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A simple and effective strategy is proposed to tune the number of graphene layers by
selecting suitable starting graphite, using a chemical exfoliation method. It is found that
both the lateral size and the crystallinity of the starting graphite play important roles in
the number of graphene layers obtained. Using artificial graphite, flake graphite powder,
Kish graphite, and natural flake graphite as starting materials, ~80% of the final products
are single-layer, single- and double-layer, double- and triple-layer, and few-layer (4-10 lay-
ers) graphene, respectively, while a mixture of few-layer (4-10 layers) and thick graphene@
(>10 layers) is obtained when highly-oriented pyrolytic graphite is used. The smaller the
lateral size and the lower the crystallinity of the starting graphite, the fewer the number
of graphene layers obtained. Moreover, the graphenes obtained are of high-quality with
an electrical conductivity of ~1 x 10° S/cm. These findings open up the possibility for con-
trolled production of high-quality graphene with a selected number of layers in a large

quantity.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Graphene shows great importance for fundamental studies
and technological applications due to its unique structure
and a wide range of unusual properties [1]. Its electron trans-
port is described by the relativistic-like Dirac equation, and
this allows access to the rich and subtle physics of quantum
electrodynamics in relatively simple condensed matter exper-
iments [2-5]. The scalability of graphene devices to true nano-
meter dimensions makes it a promising candidate for future
electronics because of its ballistic transport at room tempera-
ture combined with chemical and mechanical stability [6]. In
addition, graphene also exhibits great promise for potential
applications in many other technological fields [1,7-12] such
as sensors, composites, supercapacitors, transparent conduc-
tive films, solar cell and gas storage media. However, the
properties of graphene strongly depend on their structures.

* Corresponding authors: Fax: +86 24 2390 3126.

For example, a variation of the number of graphene layers
may result in a striking change of their electronic properties
[1]. Accordingly, it is very important to explore the production
of graphene with a selected number of layers in large quanti-
ties for their further fundamental studies and extensive
applications.

Currently, several methods have been proposed to prepare
graphene, such as micro-mechanical cleavage [2], epitaxial
growth on SiC wafer [13] and chemical exfoliation [14-20].
For the first two methods, both the productivity and laye
selectivity of graphene are poor. A chemical exfoliation strat-
egy from bulk graphite has been suggested to be an effective
general way to produce graphene in a large quantity and at
low cost [15,16], in which a process of graphite oxidation
and/or thermal expansion of graphite oxide (GO)/expandable|
graphite is involved. During oxidation, the introduction of
oxygen-containing functional groups such as hydroxyl and
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epoxide reduces interlayer interactions and results in an in-
crease in the d-spacing of GO, thereby promoting complete
exfoliation of single GO layers in some specific conditions.
By using the chemical exfoliation method, single-layer graph-
ene has been prepared. For example, Ruoff and co-workers
prepared single-layer graphene by exfoliation of GO via ultra-
sonic treatment, followed by chemical reduction with hydra-
zine hydrate to modify their transport properties [15].
Schniepp et al. prepared functionalized graphene by oxida-
tion of graphite and subsequent thermal expansion/exfolia-
tion of GO with rapid heating [16]. Very recently, Li et al.
fabricated ultra-smooth graphene nanoribbons by combining
thermal exfoliation of expandable graphite with chemome-
chanical breaking of the resulting graphene sheets by sonica-
tion [19]. However, the selective production of high-quality
graphene with a selected number of layers in a large quantity
still remains a significant challenge.

We have studied the effect of the lateral size and crystal-
linity of starting graphite materials on the number of graph-
ene layers by the chemical exfoliation method. It is
interesting to find that both the lateral size and the crystallin-
ity of the starting graphite materials play important roles in
the number of graphene layers produced, and the majority
of graphene can be tuned to a specific number of layers by
selecting suitable starting graphite. For example, artificial
graphite, a graphite with a small lateral size and low crystal-
linity, is suitable for the production of single-layer graphene.
Also, we found that this graphene has high electrical
conductivity.

2. Experimental

2.1. Materials

Five types of graphite materials: highly-oriented pyrolytic
graphite (HOPG), natural flake graphite (NFG, Qingdao Black
Dragon Graphite Co., Ltd), Kish graphite (KG, Sinopharm
Chemical Reagent Co., Ltd), flake graphite powder (FGP, Sinop-
harm Chemical Reagent Co., Ltd) and artificial graphite (AG,
Qingdao Black Dragon Graphite Co., Ltd), were used as the
starting materials to demonstrate the production of graphene
with a selected number of layers using chemical exfoliation.

2.2. Preparation of graphene

The preparation of graphene involves three key steps, (i) oxi-
dation of the starting graphite to synthesize GO, (ii) thermal
expansion/exfoliation of the as-prepared GO to obtain ther-
mally expanded GO (TEGO), and (iii) reduction and dispersion
of the resulting TEGO to produce graphene. It should be
emphasized that, for comparison, all the experimental proce-
dures related to the synthesis of GO, TEGO and graphene from
the five starting graphites were performed under the same
conditions.

2.2.1. Synthesis of GO

We used the Hummer method [21] to oxidize the different
starting graphites for the synthesis of GO. First, 2 g graphite,
1g sodium nitrate and 46 mL of sulfuric acid were mixed

and strongly stirred at 0°C for 15 min in a 500 mL reaction
flask immersed in a water-glycol bath (DFY-5 L/25). Then 6 g
potassium permanganate was added slowly to the above
solution and cooled for 15 min. After this, the suspended
solution was stirred continuously for 1 h, and 92 mL of water
was added slowly to the suspension for 10 min. Subsequently,
the suspension was diluted by 280 mL of warm water and
treated with 10 mL of H,0, (30%) to reduce residual perman-
ganate to soluble manganese ions. Finally, the resulting sus-
pension was filtered, washed with water, and dried in a
vacuum oven at 60 °C for 24 h to obtain GO.

2.2.2. Thermal expansion/exfoliation of GO

The as-prepared GO was thermally expanded to synthesize
TEGO by rapidly heating it in a Lindberg tube furnace. Gener-
ally, the as-prepared GO was first loaded in a quartz boat of
length 100 mm and diameter 20 mm, which was then in-
serted into a 1.5 m-long quartz tube with inner diameter of
22 mm and outer diameter of 25 mm. After the tube furnace
was heated to 1050 °C and argon was flowed though the tube
for 10 min, with a flow rate of 200 mL/min, the sample boat of
GO placed in the quartz tube was rapidly moved into the mid-
dle heating zone of the furnace and kept there for 30 s, before
being quickly removed from the heating zone.

2.2.3. Reduction and dispersion of TEGO

The resulting TEGO was first reduced by H, for 2 h at 450 °C in
a gas flow of H, (100 mL/min) and argon (100 mL/min). Then,
the reduced TEGO platelets were stirred for 1 h in a solution of
N-methylpyrolidone (NMP) before being dispersed for 2h at
40 °C by sonication to form a homogenous suspension. Final-
ly, centrifugation was used to remove thick multilayer pieces
and not fully exfoliated graphite flakes from the TEGO-gener-
ation process, and to retain the thin graphene sheets in the
supernatant.

2.3. Material characterization

X-ray photoelectron spectroscopy (XPS, Escalab 250, Al ko),
atomic force microscopy (AFM, Veeco MultiMode/NanoScope
Illa), scanning electron microscopy (SEM, LEO, Supra 35,
15kV), high-resolution transmission electron microscopy
(HRTEM, JEOL JEM-2010, 200kV, and Technai F30, 300 kV),
and nitrogen cryosorption (Micromeritics, ASAP2010M) were
used to characterize the GO, TEGO and graphene. It is neces-
sary to point out that the supernatant was dropped onto grids
with a holey carbon film for SEM investigations.

2.4.  Electrical conductivity measurement

The electrical conductivity of graphene was measured inside
a JEOL JEM-2010 HRTEM equipped with a Nanofactory TEM-
scanning tunneling microscopy (STM) system (ST1000), which
integrates a fully functional STM into a HRTEM. The STM
probe was controlled by a piezo-manipulator that can ap-
proach individual nanostructures inside the HRTEM. The ob-
tained supernatant after centrifugation treatment was
filtered and then dried in a vacuum oven at 60 °C for 24 h.
The resulting graphene powders were attached to an Au elec-
trode, and the tungsten STM tip was controlled precisely in
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the HRTEM to connect to the graphene to measure its elec-
tronic conductivity.

3. Results and discussion

Fig. 1 shows the typical SEM images of the different starting
graphites used in our experiment. HOPG, consisting of a
highly ordered stack of graphene layers along the c-axis, has
a large lateral size (referring to the particle size along the
plane direction perpendicular to the c-axis) of more than
1000 pm. NFG has a plate-like morphology with a size of
>600 pym and thickness of several micrometers, and FGP has
a mean lateral size of <30 pm. Note that these two types of
flake graphite are single crystal graphite with high purity.
KG (>200 pm) was obtained by the crystallinization of carbon
in molten steel during the manufacturing process. It has a
high crystallinity but lower than HOPG and NFG. As to AG, it
has an average lateral size of less than 30 pm, and lower crys-
tallinity than HOPG and flake graphite but higher than KG.
AFM was used to examine the detailed structure of the
synthesized samples after spin-coating the supernatant onto
a 300 nm SiO,/Si substrate. It was found that most of the
graphene shows a relative smooth planar structure (Fig. 2a),
similar to that obtained by mircomechanical cleavage [2]. This
was further verified by SEM (Fig. 2b) and TEM (Fig. 2c) observa-
tions, indicating the high-quality of these graphenes. In addi-
tion, XPS measurements revealed that the C/O ratio (10.8-
14.9) of the TEGO reduced by H, is evidently more than that
of GO (1.7-2.5) and TEGO (5.6-7.9), and the corresponding
C1s peak structure of the reduced TEGO is similar to that of
pristine HOPG, without significant signals corresponding to
the C-O species of GO (Fig. 3). These results suggest that the
final graphene is reduced by the thermal expansion and
reduction processes, without excessive covalent chemical
functionalization as in the case of GO. It is worth noting that
no significant holes were found in the platelets although most
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Fig. 3 - The C1s XPS spectra of GO, TEGO, reduced TEGO, and
pristine HOPG. The C1s XPS spectrum of GO clearly indicates
a considerable degree of oxidation with four components
that correspond to non-oxygenated ring C (284.3 eV), C in
C-0 bonds (286.1 eV), carbonyl C (287.4 eV), and carboxylate
carbon (0-C=0, 288.1 eV).

of the functional groups were removed during thermal expan-
sion and H, reduction processes (Fig. 2c).

A great number of AFM measurements were performed to
determine the number of graphene layers prepared from dif-
ferent starting graphite materials. Fig. 4a-c shows the typical
AFM images of the graphene derived from KG, FGP, and AG,
respectively. In order to determine the number of layers of
the obtained graphenes according to the AFM measurements,
it is prerequisite to know the thickness and interlayer spacing
of the graphenes with different number of layers. It has been
theoretically predicted that the interlayer spacing of GO is
~0.7 nm, due to a 0.44 nm increase in graphene thickness

Fig. 1 - Typical SEM images of (a) HOPG, (b) NFG, (c) KG, (d) FGP, and (e) AG.

3000m
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Fig. 2 - Typical morphology of the graphene derived from AG. (a) AFM image of the graphene on a SiO,/Si wafer, displaying a
relative smooth planar structure. (b) SEM image of the graphene hanging over a holey carbon film, showing a flat and

transparent structure. (c) TEM image of the graphene.
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Fig. 4 - Tapping-mode AFM images and the corresponding height profiles of the graphenes derived from (a) and (d) KG, (b) and
(e) FGP, and (c) and (f) AG. The thicknesses of the graphenes are 1.9-2.3 nm, 1.3-2.1 nm, and 1.1-1.3 nm, respectively, for KG,

FGP, and AG as starting materials.

caused by the presence of epoxy and hydroxyl groups on both
sides of the surface [16,17]. This result has also been experi-
mentally proved by many groups based on AFM observations,
and the thickness of a chemically derived single-layer graph-
ene was found to be ~1.1 nm [15-17,22,23]. In order to obtain
the structural information of our graphene, we performed a
great deal of HRTEM observations. Fig. 5 shows the typical
HRTEM images of the obtained graphenes with different
number of layers. The folded structure of graphene edges al-
lows for the evaluation about their thickness and interlayer
spacing. It is worth noting that, different from graphite, the
adjacent graphene layers of double- and triple-layer graph-
enes derived from chemical exfoliation are not parallel but
uneven. The maximum thicknesses of single-, double-, and
triple-layer graphenes derived from HRTEM images are
~0.57, 1.25, and 1.83 nm, respectively. Based on the above
XPS analyses, we believe that there exist some residual func-
tional groups on the surface of graphene although most of
them have been removed during the thermal expansion and
H, reduction processes, and these functional groups can not

be directly probed by HRTEM. According to the measured
thicknesses of single-, double-, and triple-layer graphenes,
the interlayer spacing can be calculated to be in the range
of ~0.55-0.70 nm. Obviously, this value is much larger than
that of graphite, normally 0.335 nm. This spacing increase,
~0.21-0.36 nm, is consistent with that theoretically predicted
for functional groups on the graphene surface [16,17]. As a
consequence, the real thickness of the obtained graphene
should be the sum of the observed thickness from HRTEM
and the thickness increase caused by the presence of epoxy
and hydroxyl groups on both sides of the surface. With
0.36 nm thickness increase, the real thickness of single-, dou-
ble-, and triple-layer graphenes was evaluated to be ~0.93,
1.61 and 2.19 nm, respectively. Taking into account of the in-
creased spacing or instrumental offset between the substrate
and graphene sheet [16,17,24], in our calculations, we adopt
1.1nm and 0.7 nm as the average thickness of single-layer
graphene and the interlayer spacing, respectively. The topo-
graphic height distributions (Fig. 6a), derived from AFM mea-
surements on 100 sheets for each starting material and based

Fig. 5 - Typical HRTEM images of (a) single-, (b) double-, and (c) triple-layer graphene sheets with folded edges obtained by

chemical exfoliation.
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Fig. 6 - Statistical distributions of the thickness and the number of layers of the graphenes prepared from different starting
graphites. (a) Histograms of the thickness distribution of graphene derived from HOPG, NFG, KG, FGP, and AG, obtained from
100 graphenes for each sample. (b) Histogram of the distribution of the number of graphene layers, obtained from the

corresponding thickness distribution in (a).

on a Gaussian fit, indicate that the graphenes prepared from
AG, FGP, KG, NFG and HOPG have a mean thickness of 1.30,
1.87, 2.05, 5.75 and 6.19 nm, respectively. Consequently, the
layer-number distribution of our graphene can be obtained,
as shown in Fig. 6b. It is interesting to find that ~80% of the
final products are single-layer, single- and double-layer, dou-
ble- and triple-layer, and few-layer (4-10 layers) graphene,
respectively, from AG, FGP, KG, and NFG as starting materials,
while a mixture of few-layer (4-10 layers) and thick graphene
(>10 layers) is obtained when HOPG is used. These results sug-
gest that the number of layers for chemically derived graph-
ene can be tuned by selecting suitable starting graphite
materials. AG, FGP and KG with low crystallinity and/or small
lateral size are suitable to prepare graphenes with 1 to 3
layers.

From the above results, we suggest that the selectivity of
the number of graphene layers is intrinsically attributed to
the different structure of the starting graphite materials. It
iawwell accepted that GO formation involves the reaction of

phite with strong oxidants [15-17], and the exposed carbon
atoms, in particular those on the edges of the graphitic layers,
are most likely to be attacked by the oxidants during the oxi-
dation stage [25]. The starting graphite with a low crystallinity
has weak interlayer interaction, easily causing the increase of
d-spacing and configuration change from a planar sp?-hybrid-
ized to a distorted sp®-hybrized geometry. This increases the
possibility of the diffusion of oxidants between graphitic lay-
ers. Moreover, because the diffusion route is shorter for the
graphite with smaller lateral size, the oxidation and intercala-
tion occur more easily. As a result, graphite with a small lat-
eral size and low crystallinity can easily form well-oxidized
GO under the same conditions. McAllister et al. [17] proposed
that exfoliation upon rapid heating takes place only when the
decomposition rate of the epoxy and hydroxyl sites of GO ex-
ceeds the diffusion rate of the evolved gases. Therefore, the
exfoliation degree of TEGO derived from different starting
graphites is different due to the different oxidation degree
of the corresponding GO. This result can be proved by the dif-

ferent surface areas of TEGO derived from different starting
graphites, which were 75, 50, 152, 137, and 351 m2/g, respec-
tively for HOPG, NFG, KG, FGP, and AG. Since the number of
layers in the obtained graphene is mainly determined by
the exfoliation process, we suggest that the synthesis of
graphene with selected number of layers is essentially attrib-
uted to the different oxidation degrees of the starting graph-
ites, caused by their different lateral size and crystallinity.
Normally, chemically derived graphene is electrically insu-
lating due to the heavy oxygenation of graphene sheets,
which can not be used as conductive materials and electronic
devices without further processing [15]. Recent studies have
demonstrated that the electrical conductivity of graphene
can be dramatically improved by chemical reduction or ther-
mal treatment [6,15,22,26]. Considering the similar atomic C/
O ratio of our graphene to that of chemically reduced graph-
ene sheets, therefore, it is reasonable to expect that the

el i
.90 -60 -30 0 30 60 90
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Fig. 7 - Electrical conductivity measurement of the graphene
derived from AG. (a) TEM image of an individual single-layer
graphene during electric conductivity measurements, using
Au as electrode and tungsten as tip. (b) Typical I-V curve of
the graphene in (a).
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graphene obtained has an electronic transport property suit-
able for the application as conductive materials and elec-
tronic devices.

The electrical conductivity of individual single-layer graph-
ene derived from AG was determined inside a HRTEM and the
result is shown in Fig. 7. It is interesting to find that, similar to
those prepared by micro-mechanical cleavage [2], our graph-
ene offers a linear current-voltage (I-V) characteristic of typi-
cal metallic material in the voltage range of —90 mV-90 mV
with a conductivity of ~1x10°® S/cm (Fig. 7b), which is ~3 orders
of magnitude higher than that of individual GO reduced by
hydrazine [22], and higher than that of graphene films ob-
tained by hydrazine reduction or high temperature graphitiza-
tion treatment [10,26-28]. Combining this with the above XPS
results, we believe that this high conductivity is attributed to
the good deoxygenation of GO to restore C-C and C=C bonds
in the whole graphene layer after the reduction process [22].

4, Conclusion

A simple and effective strategy to tune the number of graph-
ene layers by selecting suitable starting graphite is presented.
Both the lateral size and crystallinity of the original graphite
are found to play important roles in the number of graphene
layers obtained by chemical exfoliation. The smaller the lat-
eral size and the lower the crystallinity of the starting graph-
ite, the fewer the number of layers in the graphene obtained.
Graphite with a small lateral size and low crystallinity is
appropriate to prepare single-layer graphene. Moreover, these
graphenes exhibit high-quality with an electrical conductivity
of ~1x 10° S/cm. These findings should enable further inves-
tigation of the physical and chemical properties of graphene
with different number of layers, and open up a wide spectrum
of possibilities for technological applications including nano-
electronics, sensors, composites, energy storage and absorp-
tion media, etc.
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