kV at working distance of 5e8 mm,
transmission electron microscopy (TEM, HT7700, Hitachi) operated
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at 120 kV, and atomic force microscopy (AFM, Icon, Bruker).
Chemical analysis of the solid products was performed with X-ray
photoelectron spectroscopy (XPS, K-Alpha, Thermo Scientific) with
Al Ka source and 15W X-ray gun power on the spot size of 400 mm.
A flood gunwas used to offset surface charging. The high-resolution
C1s peaks were fitted by the XPSPEAKS 4.1 with background type of
Shirley and Gaussian-Lorentzian ratio from 5 to 30%. Raman spec-
troscopy (Qontor Dispersive Raman Spectrometer, Remishaw) was
used to investigate defects of the exfoliation products with 1% of
488 nm laser on the spot size of about 1 mm.

2.3. Cyclic voltammetry

Cyclic voltammetry (CV) was conducted in a three-electrode
system connected to a potentiostat/galvanostat (VMP3, BioLogic),
while HOPG, Pt rod, and RHE (Gaskatel) were used as working,
counter, and reference electrodes, respectively. The three cycles of
electric potential sweeps were carried out in a range of 1e2.0 V (vs
RHE, particularly 1e2.5 V for the electrolyte of H3PO4) at a scan rate
of 1 mV/s.

2.4. Density functional theory computations

For the binding energy calculations, graphene surfaces were
prepared to accommodate ion molecules, having a dimension of
14.760 Å � 14.760 Å. The solvation effect was not considered in the
calculation of binding energy to evaluate the pristine molecular
interaction between the graphene and molecular ions. The ionic
states of Cl, NO3, and SO4 ions in graphene interaction are described
in the neutral state as treated in a previous computation study on
graphite-cation interaction reaction [86]. Basically, we adopt the
same strategy to understand the anion intercalation behavior of
graphite and subsequent exfoliation process by calculating the
binding energy of various ion species, Cl, NO3, H2PO4, and SO4.
Atomic geometries were optimized by carrying out DFTcalculations
with a VASP code [87,88]. We performed all the calculations
allowing spin polarization within the Perdew-Burke-Ernzerhof
parametrization of generalized gradient approximation [89],
including van der Waals corrections (DFT-D3) [90]. Valence elec-
tronic states were expanded in plane wave basis sets with a 450 eV
energy cut off, and the project-augmented wave (PAW) method
was used to represent core-valence electron interactions.
MonkhorstePack sampled [91] 3 � 3 � 1 k-point mesh applied to
the calculation of binding energy after checking negligible changes
in binding energy at higher k-point mesh.

3. Results and discussion

We carried out electrochemical exfoliation of highly oriented
pyrolytic graphite (HOPG) foils in a variety of acidic electrolytes
(1 M H2SO4, H3PO4, HNO3, and HCl) by applying an electrical
voltage of 10 V between two electrodes: the HOPG foil as a working
electrode and a platinum rod as a counter electrode, respectively.
After conducting the exfoliation for several minutes, the products
stripped from the HOPG foils were collected, washed, and then
dispersed in dimethylformamide (DMF) (Fig. 1a). Solid products
could be collected by conducting the exfoliation in 1 M H2SO4,
H3PO4, and HNO3, but no solid product was obtained in 1 M HCl. In
particular, the exfoliation process with H2SO4 showed a signifi-
cantly higher production rate of 9.55 mg min�1 compared to those
with H3PO4 (0.84 mg min�1) and HNO3 (1.20 mg min�1). We
characterized the morphology of the solid products obtained from
the exfoliation process using transmission electron microscopy
(TEM), scanning electron microscopy (SEM), and atomic force mi-
croscopy (AFM). The TEM images of the products obtained with
H2SO4 and H3PO4 showed well-exfoliated graphene sheets (Fig. 1c
and d). On the other hand, the product from the HNO3 electrolyte is
in the form of agglomerated graphene flakes (Fig. 1e). The SEM
image further confirmed the aggregated particle morphology of
graphene flakes obtained from HNO3 (Fig. S1). Statistical thickness
and size analysis show that the major graphene products are a
bilayer graphene for H2SO4 and a triplelayer graphene for H3PO4
with the size range of 1e5 mm (Fig. S2). On the other hand, a large
amount of multilayer graphene products (n > 4) were observed for
HNO3. The representative AFM image and corresponding height
profile of the product from H2SO4 clearly presented a well-defined
graphene structure with a thickness of ~1.5 nm (Fig. 1f). On the
other hand, the product from the HNO3 electrolyte showed a rough
profile over a wide thickness range up to 50 nm (Fig. 1g), further
confirming the formation of graphene flakes detached from the
HOPG foil during the electrochemical process. These observations
indicate that the exfoliation process of graphite with H2SO4 per-
forms better than other acidic electrolytes in terms of production
efficiency and product quality. Additionally, we conducted elec-
trochemical exfoliation of graphite foils under electric potential of
10 V with compliance current of 1 A in 0.1 M H2SO4, HNO3, H3PO4,
and HCl for 5 min. The electrolyte dependent exfoliation tendency
is the same as HOPG, but overall exfoliation process is much faster
with graphite foil compared to HOPG (Fig. S3). For example, exfo-
liation of graphite foil immersed in 0.1 M H2SO4 took only about
2 min. To understand this difference, we investigated the
morphology of two graphite sources. HOPG shows a flat surface
with a large grain size (~hundreds of microns) and has a compactly
packed layered structure (Fig. S4a). Graphite foil, on the other hand,
shows a much rougher surface with a reduced grain size (~tens of
microns), and has a loosely packed structure (Fig. S4b). Therefore,
the faster exfoliation rate of graphite foil compared to HOPG can be
attributed to the much smaller grain size and larger edge area,
which can promote the electrochemical reactions with electrolyte
ions.

X-ray photoelectron spectroscopy (XPS) and Raman spectros-
copy were conducted to further investigate the structural differ-
ences of graphene products in different electrolytes (Fig. 2). First,
the detailed surface functional groups of graphene products in 1 M
H2SO4, H3PO4, and HNO3 were investigated by high-resolution XPS
C1s spectra (Fig. 2aec). The C1s spectra were deconvoluted into sp2

hybridized carbon at 284.5 eV, sp3 hybridized carbon at 285.4 eV, C
eO bond at 286.1 eV, C]O bond at 286.8, CeOH bond at 287.5 eV,
and O ] C e OH bond at 288.8 eV [92e95]. All samples contained
copious oxygen functional groups, indicating concomitant carbon
oxidation during the electrochemical process. A recent study on the
electrochemical corrosion of glassy carbon suggested that under
acidic conditions, protons can promote the electrophilic addition or
substitution of water in a conjugated sp2 carbon system, leading to
the formation of various oxygen functional groups, such as ketones,
aldehydes, and carboxylic acid, through subsequent oxidation and
condensation steps [96]. This oxidation mechanism well describes
the XPS results of the products form the electrochemical exfoliation
of HOPG. Interestingly, the product in H3PO4 showed a significantly
higher atomic ratio of oxygen to carbon (O/C ¼ 0.33) than other
samples (0.115 for H2SO4 and 0.112 for HNO3). In addition, the
calculated atomic ratios of sp2 carbon to sp3 carbon were found to
be 2.60 for H3PO4, 6.10 for H2SO4, and 4.67 for HNO3. The ratio of sp2

carbon to sp3 carbon was estimated by comparing the areas of the
sp2 and sp3 peaks in the high-resolution XPS C1s spectra [97]. These
results indicate that the exfoliated graphene in H3PO4 was highly
oxidized and defective during the electrochemical process. Raman
spectrum of HOPG exhibited characteristic G band (~1580 cm�1)
and doublet of 2D band (2D1 at ~2700 cm�1 and 2D2 at ~2735 cm�1)
(Fig. 2d) [98]. After the electrochemical process, all graphene



Fig. 1. (a) Schematic illustration of the electrochemical exfoliation set-up. (b) Digital photos of the products obtained by electrochemical exfoliation of HOPG in 1 M H2SO4, H3PO4,
HNO3, and HCl (from left to right). The products were stored in dimethylformamide (DMF) for three days. TEM images of the products obtained from (c) H2SO4 (d) H3PO4, and (e)
HNO3. AFM images and the corresponding height profiles of the products obtained through the exfoliation of HOPG in (f) H2SO4 and (g) HNO3.
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products showed strong D band around 1354 cm�1, confirming the
lattice distortion and defect formation caused by the oxidation
process [99,100]. Additionally, the graphene products exhibited a
broadened 2D band, which is also a hallmark of disordered carbon
[101]. The intensity ratio of the 2D band to the G band (I2D/IG) is
often used as an indicator of the graphitization degree that corre-
late the impurity concentration in graphene [102]. The I2D/IG ratios
of the graphene products were found to be 0.06 for H3PO4, 0.29 for
HNO3 and 0.48 for H2SO4. This indicates that the H2SO4 electrolyte
produced relatively high-quality graphene, while H3PO4 exhibited
highly defective graphene. Moreover, the characteristics of the
slightly shifted G peak (combined with D0) and flat 2D band in
H3PO4 are similar to the partially reduced graphene oxide (rGO)
[103]. Confirming the high degree of oxidation of the graphene
product in H3PO4. This is also consistent with the XPS results of the
highly oxidized structure of graphene in H3PO4.

To elucidate the effects of electrolytes on the exfoliation process,
we monitored the gaseous products generated from the electro-
chemical cells during the exfoliation using an in-situ gas analysis
set-up (Fig. S5). For the in-situ gas analysis, the electrochemical cell
was purgedwith Ar gas as a carrier gas at a flow rate of 20mLmin�1

and the gaseous products passed through the quadrupole-based
mass spectrometer. Fig. 3 shows the gas composition profiles over
time during the electrochemical exfoliation process of HOPG with
different electrolytes (1 M H2SO4, HNO3, H3PO4, and HCl) at an
applied voltage of 10 V. When using H2SO4 for the electrolyte, O2
was the major gaseous product, and CO2 and COwere also detected
during the electrochemical exfoliation (Fig. 3a). O2 can be gener-
ated by the oxidation of water molecules, while both CO2 and CO
are due to the oxidation of carbon (HOPG foil). Interestingly, no SO2
gas was detected during the electrochemical exfoliation in 1 M
H2SO4. Additionally, we performed water electrolysis with an
electrochemical cell consisting of an Au cathode and a Pt anode at
10 V. However, SO2 was not detected at both the cathode and anode
(Fig. S6). The change of electrolyte during the electrochemical
exfoliation in H2SO4 electrolyte should further be clarified. These
results do not support the previous hypothesis that the favorable
formation of SO2 gas from SO4

2� is responsible for the effective
exfoliation in sulfate-containing solution [31,67]. Instead, perox-
odisulfate anions (S2O8

2�) can be generated by the electrochemical
oxidation of sulfate anions under anodic exfoliation conditions
[104]. It was found that the O2 gas generated by water oxidation is
the major gas product to irreversibly expand and further exfoliate
graphite during the electrochemical process in H2SO4. The flow rate
of all gaseous products, O2, CO2, and CO, increased rapidly up to
2 min 30 s, and then decreased as the remaining HOPG gradually



Fig. 2. High-resolution X-ray photoelectron spectroscopy C1s spectrums of electrochemically exfoliated products in (a) H2SO4, (b) H3PO4, and (c) HNO3. (d) Raman spectrum of
HOPG and electrochemically exfoliated HOPG in different electrolytes. (A colour version of this figure can be viewed online.)
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decreased during the exfoliation process. For the H3PO4 electrolyte
(Fig. 3b), the same gas species (O2, CO2, and CO) were detected, but
the overall flow rates of gases were relatively lower than those in
H2SO4. The decreased gas flow rate in H3PO4 can be associated with
less efficient exfoliation of graphite compared to H2SO4. Addition-
ally, for H3PO4, the major gaseous product was CO2, which can be
related to the highly oxidized structure of graphene identified by
the XPS results. In the case of HNO3, O2 gas was mainly produced
and relatively small amounts of CO2 and CO were detected during
the exfoliation process (Fig. 3c). A large amount of O2 gas may be
due to multiple reactions. In addition to the water oxidation reac-
tion, NO3

� anions can be electrochemically oxidized by the
following reaction (1) [105]:

NO�
3 /NO2 þ

1
2
O2 þ e� (1)

Interestingly, a small amount of NO was also detected in HNO3
(Fig. S7). The previous study has shown that hydrolysis of the
generated NO2 can produce NO [106]. For HCl, Cl2 was the major
gaseous product during the electrochemical process (Fig. 3d). Un-
like other anions in acidic electrolytes, chloride ions were oxidized
to generate Cl2 gas. Therefore, the poor exfoliation efficiency of
graphite in HCl can be attributed to the formation of Cl2 gas before
the intercalation reaction (which will be discussed later). The real-
time current response (chronoamperometry) and corresponding
gas generationwere also analyzed during the expansion of HOPG at
2.4 V (vs RHE) (Fig. S8). Relatively high currents are observed in
H2SO4 and HCl compared to other two electrolytes (HNO3 and
H3PO4) which correspond to the amount of gas detected during the
expansion. A rapid increase in current for 100 s was observed in
H2SO4 due to the increase in surface area due to faster expansion
compared to other anions.

For an in-depth understanding of the exfoliation process with
different electrolytes (1 M H2SO4, 1 M H3PO4, 1 M HNO3, and 1 M
HCl), we performed cyclic voltammetry (CV) using a three-
electrode system (Fig. 4). The HOPG film, the Pt rod, and the
reversible hydrogen electrode (RHE) were used as a working, a
counter, and a reference electrode, respectively. The first CV scan in
1MH2SO4 showed a large oxidation peak with an onset potential of
1.83 V (vs RHE) that is associated with the intercalation of sulfate
anions (SO4

2�) into the graphite layer (Fig. 4a). A followed plateau
was observed after 1.88 V (vs RHE), indicating the diffusion of
inserted anions through the interlayers of HOPG [107]. A second
oxidation wave with an onset potential of 1.96 V (vs RHE) results
from a combination of the water oxidation and carbon corrosion
reactions, which is supported by the gas bubbles generated around
the HOPG (Fig. S9). In the reverse scan, a reduction peak centered at
1.78 V (vs RHE) was observed, indicating the deintercalation of
sulfate anions (SO4

2�) from the graphite layers. The second and third
CV scans showed decreased onset potential and increased current
for the overall oxidation reactions relative to the first scan. We
postulate that the enhanced oxidation reactions may be associated
with the enlarged surface area of the HOPG films due to irreversible
expansion between graphene sheets. In addition, upon subsequent
cycling, the anions can be more readily introduced to the edge of
the film since the edge layer was expanded by the initially inter-
calated anions and subsequent gas evolution reactions. For 1 M
H3PO4, the CV scans in the potential range of 1e2.0 V (vs RHE)



Fig. 3. Gas composition profiles over time obtained by in-situ gas analysis during the electrochemical exfoliation of HOPG foils by applying a voltage of 10 V to the electrodes in
different electrolytes: (a) 1 M H2SO4, (b) 1 M HNO3, (c) 1 M H3PO4, and (d) 1 M HCl. Hydrogen (H2) gas generated on the Pt wire was excluded from the analysis. (A colour version of
this figure can be viewed online.)
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showed no intercalation/deintercalation peaks but a gradual in-
crease in oxidation current with increasing potential due to the
water and carbon oxidation reactions. When increasing an upper
potential limit up to 2.5 V (vs RHE), the first CV scan in 1 M H3PO4
displayed an oxidation wave with an onset potential of 2.0 V (vs
RHE), indicating the anion intercalation reaction at higher poten-
tials compared to SO4

2� (Fig. 4b). The second oxidation wave was
observed with an onset potential of 2.25 V (vs RHE) due to the
continuous water oxidation and carbon corrosion reactions. Inter-
estingly, the H3PO4 electrolyte showed no reduction (dein-
tercalation) peak in the reverse scan, indicating the irreversible
intercalation reaction. For 1 M HNO3 electrolyte, the first CV scan
exhibited a clear oxidation peak with an onset potential of 1.72 V
(vs RHE) followed by several oxidation peaks. We postulate that the
strong oxidation peaks during the first CV scan may be associated
with a combination of irreversible intercalation reaction of anions
into the graphite and the previously mentioned oxidation reactions
of nitrate anion [105]. In addition, the second and third CV scans
showed no oxidation peaks or plateaus, but a strong oxidationwave
associated with the water and carbon oxidation reactions. In
addition, no reduction peak in the reverse scan indicates the irre-
versible intercalation reaction. The lower onset potential of ~1.72 V
for the intercalation reaction compared to other electrolytes
(H2SO4, H3PO4) may be attributed to the relatively small size of the
anion (NO3

�). However, after the first insertion, the NO3
� ions could

not easily diffuse through the HOPG interlayer, hindering the
sequential introduction of anions in the second and third cycles. A
previous study investigated the intercalation behavior of HOPG
with different electrolytes using in situ Raman spectroscopy [108].
The ratio of the E2g’ and E2g bands for HOPG as a function of
potential in various electrolytes showed that the relative order of
electrolyte intercalation imitation is HNO3 > H2SO4 > H3PO4 [108],
which is in good agreement with the trend of the intercalation
onset potential of the CV scan results.

Using 1 M HCl as the electrolyte, almost identical CV shape was
obtained from three repeated scans, as shown in Fig. 4d. The CV
scans showed only a strong oxidation wave with an onset potential
of ~1.7 V (vs RHE) without any plateaus or peaks. It is important to
mention that the strong oxidation is not mainly due to oxidation of
water or carbon, but mainly to oxidation of Cl� ions. The in-situ gas
analysis confirms the generation of chlorine gas during the CV scan
(Fig. S10). Thus, in the case of the HCl electrolyte, most of the
charges were consumed for the oxidation of Cl�, resulting in failure
of electrochemical exfoliation of HOPG (Fig. 1b). A previous study
on graphite intercalation compounds also reported the reversible
intercalation and deintercalation behavior of H2SO4 into natural
graphite [107]. On the other hand, for H3PO4, HNO3 and HCl, the
anodic current flow does not produce any cathodic peak [107]
which are consistent with our CV scan results. In addition, a recent
study reported the electrochemical exfoliation of graphite foil into
graphene in a dilute NaCl with sufficient exfoliation time of 60 min
and continuous sonication in DMF for 3 h [109]. Interestingly, only
0.05 M concentration exhibited the exfoliation process of graphite
foil, whereas other concentration conditions such as 0.01 M and
0.10 M did not show the exfoliation process [109]. The results
suggest that there are subtle electrolyte conditions that enable the
intercalation of Cl� into the graphite. This topic is also interesting
for future research.

To understand the intercalation and exfoliation behavior of
graphite depending on the anionic species, we employ the DFT



Fig. 4. Cyclic voltammograms obtained with different electrolytes: (a) 1 M H2SO4, (b) 1 M H3PO4, (c) 1 M HNO3, and (d) 1 M HCl. The HOPG film, the Pt rod, and the reversible
hydrogen electrode (RHE) were used as a working, a counter, and a reference electrode, respectively. Three consecutive cycles were carried out in the potential range of 1e2.0 V (vs
RHE) for the electrolytes of H2SO4, HNO3, and HCl, but 1e2.5 V (vs RHE) for H3PO4. (A colour version of this figure can be viewed online.)
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computation modeling. Fig. 5a shows the optimized binding con-
figurations of anionic species between graphene layers that pro-
duce different degree of separation according to the adopted ion
species, where 7.116 Å, 7.402 Å, 5.545 Å, and 4.603 Å for the SO4,
H2PO4, NO3, and Cl ions, respectively. These separation distances
are greater than the graphite layer graphite (3.35 Å) [110,111],
indicating that the intercalation of anions into the graphite leads
the expansion of the graphite along the c-axis. The higher inter-
calation potential in H2PO4 (Fig. 4b) may be due to the larger sep-
aration distance, which can require a larger electromotive force for
insertion. However, the separation distance trend cannot explain
the high exfoliation efficiency of H2SO4. To further understand the
exfoliation tendency, the binding energy of each ion on graphene
was evaluated based on the optimized binding configuration for
energy minimized ion-graphene structure by the following
Fig. 5. (a) Inter-layer distances and binding configurations for energy minimized ion-graph
binding energy indicates a repulsive interaction, where the SO4 shows the highest repulsiv
equation (2):

Ebinding ¼ Etotal � 2EGR � EIon þ
n
2
EH2

(2)

where the Etotal, EGR, Eion, and EH2
are the energies of the total

system, graphene single layer, ion molecule, and H2 molecule,
respectively. Fig. 5b plots the calculated binding energy of ionic
species. It is interesting to note that the SO4 ion has the highest
repulsive binding energy (1.687 V nm�2) compared to those of
other anions (0.911 eV nm�2 for H2PO4, 0.402 eV nm�2 for NO3,
0.551 ev nm�2 for Cl). We postulate that such repulsive interaction
between SO4 ion and graphene sheet is the origin of a reversible
intercalation reaction during the CV cycles (Fig. 4a). The SO4 ions
with the highest repulsive binding energy can freely diffuse
ene structures and (b) the corresponding binding energies of the four anions. Positive
e binding state. (A colour version of this figure can be viewed online.)



Fig. 6. (a) First CV scan of the HOPG electrodes in 0.1 M, 1 M, and 4 M H2SO4 at a scan
rate of 1 mV/s. XPS high-resolution C1s spectrum of graphene products obtained in (b)
0.1 M H2SO4 and (c) 4 M H2SO4 (inset shows mass spectrum during the electrochemical
exfoliation). (A colour version of this figure can be viewed online.)
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between the graphene layers, while other anions with higher
binding energy have limited diffusion into the graphite layer. The
high binding energy of H2PO4 and NO3 may give rise to the irre-
versible intercalation behavior (no deintercalation peak) in their CV
scans for 1 M H3PO4 and HNO3 (Fig. 4b and c). Thus, we attribute
the high exfoliation efficiency of sulfate ion to the facilitated
diffusion of SO4

2� ions between graphene layers. The diffusion of
SO4

2� ions can be accompanied by the diffusion of water molecules
by hydrogen bonding through the expanded layer spacing. Subse-
quently, the diffused water molecules are oxidized to generate
oxygen gas between the graphene layers, which can irreversibly
expand and eventually exfoliate graphite into graphene. However,
other electrolyte systems have several limitations for the effective
exfoliation of graphite. First, the H3PO4 electrolyte requires a higher
potential for the intercalation reaction of the anion, thus causing
severe oxidation of the graphene products. The HNO3 electrolyte
with higher attractive binding energy has limitations on the
diffusion of anions into the bulk of graphite. Thus, gas evolution
reactions may mostly occur at the surface or the edge region of the
graphite, resulting in small dimensions of the graphene products.
Finally, for the HCl electrolyte, the oxidation of Cl� ions prevents
the intercalation reaction, exhibiting no exfoliation process of
graphite.

To investigate the effect of electrolyte concentration on the
electrochemical exfoliation, we further conducted CVwith different
concentrations of H2SO4 at 0.1, 1, and 4 M. As shown in Fig. 6a, the
onset potentials of the oxidationwave gradually decreased from 1.9
to 1.6 V (vs RHE) as the concentration increased from 0.1 to 4 M. In
addition, increasing the concentration of H2SO4 significantly
increased overall oxidation current associated with the intercala-
tion, indicating that the presence of more anions in the electrolyte
could promote the anion intercalation reaction into the graphite
layer. The chemical compositions of the graphene products in 0.1 M
and 4 M were examined by XPS analysis (Fig. 6b and c). The gra-
phene product obtained in 4 M H2SO4 contained higher amounts of
sp3 carbon and oxygen functional groups than those of 0.1 M and
1.0 M (Please see Fig. 2a). In the graphene product with 4 M H2SO4,
the increased portions of sp3 carbon and oxygen functional groups
can be correlated with the increased amount of CO2 generated
during the electrochemical exfoliation process (The inset figure in
Fig. 6c). Such a severe oxidation process with high concentrations
of H2SO4 may facilitate the anion intercalation through accelerated
oxidation of the edge carbon of HOPG. These results also suggest
that the electrolyte concentration should be optimized to produce
graphene with lower defect sites.

4. Conclusions

In summary, we have suggested direct evidence that effective
intercalation of anion and subsequent water oxidation is a key
enabling step for the efficient exfoliation of graphite into graphene.
In-situ gas analysis revealed the generation of carbon dioxide (CO2),
carbonmonoxide (CO), and oxygen (O2) during the electrochemical
exfoliation of graphite in dilute aqueous acids. Oxygen was the
main gaseous product of sulfuric acid with the highest exfoliation
efficiency, indicating that oxygen gas generated from water oxida-
tion is essential for exfoliating graphite. Therefore, efficient delivery
of water molecules into the bulk graphite structure is the key for
the efficient exfoliation. The CV scans showed that only sulfate
anions have reversible intercalation/deintercalation behavior, sug-
gesting the facilitated diffusion of sulfate anions from the graphite
surface into the bulk graphite structure. The calculated binding
energy between sulfate anion to the graphene layer is the highest
among other listed anions, which indicates that the sulfate anion is
an efficient carrier of water molecules into the bulk graphite
structure. This work, therefore, establishes the roles of anion
intercalation and gas evolution for the anodic exfoliation of
graphite into graphene. The results underscore the importance of
understanding and controlling the interactions between electrolyte
ion and 2D layered materials for the electrochemical exfoliation
process.
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Fig. S1. (a and b) SEM images of the graphene product obtained from 1M HNO3. 
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Fig. S2. (a) AFM image of electrochemically exfoliated graphene in 1M H3PO4 and (b) height 

profile. Statistical (c) number of layers and (d) flake size analysis of electrochemically 

exfoliated graphene in different electrolytes. N is the sample size. 
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Fig. S3. (a) Picture of graphite foil after electrochemical exfoliation (10 V) in 0.1M of each 

electrolyte for 5 min. Photographs of exfoliated graphite particles from (b) 0.1M H2SO4, (c) 

0.1M HNO3, and (d) 0.1M H3PO4 in dimethyl formamide (DMF) solvent. 
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Fig. S4. SEM images of (a) HOPG and (b) graphite foil. 

  



6 

 

 

Fig. S5. Schematic illustration of in-situ mass spectroscopy set-up for the electrochemical 

exfoliation process.  
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Fig. S6. Gas composition profiles over time obtained by in-situ gas analysis during the water 

electrolysis using an Au cathode and a Pt anode at 10 V in 1 M H2SO4.   
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Fig. S7. NO gas generation during the electrochemical exfoliation of HOPG in 1M HNO3.  
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Fig. S8. (a) Digital images of HOPGs after potential holding of 2.4 V (vs RHE) for 10 min in 

different dilute acids. (b) I-t curve and (c-f) gas flow spectrum during the potential holding of 

2.4 V (vs RHE) in 1M H2SO4, HNO3, H3PO4, and HCl, respectively. 
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Fig. S9. Gas flow spectrum during the potential holding of (a) 1.9 V (vs RHE) and (b) 2.0 V 

(vs RHE) on HOPG for 30 min in 1M H2SO4.  
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Fig. S10. (a) CV scan of HOPG in 1M HCl from 0 to 2 V (vs RHE) at a scan rate of 1 mV s-1. 

(b) Mass spectrum of during the CV scan. 
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