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Large-scale preparation of graphene by high
temperature insertion of hydrogen into graphitet

Ali Reza Kamali* and Derek J. Fray

Experimental evidence for high temperature diffusion of hydrogen into the interlayer space of graphite is
provided. This process is discussed as a possible method for the rapid production of high-quality, in-
expensive graphene in large quantities, which could lead to the widespread application of graphene. It was
found that hydrogen cations, dissolved in molten LiCl, can be discharged on cathodically polarized graph-
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Introduction

Diffusion of hydrogen in graphite can be important in many
diverse scientific and technological fields including hydrogen
storage systems,' fusion nuclear reactors,” hydrogen pro-
duction,® evolution of interstellar and protoplanetary clouds,*
fuel cells® and the physical properties of graphene.®

Three possible paths for the diffusion of hydrogen in graph-
ite are crystallite surfaces and boundaries, voids and the inter-
layer space between graphene layers.” Diffusion of hydrogen by
the first two mechanisms have been theoretically®® and experi-
mentally”'° studied. However, the diffusion of hydrogen in the
interlayer space has only been theoretically examined,®*'*
which is mainly due to the lack of experimental methods."
Therefore, the information available in the literature concern-
ing the diffusion of hydrogen in the interlayer space of graphite
mainly comes from theoretical calculations.

To the best of our knowledge, this paper for the first time
provides the experimental evidence of diffusion of hydrogen in
the interlayer space of graphite. It was interestingly found that
the diffusion of hydrogen in graphite crystallites can lead to
the exfoliation of graphite into graphene nanosheets, a
phenomenon which has not been reported in the past. Hence,
this finding can be of importance in theoretical studies con-
cerning the diffusion of hydrogen in the graphite lattice.
Results presented in this paper can also be of special interest
in the field of graphene production.
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ite rods, which then intercalate into the graphite structure, leading to the peeling of graphite to produce
graphene. The graphene nanosheets produced displayed a single-crystalline structure with a lateral size
of several hundred nanometers and a high degree of crystallinity and thermal stability. The method intro-
duced could be scaled up to produce industrial quantities of high-quality graphene.

Carbon nanostructures include fullerenes, carbon nano-
tubes, nanofibres and graphene. Particularly, graphene pos-
sesses many extraordinary properties such as high ballistic
electron mobility, thermal conductivity, Young’s modulus,
fracture strength, and high specific surface area.'>'® Recently,
graphene-based nanomaterials called carbon nanoflakes,"”
nanoflowers,'® nanohorns,'® nanowalls®® or graphene
nanosheets®' have attracted extensive attention due to their
unique dimensions, structure, and electronic properties which
make them promising candidates for many applications such
as electron field emitters,** electrochemical capacitors,* elec-
trode material for capacitive deionisation,>* anode materials
for lithium-ion batteries,*>*® catalyst supports,>” biosensors,*®
electrodes for fuel cells,*® photocatalytic applications,*® nano-
contactors®® and field-effect transistors.** Also, graphene
nanosheets can be used as templates for the fabrication of
other nanostructured materials.*?

Graphene was initially produced in small amounts by the
“up to bottom” approach of micromechanical cleavage of
highly oriented pyrolytic graphite (HOPG).>* Then, relatively
larger amounts of chemically modified graphene were pro-
duced by a number of methods.**** Many of these methods
are based on chemical oxidization of graphite. The subsequent
exfoliation of the graphite oxide formed leads to the formation
of individual layers of graphene oxide, which are electrically
insulating. Although graphene oxide sheets can be chemically
reduced to remove most of the oxides, the reduction processes
induce structural defects, resulting in deterioration of the
product quality.***

In order to overcome this problem, non-chemical, solution-
phase exfoliation of graphite in organic solvents has been
investigated.*®® However, these methods resulted in low-
concentration dispersions, which can be as low as 0.01 mg ml™.*®

This journal is © The Royal Society of Chemistry 2015
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Unfortunately, water which is the most useful solvent cannot
exfoliate graphene®” and all of these techniques make use of
HOPG as the starting material and involve labour-intensive
preparation.

Zhang et al. reported on the preparation of graphene flakes
using carbonization and calcination of glucose and FeCl; mix-
tures.’® Although some success was achieved with this
method, it was still a multi-step and time consuming process,
and its scalability is yet to be evaluated.

Paton et al.>" reported the exfoliation of graphite powder to
graphene flakes in solvents N-methyl-2-pyrrolidone, aqueous
surfactant solution of sodium cholate, or polymer polyvinyl
alcohol by the application of shear forces. In N-methyl-2-pyrro-
lidone, graphene flakes of a mean thickness of about 7 nm
with a yield of about 70% could be produced.

In an attempt towards the development of a green process
avoiding the use of toxic organic solvents/surfactants, Liu et al.>>
reported the exfoliation of graphite in a solution comprising of
water, FeCl, and sodium dodecylbenzenesulfonate with a weight
ratio of 4:300:5: 2, respectively, under the hydrothermal con-
ditions of 240 °C, 3 MPa and 4-10 h. Although single or few-
layered graphene could be produced, the yield of exfoliation was
only 10%, which could potentially be improved up to 35%.

It should also be mentioned that horizontally>® or verti-
cally’* oriented graphene films can be grown on various sub-
strates by chemical vapour deposition (CVD) techniques and
also by pyrolysis-based methods.>>>® These techniques,
however, have a number of drawbacks related to the low pro-
duction rates which can be as low as 32 nm min—,>” low yields
and the complexity of the equipment required.

As detailed above, the available methods of producing gra-
phene suffer from one or more disadvantages such as a low
rate of production, the low quality of graphene product and
the use of hazardous organic solvents. Therefore, currently,
there is no process available that can economically produce
large amounts of graphene. Furthermore, alternative methods
such as electrochemical exfoliation of graphite in ionic
liquids®®*™®" require further investigation of their potential.
Hence, the development of efficient production routes is con-
sidered a key element for widespread application of graphene.
Here, for the first time, we report a unique process for rapid
exfoliation of bulk graphite to graphene nanosheets based on
high temperature intercalation of graphite with hydrogen in
molten lithium chloride.

In the solid form, LiCl shows no considerable affinity for
hydrolysis because of the energy barrier involved.

LiCl + H,0(g) = LiOH + HCl(g) AG°r-g000c) > 78 KJ (1)

In the molten state, however, the hydrolysis of LiCl
becomes much more significant because of the fact that the
hydrolysis products are readily soluble in molten lithium
chloride. At higher temperatures, the hydroxide can be trans-
ferred into oxide.®*%

The occurrence of the hydrolysis reaction leads to the for-
mation of oxygen anions in the molten salt and hence is con-
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sidered to be undesirable in the electrochemical applications
in which molten LiCl serves as the electrolyte such as the elec-
trolytic production of lithium metal,®® the reprocessing of
spent nuclear fuels,®® and thermal batteries.®*®”

In this paper, however, the hydrolysis of molten LiCl is pro-
moted in order to enhance the formation of hydrogen cations
in the molten salt at 800 °C. It is reported that the cathodic
polarization of graphite electrodes exposed to the molten LiCl
containing hydrogen cations leads to the exfoliation of the
graphite cathodes into graphene nanosheets. This process
offers a high production rate and product quality. Moreover,
the process only uses industrial grade graphite, lithium chlor-
ide and water to produce graphene and lithium carbonate (as
the by-product) and hence is environmentally acceptable.
Lithium carbonate by-product could be removed from gra-
phene nanosheets by a simple heat treatment.

Results and discussion

The structural and microstructural changes in an industrial
synthetic graphite rod occurring by high temperature diffusion
of hydrogen into its crystallites are investigated in this paper.

A schematic representation of the set-up used is shown in
Fig. 1. A graphite rod was immersed in molten LiCl at 800 °C
and cathodically polarized for 30 min at an electric current of
33 A in a moist Ar flow. The average potential difference
between the graphite rod and a Mo pseudo-reference electrode
immersed in molten LiCl was measured to be about —2.8 V
(Fig. 1St). After the molten salt process, the cell was cooled to
room temperature. It was observed that the graphite rod served
as the cathode was eroded and the erosion product is
thoroughly mixed with the salt. Fig. 2 shows the photographs
of the graphite rod which was used as the cathode in the
molten salt process indicating considerable erosion of the
graphite rod. A black powder (about 10 g) was retrieved from
the solidified salt mixture by washing with copious amounts
of distilled water followed by vacuum filtering and drying at
150 °C for 2 h. As discussed later in this article, the disinte-
gration of the cathodically polarized graphite rod in molten
LiCl under a moist atmosphere is attributed to the insertion of
hydrogen into the crystalline lattice of the graphite material.

The structure and morphology of the as-received graphite
material and the erosion product were characterized by various
techniques. The X-ray diffraction pattern of the as-received
graphite material used in the 26 range from 20° to 40° is
exhibited in Fig. 3a. The prominent and sharp peak in the
profile at 260 = 26.441° corresponds to the (002) peak of graph-
ite with an interlayer distance of 0.337 nm.

Fig. 4 shows the SEM morphology of the as-received graph-
ite material. It consists of flake-like grains of different sizes
ranging from 1 to 10 pm with smooth or jagged edges. The
grains, which are separated by submicrometer-sized voids,
consist of graphite crystallites with an average height of
33.2 nm, calculated from the XRD data of the (002) peak
shown in Fig. 3 (see Table 1St). The as-received graphite is
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Fig. 1 A schematic presentation of the reactor used for the molten salt
process. The apparatus comprised of a vertical tubular Inconel reactor,
which is positioned inside a resistance furnace. The upper end of the
reactor is closed with a stainless steel lid sealed with an O-ring and
compression fittings. The lid is equipped with feedthroughs for electro-
des leads and the thermocouple as well as with steel pipes for a gas
inlet and an outlet. The gas inlet was coupled to a gas canister contain-
ing argon. The argon could bubble through the water within a U-bend
tube before entering the reactor at the gas inlet. The U-bend tube is
shown more clearly in the inset of the figure. On passing through the
U-bend tube, the dry argon absorbed the water vapour and becomes
moist argon. Thus, the atmosphere within the reactor above the molten
lithium chloride was moist argon that enters through the gas inlet and
exits through the gas outlet.

prepared by mixing petroleum coke with a coal tar binder, fol-
lowed by extrusion and baking to carbonize the binder. It was
finally graphitized by heating at high temperatures, at which
point the carbon atoms arrange into graphite. Owing to the
manufacturing process, it contains porosity within its struc-
ture, as a consequence of mismatch between grains and gas
evolution. The pore density in synthetic graphite materials can
be as high as 10° pores per cm® with pore diameters varying
between 1 nm and 1 mm.”"*®

As explained above, a graphite rod of this material disinte-
grated during the molten salt process. Fig. 3b shows the XRD
profile of the carbonaceous materials obtained. The spectrum
contains the (002) peak of graphite at 20 = 26.485° corres-
ponding to an interlayer distance of 0.336 nm. It also contains
additional peaks that are due to the Li,CO; and LiCl phases.
The results suggest that some quantity of lithium chloride can
be trapped in the microstructure of the carbon materials pro-
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Fig. 2 The photographs of (a) the graphite rod which was used as the
cathode in the molten salt process conducted under moist gas flow, (b)
the graphite cathode after the molten salt process, and (c) the graphene
product stored in a jar.
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Fig. 3 The X-ray diffraction patterns of (a) the as-received graphite
material used as the cathode during the molten salt process, (b) as-syn-
thesised carbonaceous material and (c) graphene nanosheets produced
by heating the as-synthesised carbonaceous material to 1300 °C.

Fig. 4 SEM morphology of the as-received graphite material used as
the cathode during the electrolysis process.

This journal is © The Royal Society of Chemistry 2015
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Fig. 5 Secondary electron SEM images of the graphene nanosheets, produced by heating the as-synthesised carbonaceous material to (left panels)
1300 °C and (right-upper panel) 1450 °C at different magnifications. The right-down panel shows a backscattered electron SEM micrograph of gra-
phene nanosheets obtained at 1450 °C. The products exhibited nanosheets morphology with a high yield.

duced during the molten LiCl process. The trapped salt in the
sample may not be removed completely by washing with water.
The possible mechanism of the formation of Li,CO; is dis-
cussed in this paper.

SEM studies (Fig. 2ST) have demonstrated that the as-syn-
thesised carbonaceous material consisted of graphene
nanosheets mixed with irregular structures originating from
non-conductive Li,CO; and LiCl. The graphene nanosheets
were separated from the lithium compounds by heating the as-
synthesised carbonaceous material.

It is worth noting that the large difference between the
physical properties of carbon with the sublimation point of
about 3640 °C and those of Li,CO; and LiCl with the evapor-
ation/decomposition point of about 1300 °C makes it possible
to reduce the amounts of Li,CO; and LiCl in the as-syn-
thesised carbonaceous material by an appropriate heat treat-
ment. The heat treatment must be carried out in an
atmosphere with a low oxygen concentration to avoid the high
temperature oxidation of carbon. For this, the material was
heated to 1300 °C with a dwell time of 30 min in a reducing
atmosphere of 80% N,-15% H,. The XRD profile of the puri-
fied graphene nanosheets is shown in Fig. 3c. As it can be
seen, the Li,CO; diffraction peaks are absent from the XRD
pattern, which indicates its removal during the heat treatment.
However, as indicated in Fig. 3c, very weak diffraction peaks of
LiCl and LiCl-H,O could still be detected in the pattern.

It is noteworthy that the SEM analysis of the heat-treated
product, unlike that of the as-synthesised one, was possible
without a need for coating with gold, demonstrating the removal

This journal is © The Royal Society of Chemistry 2015

of Li,CO; and LiCl which acted as non-conductive impurities.
The morphology of the material obtained is presented in the
SEM micrographs shown in Fig. 5 (left panels), demonstrating
the fabrication of high yield graphene nanosheets with the
lateral size of several hundred nanometers. The upper panel in
Fig. 6 shows a bright field TEM micrograph of the graphene
nanosheets. The right-down panel of Fig. 6 exhibits a HRTEM
image showing the presence of single-layered graphene sheets. A
typical selected-area electron diffraction pattern taken from the
edge of a nanosheet with the peaks labelled by Miller-Bravais
indices can also be seen in Fig. 6 (left-down panel) revealing
the distinctive hexagonal structure of graphene. The diffraction
intensity ratio 7(1-210)/I(0-110) was analysed to be 0.8 indicating
the presence of single-layered graphene.®® SEM and TEM images
confirmed the preparation of high quality single- or few layered
graphene.

Raman spectroscopy is a powerful technique to study the
structural properties of carbon based materials.”” The raw
Raman spectrum of the graphene nanosheets in the wave-
number range 200-3000 cm™" is presented in Fig. 7b (the upper
panel). For comparison, the raw Raman spectrum of natural
flake graphite is shown in Fig. 7a. Both spectra are character-
ized by the presence of the so-called G band at
1575-1581 cm™" and the D band at 1327 cm™". The G-band is
related to the vibration of sp” bonded carbon atoms in a two-
dimensional hexagonal lattice while the D-band is associated
with structural defects and partially disordered carbon struc-
tures. The intensity ratio of the G and D bands, Ig/Ip, is an
index corresponding to the crystallinity of graphitic carbons.

Nanoscale, 2015, 7, 11310-11320 | 11313
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Fig. 6 The upper panel shows a TEM micrograph of the graphene
nanosheets produced by heating the as-synthesised carbonaceous
material to 1300 °C. The left-down panel shows a typical electron diffr-
action pattern recorded at a relatively flat edge of a graphene sheet,
with the peaks labelled by Miller—Bravais indices. The right-down panel
exhibits a HRETM image showing a single-layer of graphene.

The Ig/Ip ratio of the natural flake graphite and the gra-
phene nanosheets were calculated from the Raman spectra,
and these values were 8.8 and 3.5, respectively. Taking into
account that the D peak is also induced by the edge of the gra-
phene sheets, the smaller value of the I/l ratio in the gra-
phene nanosheets, therefore, is attributed to their higher
density of graphene edges. However, the Ig/I, ratio in the gra-
phene nanosheets is still significantly high and suggests that
the nanosheets produced are composed of carbon crystallites
with a large degree of crystallinity. Cancado et al.”* found that
the average crystallite size (L,) of graphene is proportional to
(Ig/Ip), and can be calculated as:

(98 o

where E, is the excitation laser energy, given in eV. The average
crystallite size of graphene nanosheets obtained at 1300 °C,
therefore, is calculated to be 133 nm.

The down panel of Fig. 7 shows the feature of 2D peaks at a
higher resolution. It is known that the 2D peak of graphitic
materials is extremely sensitive to the number of layers. The
2D peak of graphite is asymmetric consisting of two com-
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Fig. 7 Raman spectra of (a) natural graphite flakes and (b) graphene
nanosheets which were produced in molten LiCl, and then heated to
1300 °C in the range of (upper panel) 200-3000 and (down panel)
2500-2800 cm™ at a 633 nm wavelength.

ponents of 2D1 and 2D,, whilst the 2D peak of single-layered
graphene is composed of a single peak.”” The comparison of
the shape of the 2D peak recorded on the natural graphite
with that of the graphene nanosheets suggests that the gra-
phene nanosheets produced have the Raman characteristics
of single layered graphene. Thermal analysis studies (see
Fig. 3St) confirmed that the graphene nanosheets prepared
are thermally stable below 450 °C.

It should be noted that the graphene nanosheets which
were synthesised by heating the as-synthesised carbonaceous
material to 1300 °C contained a small amount of lithium
chloride, as shown in Fig. 3c. The residual lithium chloride in
the graphene product could be eliminated by heating the as-
synthesised carbonaceous material to a higher temperature of
1450 °C in an atmosphere of Ar containing 4% H,, as shown
in Fig. 8 (upper panel). The Raman spectrum of the sample is
displayed in Fig. 8 (down panel), from which the ratio of I/,
was determined to be 3.4. From this, the value of L, was calcu-
lated, according to eqn (1), to be 129 nm. A comparison of
Fig. 3 and 8 indicates that increasing the heat treatment temp-

This journal is © The Royal Society of Chemistry 2015
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Fig. 8 The X-ray diffraction pattern (upper panel) and Raman spectra
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erature from 1300 to 1450 °C led to the elimination of the
residual LiCl, but did not change the average crystallite size of
the graphene nanosheets. It confirms that the residual LiCl in
graphene nanosheets did not contribute to the structural
defects of the nanosheets.

It is worth noting that under ambient conditions, a low con-
centration of oxygen, as much as for example 3.56%"° or

1.1,°° 1.2%

Table 1 A comparison between different methods of producing single or few-layered graphene in terms of the properties of the graphene produced as well as the production yield and/or the
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known that graphene with lower oxygen content shows lower
hemolytic activity.”” The data displayed in Table 1 indicate
that graphene nanosheets fabricated in this paper possess an
interesting combination of high crystallinity and low oxygen
content together with a high production rate.

Here we discuss the mechanisms involved in the formation
of graphene nanosheets. It is known that molten LiCI**'®® and
LiCl-based mixtures'®®™% react under a humid atmosphere to
form lithium oxide and hydrogen chloride according to reac-
tion (1) with AG®qq o¢ = 85.3 kJ.

Also it is known that the lithium hydroxide formed by the
hydrolysis of LiCl can decompose to form lithium oxide,
according to reaction (2).%%

2LiOH = L120 -+ HZO(g) AGogoocC =11.3 k] (2)

Although the Gibbs free energy of reactions (1) and (2) is
positive, yet the reactions can proceed at a finite rate as a
result of dissolution of products in the molten salt. It should
be mentioned that lithium chloride is unique among the
alkali chlorides in forming solid hydrates under ordinary con-
ditions. Dehydration of lithium hydrates occurs at tempera-
tures below 200 °C to form anhydrous lithium chloride.
However, the tendency of LiCl to react with water (through
hydrolysis) becomes more pronounced once the melting point
has been exceeded, since both LiOH and HCI formed can dis-
solve in the molten LiCl.%*"%®

HCI is soluble in LiCl-based molten salts and the dissolved
HCl is dissociated into protons and chloride ions. The
diffusion coefficient of the proton arising from the dissolved
HCI is an order of magnitude higher than most other ions in
molten salts.’®>™"'* Also it is known that the solubility of Li,O
in molten LiCl can be more than 11 mol%.'"?

As a conclusion, reactions (1) and (2) lead to the formation
of hydrogen cations (H") and oxygen anions (O0*7) in molten
LiCl. Therefore, the processes that occur during the cathodic
polarization of the graphite rod in molten LiCl can be
described as follow:

2H" + 2e = H, (at the cathode) (3)

0* +1/2C = 1/2 CO, + 2e (at the anode) (4)

In fact, H, (and no Cl,) could be detected in the gas stream
outlet of the reactor shown in Fig. 1, confirming the occur-
rence of reaction (3). The structural disintegration of the
graphite cathode to graphene sheets, therefore, can be attribu-
ted to the interaction of hydrogen formed with graphite.
Hence, we should consider the hydrogen electrode reactions in
more detail.

During cathodic polarisation, the reduction of proton from
chloride molten salts on carbon cathodes is known to proceed
via a reversible one electron charge transfer.' "> Atomic
hydrogen formed can be chemisorbed on the surface of
graphite by binding to a carbon atom, leading to the formation
of an additional ¢ bond and the rehybridization from sp”

to Sp3.114_119
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Therefore, the first step of the cathodic reaction is the for-
mation of adsorbed atomic hydrogen on graphite (H,q):

H™ +e— Hay (5)

The subsequent step is the formation of molecular
hydrogen:'*>7'%%

Hyg +H' +e— H, (6)

Diffusion of atomic and molecular hydrogen in graphite
has been theoretically studied. It was found that the diffusion
of the chemisorbed hydrogen atoms on the surface of graphite
crystallites is rather short and direct,"* and involves the break-
ing of the C-H bond and forming another bond with a nearby
carbon atom in the same or in an adjacent sheet, which
requires an activation energy of 0.38-0.5 ev.>'"'*¢

The temperature dependency of diffusion coefficient of
atomic hydrogen on graphite sheets (Dy, cm® s™') can be con-
cluded from ref. 11 to be:

Dy = 2.0 x 1073 exp (—6.09 x 1072°/kgT) (300-1700 °C) (7)

where kg is the Boltzmann constant (1.38 x 107> JK™') and T
is the temperature (K). According to (7), at 25 °C and 800 °C,
Dy has the values of 9.2 x 107'° and 3.3 x 107> cm? s7%,
respectively, demonstrating a five order of magnitude differ-
ence in H,q diffusion speed.

The hydrogen atoms can then diffuse in the bulk of graph-
ite through its porosity.” In the as-received graphite electrode
material, the graphite flakes are separated by micrometer
sized-voids. Moreover, it is known that in a graphite flake, crys-
tallites are usually separated by nanometre sized-voids which
are a few A in size, providing chemically reacting internal sur-
faces on which hydrogen atoms can diffuse and combine to
form hydrogen molecules in the bulk of the graphite.” The
penetration of atomic hydrogen in graphite porosity is strongly
affected by temperature and the hydrogen exposure rate. The
typical time taken for hydrogen atoms to penetrate several A
into graphite is found to be about 15 days at 25 °C, less than a
millisecond at 600 °C and around a microsecond at 1200 °C.”
Causey et al. reported that when graphite is exposed to hydro-
gen atoms or ions, the retention of hydrogen considerably
rises as the exposure rate exceeds 5 x 10*° atoms per cm?,
which is attributed to the fact that a greater number of atoms
reach the internal porosity.®

In our experiments, the molten salt process was conducted
at 800 °C and a current of 33 A, corresponding to the cathode
current density of about 1 A ecm ™2, It was found that graphite
cathodes are visually eroded in molten LiCl under a humid Ar
atmosphere if the cathode current density exceeds about 0.5 A
em™2, and that the rate of erosion increases with the current
density. It is, therefore, straightforward to assume that more
H,q (formed on the graphite cathode according to reaction (5))
can penetrate deep into the porosity of graphite material at
higher current densities.

Under these conditions, the combination of hydrogen
atoms to form hydrogen molecules (reaction (6)) is also likely

This journal is © The Royal Society of Chemistry 2015
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to occur in the porosity of graphite. Therefore, the molecules
formed have a reduced chance of escaping from the graphite
electrode, and thus progressively dissolve in graphite.

Theoretical calculations show that H, with a size of 2.5 A
can diffuse in the interlayer space of graphite faster than
atomic hydrogen.'®'"!*%1¢ The energy activation for diffusion
of atomic hydrogen in the interlayer space between graphene
sheets in the hexagonal structure of graphite can be calculated
to be very high (5 eV) owing to its ability to bind to carbon
atoms, and therefore, the likelihood of hydrogen intercalation
in graphite is low."!

There is no direct bonding between molecular hydrogen
and graphite. The diffusion coefficient of molecular hydrogen
in graphite does not follow a single straight Arrhenius line
(such as eqn (7)). At room temperature, the molecular
diffusion proceeds via jumps between the nearest-neighbour
adsorption sites in a random walk of the H, molecule in the
interlayer space. At temperatures greater than about 200 °C,
however, the hydrogen molecules jump about twice longer and
also mostly one-directional, enhancing the effective diffusion
length of H, in graphite.'* At 25 and 800 °C, the diffusion
coefficient of H, in the interlayer space of graphite (Dy,) can
be extracted from ref. 11 to have the values of 6.9 x 107° and
3.5 x 107* em® s, respectively. The activation energy of the
later was calculated to be only 0.19 eV."!

The thermal behaviour of hydrogen between graphite layers
has been addressed in a number of studies.>*'" Molecular-
dynamics simulations have shown that the kinetic energy of a
H, molecule in the interlayer space of graphite increases as the
temperature rises, so that it was calculated to be 22.9 and
32.7 k] mol™" at 25 and about 800 °C, respectively."*

The interlayer binding energy of highly oriented pyrolytic
graphite was measured to be about 0.19 ] m~>. However, the
exfoliation energy, the energy required to remove one graphene
layer from single-crystalline graphite, was experimentally
measured and the values reported were 0.26'*° and 0.32 ]
m~2."*" The exfoliation energy was also theoretically calculated
to be 0.31 ] m™2.'%8

Considering the density and the interlayer space of the as-
received graphite to be 2.7 g em™ and 0.337 nm, respect-
ively, and using the above values, it can be concluded that a
local concentration of more than 2 wt% H, in graphite is
energetically enough to exfoliate graphite into graphene, and
thus to the surface erosion of the graphite cathode. Exceed-
ing this critical concentration should be possible during the
cathodic polarization of the graphite electrode, considering
the fact that the interlayer space in graphite can theoretically
accommodate hydrogen molecules up to 6 wt%.">° A higher
hydrogen concentration of 7.4 wt% has also been reported in
some specific conditions.'*® Giving these figures, the exfolia-
tion of graphite cathodes in our experiment can be attributed
to the diffusion of hydrogen into the interlayer space of
graphite.

According to Fig. 3b, the as-synthesized carbonaceous
material contained Li,COj;. The formation of lithium carbon-
ate during the molten salt process can be attributed to the

This journal is © The Royal Society of Chemistry 2015
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reaction between CO, formed at the anode (reaction (4)) and
the Li,O dissolved in the molten salt (formed by reaction (2)):

CO, + ngO = L12C03 AG08000C = —66.0 kJ (8)

As explained, Li,CO; can be removed from the graphene
product by an appropriate heat treatment.

This paper provides insights into the feasibility of large
scale preparation of inexpensive but high quality graphene
nanosheets by a simple molten salt method, exhibiting at least
a 10-fold higher production rate in comparison with that of
the currently available methods, such as CVD and wet chem-
istry techniques. Moreover, industrial grade graphite electro-
des which could be used as the raw material for the
preparation of graphene by this method are readily available
on a large scale with reasonably low costs. Such electrodes are
primarily used as the electrodes of electric arc and ladle fur-
naces in the steel industry and therefore are readily available
in different sizes up to about 3 m long and 0.7 m in diameter.
The graphene production rate by this method is more than
50 kg per m” of electrode per day.

Conclusions

The application of a cathodic potential to graphite electrodes
immersed in molten LiCl in a moist argon gas flow leads to the
formation of a high yield of graphene nanosheets mixed with
lithium carbonate. The Li,CO; was then removed by heating the
product at a high temperature, leaving graphene nanosheets.
The formation of high quality graphene produced was attribu-
ted to the intercalation of hydrogen into the interlayer space of
graphite crystallites at the graphite electrode. The graphene
nanosheets produced possessed a lateral size of several hundred
nanometers and a hexagonal structure of graphene. The process
proposed is anticipated to be a simple and efficient method for
the large-scale production of graphene nanomaterials.

Experimental
Preparation of graphene nanosheets

Anhydrous lithium chloride powder (Sigma Aldrich), 250 g,
was placed in a graphite crucible with an internal diameter of
60 mm and a height of 150 mm. The graphite crucible and a
graphite rod (Morgan Advanced Materials, industrial grade
synthetic graphite) with a diameter of 15 mm and a length of
120 mm were employed as the anode and the cathode, respect-
ively, during the electrochemical process. The temperature was
measured by the thermocouple placed inside the graphite cru-
cible. At first, the temperature was raised to about 800 °C,
above the melting point of LiCl, by a ramp of 5 °C min™,
under an argon flow of 20 em® min~". At this temperature, a
water bath was placed in the path of the argon gas and the
flow of the gas was set at 100 cm® min™" (see Fig. 1). Then a
constant direct current of 33.0 A was applied between the
cathode and the anode for about 30 min.

Nanoscale, 2015, 7, 1131011320 | 11317
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The potential difference between both the graphite electro-
des and a Mo pseudo-reference electrode immersed in molten
LiCl was measured during the electrochemical process. After
the molten salt process, the cell was cooled to room tempera-
ture, and the product obtained retrieved from the solidified
salt by washing with copious amounts of distilled water and
vacuum filtering. A black powder was obtained and dried at
150 °C for 2 h. In the second step, the dried material (about
10 g) was heat treated in a horizontal tube furnace under
the atmosphere of an inert gas containing hydrogen. The tube
furnace was equipped with a thermocouple as well as hydrogen
detection and fire detection systems. For this, the temperature
was raised to 1300 or 1450 °C at a heating rate of 15 °C min~"
and held at this temperature for 30 min, before cooling down
to room temperature. The final product (about 6 g) was a black
fluffy powder which was characterized to be graphene
nanosheets.

Characterization methods

A JEOL 6340F field emission scanning electron microscope
(SEM), a 200 kv JEOL 2000FX analytical transmission electron
microscope (TEM) equipped with electron diffraction, and a
200 kV FEI Tecnai F20 field emission gun high resolution TEM
(HRTEM) were used for electron microscopy evaluations. A
Philips 1710 X-ray diffractometer (XRD) with Cu-Ka radiation
(k = 1.54 A°) was used to record the diffraction patterns with a
step size and a dwell time of 0.05 26 and 5 s, respectively. The
diffraction patterns recorded were analyzed using the X'Pert
High Score Plus program. Raman data were collected using a
Renishaw 1000 Ramanscope with a He-Ne ion laser of a wave-
length of 633 nm (red, 1.96 eV). The thermal analysis study
including thermal gravimetry (TG) and differential scanning
calorimetry (DSC) was carried out with 3.3 mg of the as-syn-
thesized carbonaceous material, 3.3 mg graphene nanosheets
and 10 mg as-received graphite powder using a thermal analy-
ser model SDT-Q600 equipped with alumina crucibles. The
difference in the mass of the materials used was due to the
fluffy nature of carbon nanomaterials in comparison with the
graphite powder. The thermal analysis was conducted at a
heating rate of 40 °C min™" under a constant air flow rate of
100 mL min~" through the sample chamber. Elemental analy-
sis was carried out using a CHN/O Analyzer, Model Perkin-
Elmer 2400. Brunauer-Emmett-Teller (BET) surface area analy-
sis was performed by recording nitrogen adsorption/deso-
rption isotherms using a static volumetric technique with a
Micromeritics TriStar 3000 V6.04 A analyser at —196 °C.
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