
Chapter 2
Electrochemical Exfoliation Synthesis
of Graphene

The synthesis of graphene in both high quality and quantity via economic ways is
highly desirable and meaningful for practical applications. Here a facile,
environmentally-friendly and cost-effective multiple electrochemical exfoliation
approach has been developed for the synthesis of high quality graphene flakes with
high yield by using graphite rod from spent zinc-carbon/pencil core as carbon
source. Various protonic acid (i.e H2SO4, H3PO4 or H2C2O4) aqueous solution
were chosen as electrolyte. The unique cell configuration enables multiple exfoli-
ation process to improve both the quality and yield of graphene sheets. After
nitrogen doping, the exfoliated graphene flakes process good electrocatalytic
activity, stability and toxicity tolerance for alkaline solution-based oxygen reduc-
tion reaction.

2.1 Introduction

Since the first fabrication of single-sheet graphene through micromechanical
cleavage of bulk graphite was reported [1], numbers of methods have been devel-
oped for generating graphene with high quality and low cost. Micromechanical
cleavage [1], chemical vapor deposition (CVD) [2, 3] and epitaxial growth [4]
produce graphene with high crystal quality but they are impractical for commercial
applications due to low production rate and relatively high cost. Chemical exfolia-
tion of graphene based on Brodie, Staudenmaier and Hummers methods, which
involves the oxidation of graphite with oxidants and strong acids, and the subsequent
chemical or thermal reduction, is advantageous in terms of low cost and controllable
solution-processing [5]. However, this method employs some hazardous chemicals
(e.g., H2SO4-KMnO4, hydrazine) which are environmentally harmful and the pro-
duction process is time-consuming [6]. Recently, electrochemical exfoliation of
various carbon precursors, including graphite rods, carbon papers or HOPG, has
been demonstrated to be an effective approach for generating graphene. Using
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graphite rods as electrodes and ionic-liquid/water solution as electrolyte, Ionic liquid
functionalized graphene sheets have been prepared via a one-step electrochemical
approach [7]. Lu et al. [8] performed a detailed study and proposed a mechanism for
the electrochemical exfoliation of graphite in ionic liquid solution, which involves
(i) anodic oxidation of water, (ii) hydroxylation or oxidation of graphite edge planes,
(iii) intercalation by ionic liquid anions between graphite layers, forming the
graphite-intercalation-compounds (GICs), and (iv) oxidative cleavage and precipi-
tation of the GICs. Inspired by the electrochemical reactions between graphite anode
and organic carbonates in lithium ion batteries, Wang et al. [9] successfully prepared
graphene flakes with few-layer via electrochemical exfoliation of graphite in
propylene carbonate (electrolyte). The solvation nature of the bulky organic ions or
molecules facilitate the intercalation process and the expansion of graphene layers.
However, the organic compounds are sensitive to moisture and oxygen and the
reactions always take a long reaction time. All these impede their practical appli-
cations. In the past few decades metal chlorides, strong protonic acids and other
inorganic reagents have been the most promising “invaders” for graphite interca-
lation [10]. The expansion of graphite sheets in these intercalated compounds was
realized by violent releasing of gases via fast heating. Very recently electric power
has been used to drive the expansion and exfoliation of sulfate-intercalated graphite.
In an electrochemical cell using protonic acid aqueous solution as electrolyte Su
et al. [11] applied a relatively high (10 V) voltage to graphite anode for the synthesis
of graphene sheets. Among many different electrolytes examined, including HBr,
HCl, HNO3, and H2SO4, only H2SO4 exhibits ideal exfoliation efficiency from
natural graphite flake or highly oriented pyrolytic graphite. In Su’s paper the anode
(graphite) and cathode (Pt) were placed parallel with a separation of a few cm away.
Similarly almost all the reported electrochemical cells for graphite exfoliation are in
the parallel configuration.

Herein an improved synthesis of high-quality graphene is demonstrated in a
vertical cell configuration via multiple electrochemical exfoliation of graphite rod
[12]. Unlike previous reports, the unique cell configuration adopted here enables
multiple exfoliation processes to improve both the quality and yield of graphene
sheets. The mechanism of multiple electrochemical exfoliation of spent graphite rod
was discussed in detail, the experiment conditions were optimized, and the structure
and electrocatalytic activity of the resultant sample were investigated.

2.2 Experiment and Characterization

2.2.1 Material Synthesis

Synthesis of Graphene Flakes. Graphene flakes were prepared via multiple elec-
trochemical exfoliation (MEE) approach. Briefly, graphite rod from spent Zinc-
Carbon dry cells was utilized as positive electrode and the carbon source.
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The anode (graphite rod) and cathode (platinum wire) were placed at the bottom
and top of the electrochemical cell, respectively, with protonic acid (e.g. H2SO4,
H3PO4 or H2C2O4) aqueous solution as electrolyte. The electrochemical exfoliation
process was ignited upon the application of a certain voltage across the electrodes.
The water soluble graphene flakes were ultrasonicated, washed, dried and collected.
Control experiments were also conducted via conventional (parallel) electrochem-
ical configuration.

Synthesis of Nitrogen-doped Graphene Flakes. The as-prepared graphene flakes
were annealed at 800 °C for 1 h under the flow of Ar/NH3 (95/5, v/v, 400 sccm), to
achieve the N-doped graphene.

2.2.2 Material Characterization

Structure and Morphology Characterization. The morphology was investigated via
Scanning Electron Microscopy (SEM), Transmission Electron Microscopy (TEM,
JEM-2010, 200 kV), Optical Microscopy and Atomic Force Microscopy (AFM,
Nanoscope V, diDimension). Fourier transform infrared spectroscopy (FTIR)
(Perkin Elmer 2000 FTIR spectrometer), Thermogravimetric Analysis (TGA) and
X-ray photoelectron spectroscopy (XPS) [VG ESCALAB 250 spectrometer
(Thermo Electron, Altrincham, U.K.), using an Al K/ X-ray source (1486 eV)]
were used to shed more light on chemical composition information.

Electrochemical Performance Evaluation. Rotating disk electrode (RDE) and
Cyclic voltammerty (CV) measurements were conducted in a standard
three-electrode system (platinum foil-counter electrode, Ag/AgCl electrode-the
reference electrode, Graphene-working electrode). The working electrode was
prepared as follows [13]: (i) 10 mg of N-doped graphene was ultrasonically dis-
persed into1 ml of 2-propanl containing Nafion solution (5 wt%, dupont); (ii) 10 ll
of the catalyst ink was coated on the glassy carbon disk (5 mm in diameter) and
dried at 80 °C for 15 min. As-prepared graphene, pt-loaded carbon catalyst (Pt/C
20% on Vulcan XC-72R, E-TEK division, PeMEAS Fuel Cell Technology) with
the same amount, and the bare glassy carbon electrode were tested for comparison.
Methanol toxicity test was conducted at a constant potential −0.5 V (vs. Ag/AgCl).
The voltammertic stability tests were performed in O2-saturated 0.1 M KOH within
the potential window of −1.0–0.2 V (vs. Ag/AgCl) for 20,000 cycles. The sweep
rate is 100 mV/s. All measurements were carried out at room temperature. All
potentials presented in the graphs and in the discussion were calibrated with ref-
erence to the reversible hydrogen electrode (RHE), which is independent of pH
value. The number of electron transferred (n) was calculated based on
Koutecky-Levich equation.
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2.3 Results and Discussions

2.3.1 The Synthesis of Graphene Flakes

Different from conventional parallel two-electrode electrochemical cell, in our
design graphite rod obtained from spent Zn–C primary battery (anode) and plat-
inum wire (cathode) were placed vertically at the bottom and top of the electro-
chemical cell, respectively. The graphite rod was surrounded with a plastic tube and
only the top surface of it was exposed to the electrolyte solution. A constant current
of 0.1A was applied across the two electrodes. The potential of 6–8 V could drive
the anions into the intercalation space and make the exfoliation to proceed.
Comparative experiment was also conducted via conventional method. An apparent
colour change for the aqueous electrolyte solution from transparent to dark was
observed in vertical cell after only few minutes. This response time is much shorter
than that of conventional method, indicating the exfoliation process in the vertical
configuration is more efficient. In the same reaction time period, significantly larger
quantity of graphene sheets were collected, benefiting from the multiple electro-
chemical exfoliation feature in our design. More details about the underlying
mechanism will be discussed later.

The morphological and structural properties of the resultant samples were
investigated by TEM, AFM and Optical microscopy. TEM and optical images
reveal that the as-prepared products consist of a large amount of exfoliated gra-
phene with lateral size ranging from 1 to few lm (Fig. 2.1a, c and d). The exfo-
liated graphene flakes with thickness of 4.84 nm are identified (Fig. 2.1b). Based
on the statistical AFM mapping of exfoliated graphene flakes, approximately 32%
of the graphene flakes have thicknesses in the range of 4–6 nm while nearly 80% of
them are located in the thickness range of 4–8 nm (Fig. 2.1d). In addition, the total
yield of graphene flakes is nearly *50%, which is two folds of that of the control
design.

FT-IR, XPS, and Thermogravimetric analysis (TGA) were employed to shed
more light on the element information of the resultant samples. The presence of
various functional groups including C–O (at 1060 cm−1), C–O–C (1250 cm−1),
C=O/COO (at 1690–1710 cm−1), and COO–H/CO–H (1365 cm−1) [14] was
observed (Fig. 2.2a). These functional groups can be eliminated by heating. The
weight loss at *100 °C in TGA (Fig. 2.2b) is due to the vaporization of adsorbed
moisture or water. There is a major weight loss that starts at *150 °C and con-
tinues up to 800 °C, which certainly results from the decomposition of functional
groups. More significant loss for “MEE” graphene than “SEE” one (30% wt. vs.
20% wt.) indicates there are less functional groups on the “SEE” sample [15]. The
presence of oxygen functional groups is further verified by XPS C1 s spectra
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(Fig. 2.2c). In which, the peaks at 286, 287 and 289 eV in XPS C1 s spectra (blue
area), which are assigned to C–O, C=O and carboxyl groups, respectively, were
identified. This corroborates the significant oxidization of MEE graphene [16].

Fig. 2.1 a TEM image and corresponding selected area electron diffraction pattern of the multiple
electrochemical exfoliation (MEE) graphene flakes. b AFM image of exfoliated graphene flakes
spin-coated onto a SiO2 (285 nm)/Si substrate. The thickness is *4.84 nm, corresponding to 10–
15 layers. c The low-magnification optical microscopy image of the MEE graphene flakes on SiO2/
Si substrate. d Lateral size and thickness distribution histograms of the MEE graphene sheets, as
estimated from corresponding AFM images. The graphene flakes are mainly distributed in the
range of 2–8 nm thickness (*80%) with lateral size about 1–5 lm. Figure reproduced from Ref.
[12]

Fig. 2.2 a FTIR spectrum, b TGA plots and XPS C1 s spectra c for raw materials, parallel
configuration graphene flakes and MEE graphene flakes
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The electrolysis time is found to be important for controlling the quality of
graphene, including oxidization state, thickness/lateral size distribution and pro-
duction efficiency. Specially, the FTIR intensity of typical functional groups peaks,
such as C–O (at 1060 cm−1) and C–O–C (1250 cm−1), C=O stretch in carboxylic
acid (1690–1710 cm−1), and COO–H/CO–H (1365 cm−1) remarkably decrease
with the increase of exfoliation time (Fig. 2.3a). This is attributed to the remove of
function groups upon heating with prolonging the reaction time [17]. This phe-
nomenon is further confirmed by TGA results, in which slightly decrease in the
total weight loss are observed (Fig. 2.3b), i.e. 31.2%, 29.4% and 27.7% for MEE
0.5 h, MEE 1 h and MEE 2 h, respectively. Particularly, a remarkable decrease in
hydroxyl content (C–O, 286.6–286.8 eV) was observed from MEE 0.5 to MEE 2 h
(Fig. 2.3c).

Electrolyte plays an important in efficient electrochemical exfoliation of gra-
phene precursors. Various aqueous protonic acids including phosphoric acid, oxalic
acid, sulfuric acid, acetic acid and formic acid were explored. These acids with
bulky anions, such as phosphoric acid, sulfuric acid, and oxalic acid were proven to
be effective in the exfoliation of spent graphite rod. The diverse choices of aqueous
electrolyte provide us with more freedom to adjust the oxidization states of exfo-
liated graphene and reduce the production cost further. Oxalic acid solution is of
particular interest due to: (i) the exfoliation process is faster; (ii) the oxalic acid
exfoliated graphene exhibit better solubility in DI water, and (iii) the post-treatment
is much easier. Poor performance have been observed for formic acid and acetic
acid. This probably results from the weak anion salvation and weak expansion of
graphite sheets upon the intercalation of HCOO– or H3CCOO–, due to the their
smaller size [18].

Previously reports indicated that the successful electrochemical exfoliation of
graphite was strongly dependent on the graphite structure, and hence exfoliation

Fig. 2.3 FT-IR spectra a, TGA curves b and XPS C1 s spectra c of MEE GO prepared with
different reaction time
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was observable only on high quality crystalline graphite such as HOPG, natural
graphite flakes or paper [19, 20]. In our design, there is no special requirement on
the quality and morphology of graphite source. Recycled graphite rod obtained
from spent Zn–C primary batteries and pencil core could be equally well exfoliated
without the need of special pre-treatment or cleaning. This design would no doubt
pave the way for the commercialization of graphene, and also open up a wide
opportunity for recycling of spent graphite in future.

2.3.2 The Mechanism for Electrochemical Exfoliation

Upon a high potential (*6–8 V) is applied across the two electrodes, the elec-
trolyte anions such as OH–, HSO4

– and SO4
2– and their solvated complexes (in the

case of dilute H2SO4 being used as the electrolyte) are driven to graphite anode
(Fig. 2.4). Electrochemical oxidation reactions (Eqs. 2.1–2.4) including the anodic

Fig. 2.4 Schematics of multiple electrochemical exfoliation (MEE) process. The digital
photograph of the dispersed exfoliated graphene sheets in DMF solution, and the corresponding
typical TEM images are shown. The mechanism of electrochemical exfoliation that consisting of
anodic oxidation of graphite (Eqs. 2.1–2.3) and water (Eq. 2.4), and the intercalation of anions
into graphite rod (Cs−surface of graphite rod, Cb−bulk of graphite rod) (Eq. 2.5), is illustrated.
Schematic of graphite intercalation compound (GIC) with both hydroxyl and carboxyl groups
formed is shown. Figure reproduced from Ref. [12]

2.3 Results and Discussions 45



oxidation, hydroxylation and carboxylation of graphite (as well as water oxidation),
were triggered by the current flow accompanying with the remove of the electrons
from anode (Fig. 2.4). These processes take place initially at the surface, grain
boundary or structural defect sites, generating •OH, •COC, CO•, and COO• func-
tional groups on the graphite surface. During these processes, CO2 and O2 can be
produced as the electrolysis products (Eqs. 2.1 and 2.4) [21, 22]. The release of
gaseous bubbles was obviously observed during the electrochemical process, which
became vigorous with increasing exfoliation time, as if water boiled. The anodic
corrosion/etching as well as the violent gas release open up the edge sheets of the
graphite rod and facilitate the intercalation of bulky anions (as well as their solvated
moieties) into the graphite layers, forming graphite-intercalation-compounds
(GIC) (C + A− ! CA + e−) (Eq. 2.5). The intercalation and the hydrolysis of
the intercalated complex (CA + H2O ! COH + H+ + e−) [18, 23] lead to the
expansion of graphene sheets and the cleavage/exfoliation of functional graphene
sheets. Here, a mixture of GIC and graphite oxide is obtained. The exfoliated
particles can be pushed up by the gas bubbles if they are small in size or light in
weight. Or they would sink if the exfoliated particles are large and heavy.
Nevertheless the precipitating big GIC particles can continue the electrochemical
exfoliation when they have electric contact with anode. Multiple exfoliation process
would proceed until smaller graphene sheets form and suspend in the solution.
Therefore, the exfoliated graphene sheets produced in vertical design are thinner
and better distributed in layer numbers.

2.3.3 Electrochemical Performance of Resulted Graphene
Flakes

The graphene flakes were used as electrocatalysts for oxygen reduction reaction
(ORR). To optimize their electrocatalytic performance further, nitrogen-doping was
performed via annealing as-prepared MEE-Graphene in Ar/NH3 atmosphere. The
appearance of N1 s peaks and a sharp decrease in the intensity of O1 s peaks in
XPS spectra corroborate the incorporation of N, and the reduction/remove of
functional groups. The calculated N/C atomic ratio is 5.4 atomic %, similar to the
values of N-doped graphene [24, 25]. The high resolution XPS N1s spectrum
reveals the presence of pyridinic N (398.2 eV), pyrrolic N (400.5 eV), quantury N
(401.1 eV) and N-oxides of pyridinc N (402.1 eV). These nitrogen-doped active
sites are of particular interest for improving ORR electrocatalytic performance of
carbon materials [24, 25].

The ORR catalytic activities of the MEE graphene before and after N-doped
were investigated using rotating disk electrode (RDE) measurements in
O2−saturated 0.1 M KOH electrolyte (Fig. 2.5). A clear two-step process with
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onset potentials at 0.82 V and 0.40 V, respectively, has been identified for the
as-prepared MEE graphene, consisting well with previous reports on pure CNT [26]
and graphene [27] (Fig. 2.5a). On the other hand the N-doped graphene electrode
exhibits a well-defined, one-step process, suggesting a four-electron pathway for
ORR on N-doped graphene (Fig. 2.5b). Furthermore, a much more positive ORR
onset potential (0.92 V, vs. RHE) and higher cathodic currents are identified,
corroborating the enhanced ORR catalytic performance [28]. The increase in
electrocatalytic sites during N-doping process and the reduction of graphene are
responsible for the enhanced ORR activities. Moreover, the corresponding
Koutecky-Levich plots at different potential exhibit good linearity, and their slops
were nearly the same over the potential range of 0.65–0.80 V, indicating the
first-order reaction kinetics with almost constant electron-transfer numbers for ORR
over a wide electrode potential (inset in Fig. 2.5b) [29]. The electron-transfer
number n was calculated to be 3.9 according to the slopes of Koutecky-Levich
plots, suggesting that nearly four-electron transfer process taken place in this
potential range.

The stability tests were conducted in order to confirm the feasibility of MEE
N-doped graphene for ORR application. There is only slightly decrease in limiting
current, and the onset potential remains the same (Fig. 2.5c). The good catalytic
stability was further confirmed by the overlap of CV curves before and after 20,000

Fig. 2.5 ORR curves for as-prepared graphene a and N-doped graphene b in O2−saturated 0.1 M
KOH solution. The inset in b shows corresponding Koutecky-Levich plots derived from the ORR
measurements. Polarization curves of N-doped G c and 20% Pt/C catalysts d, before and after
20,000 potential cycles. (Sweep rate, 100 mV/s; rotating rate, 2500 rpm.) e Cyclic Voltammerty
curves of N-doped GO and 20% Pt/C catalysts before and after 20,000 cycles. f Current (i)-time
(t) chronoamperometric responses to methanol. The arrow indicates the addition of 2% (weight
ratio) methanol. Figure reproduced from Ref. [12]
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cycling (Fig. 2.5e). Unlike N-doped graphene electrode, negative shifts in onset
potential, reduction in limiting current as well as loss of surface area of CV curves
were observed for 20% Pt/C electrode (Fig. 2.5d and e).

The N-doped graphene was further subjected to test the poisoning effect in the
presence of methanol. As illustrated in Fig. 2.5f, the current response decreases
sharply upon the addition of 2 wt% methanol for 20% Pt/C electrode. In contrast,
the N-doped graphene electrode displays a strong and stable amperometric
response, indicating a high selectivity due to the much lower ORR potential than
that required for oxidization of methanol molecules [27, 30].

2.4 Conclusion

In conclusion, a simple, green and cost effective multiple electrochemical exfolia-
tion approach has been proposed for synthesizing graphene in high quality and
quantity. The mechanism of multiple electrochemical exfoliation of graphite was
elucidated in detail. The experiment conditions are optimized. The nitrogen-doped
graphene sheets have been demonstrated to deliver good electrocatalytic activity,
stability and toxicity tolerance for alkaline electrolyte-based oxygen reduction
reaction. Our present findings pave the way for scaled-up preparation, and further
commercialization of graphene in a low cost and environmentally friendly way.
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