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Graphene has received abundant attentions in many applications because of its extraordinary properties.
Liquid-phase exfoliation is one of the most important methods to obtain graphene from graphite.
However, due to strong van der Waals interaction force, it is still extremely challenging to further
improve the exfoliation efficiency. Here we report that by carrying out reductions with the oxygenic
functional groups on the pristine graphite edges using hydrazine hydrate and hydrogen at 800°C as a
pretreatment approach, the exfoliation efficiency can be improved by ~37% using a lithium-assisted
liquid-phase exfoliation approach. The change of the functional groups is characterized by X-ray
photoelectron spectroscopy and Fourier transform infrared spectroscopy. The graphene sheets show high
degree of structural integrity and few defects. A thin film is prepared from the exfoliated graphene by
vacuum assisted filtration and treated by annealing and mechanical compression. The graphene thin film
shows a high thermal conductivity of 1707 W m~' K-, which is superior to that of common metal
materials, such as Cu and Al

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Graphene is a single atomic-layer of hexagonal sp?-bonded
carbon atoms. Since its discovery, graphene has been attracting
appreciable attention owing to its unique physical properties,
including ultrahigh charge-carrier mobility (~106 cm?Vv~1s71) [1],
superior thermal conductivity (~5300Wm~'K™1) [2], optical
transmittance (~97.7%) [3] and extremely intrinsic strength
(~130 GPa) [4]. The mechanical exfoliation (“scotch-tape” method)
of graphite into single and few-layer graphene nanosheets was
discovered in 2004 [1-5]. Since then, many methods have also
been developed to prepare large-scale or massive graphene.
Chemical vapor deposition (CVD) was introduced to synthesize
large-scale single-crystalline graphene films [6—8]. However, such
CVD-grown graphene is usually costly and used in some particular
applications such as optoelectronics and flexible electronics.
Liquid-phase exfoliation of bulk graphite is acknowledged as the
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most widely used method for massive production of graphene
[9—11]. Even though the quality of exfoliated graphene is relatively
lower, the low-cost and mass production are extraordinarily ad-
vantageous for widespread applications in many fields such as
polymer composites and clean energy devices.

Graphite is composited of graphene layers bonded together
vertically through van der Waals force. In 2006, a solution-based
method was reported to produce graphene oxide (GO) via chemi-
cal modification (strong oxidizing agents) of graphite, which has
received great attention due to the capability of scalable production
[12—14]. Reduced graphene oxide (rGO) can also be produced via
the reduction of GO. GO can be well dispersed in the aqueous so-
lution due to the existence of oxygenic functional groups, which, on
the other hand, also destroy the structural integrity and bring many
defects that cannot be completely repaired although after the
reduction processes [15]. However, residual oxygenic functional
groups of rGO are helpful in the application fields on the electro-
chemical catalysis [16] and composite with polymer [17]. Never-
theless, the oxide and reduce processes utilize abundant oxidizing
and reducing agents, the post-treatment of which may bring up
issues of high energy consumption and high pollution. Therefore, it
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is necessary to develop non-oxidizing method to produce
graphene.

The Coleman group and others developed a simple non-oxide
liquid-phase exfoliation of pristine graphite to produce high-
quality graphene flakes using surfactants or organic solvents
[9,18,19]. Although it is also considered as a promising method for
mass production, the exfoliation efficiency is still too low to be
industrialized. Alternatively, graphite can be intercalated to pro-
duce graphite intercalation compounds (GICs) by using various
intercalates, such as alkali metals, organic molecules and transition
metal halides [20]. GICs have been exfoliated to produce graphite
nanoplatelets with thicknesses down to 2—10nm [21—23]. Ac-
cording to the research of Jeon group, graphene flakes could be
generated by using a eutectic system of ternary KCl-NaCl-ZnCl,
salts through the intercalation process [24]. Li-GICs, formed by the
insertion of lithium atoms in graphite, is a widely used anode
material for Li-ion batteries (LIB). Because of the high activity of
lithium, the exfoliation methods were inspired by the electro-
chemical reactions of negative electrodes in the rechargeable LIB
[25,26]. Song et al. developed the lithium-assisted approach for the
exfoliation of pristine graphite [27]. In this approach, Li/liquid
ammonia solution was utilized to synthesize a lithium intercalated
graphite precursor. Among all the methods that have been devel-
oped, the key challenge is still to increase the exfoliation efficiency
of pristine graphite.

Graphite ore, the raw material of graphite powder, is mined by
both open pit and underground processes (Figure S1). In these
complicated processes, the regrinding and ball milling can decrease
the size of raw materials at relatively high temperature, but may
introduce numerous oxygenic functional groups on the graphite
edges [28]. The regrinding and ball milling damage C-C bonds of
graphite to form highly active carbon radical, which can be oxidized
into oxygenic functional groups (carbonyl, epoxy and carboxyl) in
the atmosphere. The heat produced by friction in the regrinding
and ball milling provides enough energy for the functionalization
reaction. As a result, the edges of the graphite used for LPE are
defective and functionalized by oxygenic functional groups. To a
certain extent, the stereo-hindrance effect of oxygenic functional
groups will hinder the insertion of atoms and molecules. Hence, for
more atoms to intercalate into the graphite interlayers for exfolia-
tion, it is extremely needed to remove these oxygenic functional
groups on the graphite edges.

Herein, we report a pre-reduction based approach to enhance
the exfoliation efficiency of graphite into few-layer graphene via
reduction of graphite edge. Before the exfoliation process, the
oxygenic functional groups on the graphite edges were reduced by
solution (hydrazine hydrate) and thermal (hydrogen, high tem-
perature) approaches. After reduction, the stereo-hindrance effect
of graphite edges was decreased and more Li atoms could inter-
calate into graphite interlayers in the lithium-assisted physical
insertion. The change of the functional groups caused by the
reduction reaction can be accurately characterized by X-ray
photoelectron spectroscopy (XPS) and Fourier transform infrared
spectroscopy (FT-IR). Due to the removal of oxygenic functional
groups on the graphite edges, the exfoliation efficiency of lithium-
assisted liquid-phase exfoliation was enhanced by ~37%. The
average size of exfoliated graphene sheets was about 1 um, and
over 94% had no more than 5 layers. The electron diffraction pat-
terns in Transmission Electron Microscope (TEM) shows that gra-
phene sheets maintain high degree of structural integrity. A thin
film of graphene was fabricated from the exfoliated graphene
sheets using an annealing and mechanical compression process.
The thermal conductivity of the film was found to be
1707 W m~! K, which is superior to common metal films (Cu and
Al). This work demonstrates a feasible route to enhance the

efficiency of LPE, and at the same time preserve the high quality of
graphene.

2. Experimental
2.1. Materials and methods

Graphite powder (Figure S2) was bought from BTR new energy
materials Inc. The following chemicals were used without further
purification: lithium foil (AR, China Energy Lithium Co., LTD), hy-
drazine hydrate (NyH4-H>0, 85%, Sinopharm Chemical Reagent Co.,
LTD), ethanol (C;Hs0H, Bejing Tong Guang Fine Chemicals Com-
pany), liquid ammonia (NH3, Beijing Nanfei Industry and Trade Co.
LTD.), N-methyl pyrrolidone (NMP, Xilong Scientific Co., LTD), hy-
drochloric acid (HCI, ~37%, Xilong Scientific Co., LTD), AAO mem-
brane (60 mm in diameter, 0.2 pm in pore size, Whatman).

The morphology and structure of graphene sheets and graphene
films were characterized by Scanning Electron Microscopy (SEM,
Hitachi S-4800) at an acceleration voltage of 1kV and TEM (FEI
Tecnai F30) at 300 kV. Raman spectroscopy (Horiba Jobin Yvon
LabRAM HR 800, 514.5 nm) was used to characterize the defect and
quality of exfoliated graphene sheets. XPS (Kratos Analytical Axis-
Ultra spectrometer with Al Ko X-ray source) and FT-IR (Nicolet
is50, ThermoFisher) were used to characterize the change of
oxygenic functional groups on the pristine graphite and reduced
graphite. Sheet resistance was measured by means of an Agilent
4155C semiconductor characterization system. Ultraviolet—vis
spectroscopy (UV—vis, Perkin Elmer Lambda 950) was used to
measure the transmittance of the graphene dispersion. Atomic
force microscopy (AFM, Bruker Dimension Icon) was carried out to
measure the thickness of graphene sheets and statistics the thick-
ness distribution. At room temperature, the thermal conductivity
was carried out by a self-heating method. The thermal image was
investigated by thermal infrared imager (Optris PI 160).

2.2. Reduction of graphite powder with hydrazine hydrate and
hydrogen

The powder of pristine graphite (1 g) with an average diameter
of 200 um was dispersed into deionized water (500 ml). Small
amount of ethanol was also introduced to homogeneously disperse
the graphite powder. The hydrazine hydrate (1 ml) was added and
the resultant mixture was further stirred (~25 rpm) for 3 hat 90 °C.
Then the graphite powder was filtrated and dried. The resultant
graphite powder was put on a quartz boat and placed within a
quartz tube inside the furnace. The tube was purged with argon (Ar,
300 sccm). Then the furnace was heated to 800 °C under Ar (300
sccm) and Hp (100 sccm) flow at ambient pressure. The graphite
powder were held at 800°C for 1h. The hydrazine hydrate and
thermal annealing can ensure removing oxygenic functional groups
as many as possible and residual materials (ethanol and hydrazine
hydrate). Finally we can get the reduced graphite.

2.3. Preparation of graphene sheets and measurement of electrical
conductivity

Reduced graphite was added to lithium in liquid ammonia,
which was prepared by the cooling of ammonia at an acetone/dry
ice bath. The mixture was stirred for 2 h, and then the ammonia was
slowly evaporated by means of thermostatic bath after the acetone/
dry ice bath was removed. Then hydrochloric acid (HCl, ~37%) was
added into the residule with mild sonication. The black products
was cleaned by deionized water and ethanol. Finally, the graphene
sheets was dispersed into NMP. The graphene dispersion was
centrifuged at 1000 rpm for 1 h and the supernatant dispersion was



392

carefully collected.

The graphene dispersions in NMP were dip-coated onto a fresh
silicon wafer and then annealed in argon at 800 °C for 2 h. AFM was
used to measure the height of graphene sheet, and a single-layer
graphene sheet of 0.8 nm was chosen to characterize the elec-
trical properity. Micro-gap Au (600 nm)/Cr (80 nm) electrodes with
a gap of ~300 nm were fabricated onto the single-layer graphene
sheet via electron beam lithography. Based on the resultant I-V
profiles, the sheet resistance value Rs can be calculated by the
equation Rg=RW/L, where R, W and L represent the resistance
value, width and electrode gap length of the single-layer graphene
sheet, respectively.

2.4. Preparation of graphene film

The graphene film was prepared by vacuum assisted filtration of
well-dispersed graphene solution through AAO membrane. Then
the graphene film was dried under vacuum at 80 °C for overnight
before peeling off from the AAO membrane. The graphene film was
annealed at 3000 °C for 3 h under Ar in a graphite furnace (Zhuzhou
Hongya Electric-heating Equipment Co., LTD) and then compressed
at 30 MPa for 1 h.

3. Results and discussion
3.1. Reduction of graphite powder and characterization

Hydrazine hydrate [29] and hydrogen [30], which are commonly
used in the reduction reaction of GO, were used to reduce the
oxygenic functional groups on the graphite edges. The low-
resolution XPS spectrum (Fig. 1a) shows that the carbon-to-
oxygen ratio (C/O ~30) of reduced graphite is much higher than
that of pristine graphite (C/O ~15). The result indicates that the
reduction approach is effective to remove oxygenic functional
groups on the pristine graphite edges. The high-resolution XPS
spectra (Fig. 1b) for the O1s region of the reduced graphite and the
pristine graphite are distinctly different. The O1s spectrum of the
reduced graphite consists of two major components arising from
C=0 (~532.6eV) and C-0-C (~536.7 eV), and the O1s spectra of the
pristine graphite is composed of two main components from C=0
(~532.6eV) and O=C-0 (~534.7eV). After reduction, the proportion
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of carboxyl decreases and the proportion of epoxy and carbonyl
increases, which have smaller stereo-hindrance. Elemental analysis
is also used to characterize the content of carbon, hydrogen and
nitrogen in the graphite powder (Figure S3). However, the graphite
powder can not be completely decomposed because of trace im-
purities. After reduction reaction, the content of carbon and
hydrogen increase. FI-IR characterization shows the direct evi-
dence of the appearance of C—H bonds. The absorption bands near
2800cm~! of the reduced graphite can be assigned to C—H
stretching modes (Fig. 1c), which is absent in the pristine
graphite [31,32]. These results indicate that, those oxygenic func-
tional groups of pristine graphite were not completely reduced in
the reduction approaches. The diameter of carbonyl, epoxy and
carboxyl is about 0.12 nm, 0.21 nm and 0.29 nm. And the diameter
of lithium atom is about 0.32 nm [33]. The interlayer spacing of
graphite is 0.334nm, which is comparable to the size of the
oxygenic functional groups. Due to the much lower oxygen content
and smaller stereo-hindrance of oxygenic functional groups in the
reduced graphite edges, more Li atoms can intercalate into the
interlayer of graphite from the edges. The decrease of oxygen
content and the change of functional groups are beneficial to the
intercalation of more Li atoms.

3.2. Exfoliation preparation and characterization of graphene
nanosheets

The lithium intercalation and the exfoliation for few-layer gra-
phene are illustrated in Fig. 2a. As shown in Figure S2, the average
size and thickness of the reduced graphite are respectively about
200 and 20 pm. As lithium can be easily dissolved in anhydrous
ammonia, Lithium/liquid ammonia was used to produce Li-GIC
[34]. The graphene sheets are exfoliated along with the release of
Ho, which is the product of Li-GIC and HCI solution [27]. The as-
prepared graphene sheets were then dispersed in N-methyl pyr-
rolidone (NMP) by sonication at a concentration of 0.5 mg ml~". The
good dispersion was evidenced by the observation of Tyndall effect
(Figure S4). The structural integrity and defect degree of graphene
sheets were characterized by TEM. A droplet of diluted graphene
suspension was dropped onto Cu grid and then annealed at the
presence of argon at 500 °C for 2 h. Fig. 2b shows the bright-field
TEM images of graphene samples. The central part of graphene
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Fig. 2. Exfoliation of reduced graphite into few-layer graphene via lithium intercalation. a) Schematic illustration of Lithium atoms intercalation (1) and exfoliation (2). b) Typical
TEM micrograph and ¢) HR-TEM micrograph at the edge of graphene sheet. d) The contrast of concentrations of graphene dispersions produced from pristine graphite and reduced
graphite via UV—vis spectroscopy. (inset: graphene dispersions in NMP). (A colour version of this figure can be viewed online.)

sheet in the TEM image is uniform and indistinctive, and the edges
partially scroll. In the TEM image, each layer typically shows a dark
line on graphene edges [35]. There is no noticeable dark lines at the
graphene sheet edge in high-resolution TEM (HR-TEM) image
(Fig. 2c). The selected-area electron diffraction (SAED) patterns in
Figure S4 shows that the intensity curve of line section through the
(1-210)—(0—110)—(—1010)—(—2110) axis. The peak intensity of
(1—210) and (—2110) is less than that of (0—110) and (—1010) in our
experiments, confirming that the graphene nanosheet is single
layer [9].

In order to compare the exfoliation efficiency, we exfoliated the
same quality of pristine graphite and reduced graphite using the
same method. After intercalation, exfoliation processes, and
centrifugation at 1000 rpm for 60 min (see experimental section for
details), the supernatant dispersion was kept. The two samples of
as-prepared graphene powder were respectively dispersed into the
same volume of NMP. UV—vis—IR absorption spectroscopy is used
to characterize the concentration of these two dispersions. Because
of the same solvent (NMP) and similar composition (Fig. 3¢ and
Figure S5 and S6), the two dispersions have the same absorbance
coefficient in the Lambert-Beer Law [9]. So the concentration is
proportional to its absorbance. The optical absorbance (@660 nm)
[9] of graphene dispersion from reduced graphite (1.17) out-
performed the graphene dispersion from pristine graphite (0.85) by
~37% (Fig. 2d). The result shows that the exfoliation efficiency of
graphite into few-layer graphene was enhanced via the reduction
of graphite edges. Fig. 3a shows the Raman spectra of graphene
sheet. This resultant spectrum contains three features: the D-peak
at 1350cm~!, the G-peak at 1580cm~! and the 2D-peak at
2700cm™L. The D-peak, corresponding to first order of zone-
boundary phonons, is present as the defects or edges effect of
graphene [36]. So the degree of defects can be simply estimated by
the relative intensity of D-peak and G-peak (Ip/Ig). The exfoliated
graphene showed an Ip/I¢ ratio of 0.2, relatively higher than that of
pristine graphite (~0.06), mainly resulted from the small domain
and ineluctable edge defects of graphene sheets.

The thicknesses of the graphene nanosheets were measured by
AFM. The graphene dispersions in NMP were dip-coated onto a

fresh silicon wafer and then annealed in argon at 800 °C for 2 h. The
AFM image in Fig. 3b shows the heights of 0.79, 0.80 and 0.85 nm.
The height of single layer graphene sheet is usually less 0.8 nm [37].
From the statistical analysis of 107 graphene nanosheets (average
size: ~1.14 pm, Figure S5), most of these isolated graphene nano-
sheets (~94%) have the thickness of 0.6—2.0 nm (<5 layers) while
~23% of these graphene nanosheets have single layer. The thickness
histogram indicates the high selectivity of the exfoliation method.
Furthermore, the sheet resistance of the single-layer graphene
sheet is 1.12 + 0.15 kQ-sq~! (Fig. 3d and Figure S7).

3.3. Preparation of high conductive graphene film

A thin film of graphene was prepared by vacuum assisted
filtration of the well-dispersed graphene solution through Anodic
Aluminum Oxide (AAO) membrane. Then the graphene film was
dried under vacuum at 80 °C for overnight before being peeled off
from the AAO membrane. The graphene film, produced via reduc-
tion of GO film, shows relatively high thermal conductivity [38]. A
GO film needs as long as several days to be prepared [11]. The
period of the preparation of graphene film is much shorter than
that of GO film obtained through vacuum assisted filtration. This
could be attributed to the less compact stack in the as-prepared
graphene film (Fig. 4a). The thermal conductivity of the as-
prepared graphene film was as low as 186 W/m K. This is due to
the existence of gaps between layers of graphene, which are usually
filled with air of thermal conductivity 0.024 W m~! K~ To increase
the thermal conductivity of the graphene film, thermal annealing
and mechanical compression were applied [39]. The graphene film
was annealed at 3000 °C for 3 h and then compressed mechanically
under 30MPa for 1h. After the annealing and mechanical
compression, the surface of graphene film became much smoother,
and the gaps between graphene nanosheets disappeared. The
thickness of the film decreased from 72 to 23.3 um (Fig. 4b). XPS
characterization shows that negligible oxygen was introduced after
high temperature and compression procedure (C/O ~100,
Figure S8). The high-resolution XPS spectrum for the Cls region
(Figure S8) shows that treated graphene film had extremely high
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purity in the graphitized sp?-bonded carbon structure. Meanwhile,
the intensity ratio of D-peak and G-peak (Fig. 4c) in Raman spectra
decreased to as low as 0.01. These results indicate that carbon
atoms in graphene sheets are highly compressed. As a result, the
thermal conductivity of treated graphene film increased to
1707Wm~!'K~! (Fig. 4d). Infrared imaging was employed to

visually compare the heat conduction rate of three films of different
materials, that is, graphene, Al and Cu. The result clearly shows that
the heat-transfer in the treated graphene film is more rapid than Al
and Cu, which are commonly used for heat dispersion in electronic
devices. The thermal conductivity of copper and aluminum are
respectively 401 and 237Wm~'K~! (Fig. 4e and f) [40,41]. The



L. Yang et al. / Carbon 138 (2018) 390—396 395

ultrahigh thermal conductivity of treated graphene film is due to
two main factors: good contact between graphene sheets and high
graphitized crystallization. The thermal conductivity of graphene is
contributed by phonon and electron transport [2]. However, based
on the Kiedemann-Franz law, the contribution of electron transport
in graphene can be ignored at room temperature [2]. The high
crystallization via thermal annealing and improved contact be-
tween graphene sheets via mechanical compression are beneficial
for the less phonon scattering in the graphene film.

4. Conclusion

In conclusion, we have demonstrated the enhancement of
exfoliation efficiency of graphite into few-layer graphene via
reduction of graphite edges. The regrinding and ball milling pro-
cesses on the mined graphite ore cause numerus oxygenic func-
tional groups (carbonyl, epoxy and carboxyl) on the graphite edges.
These oxygenic functional groups hinder Li atoms to intercalate
into the graphite interlayers. We utilize hydrazine hydrate and
hydrogen to reduce the oxygenic functional groups before lithium-
assisted LPE approach. Compared with pristine graphite, the exfo-
liation efficiency of reduced graphite into few-layer graphene
nanosheets is enhanced by ~37%. The graphene nanosheets show
negligible defects and maintain high degree of structural integrity.
After annealing and mechanical compression, the thermal con-
ductivity of graphene film is as high as 1707 W m~! K~ 1. We believe
that the reduction of the graphite edges offers a feasible route to
enhance the exfoliation efficiency of pristine graphite into few-
layer graphene nanosheets. This method may be useful for large-
scale production of graphene with improved quality.
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