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Graphene is widely used as the future electronic materials and devices, owing to its exceptional electronic 

and optoelectronic properties. Up to now, the defect-free graphene is limited to the method for 

controllable, reproducible and scalable mass production. A simple, green, and nontoxic approach for the 

large-scale preparation of high quality graphene is produced by exfoliation of graphite sheets collaborated 10 

with intercalant (FeCl2) under hydrothermal condition, the absence of defects or oxides graphene with 

yields up to 10 wt% can be practical application and industrial process such as optical limiters, 

transparent conductors, and sensors. This new process could potentially be improved to give yields of up 

to 35 wt% of the starting graphite mass with sediment recycling. We show with experiments and theories 

that exfoliation graphene is the result of combined action by diminishing the van der Waals interactions 15 

between graphite layers and the shear force drove by Brownian motion of H2O and FeCl2 molecules. 

Hydrothermal exfoliation has potential applications in exfoliation other layered materials (e.g. BN, MoS2) 

and carbon nantubes, and in synthesis intercalation compounds, nanoribbons, and nanoparticles, thus 

opens new ways of exfoliation engineering. 

Introduction  20 

Graphene, a one-atom-thick planar sheet of sp2 hybridised 
carbon arranged in a honeycomb crystal lattice, has attracted 
appreciable attention to apply in many technological fields such 
as nanoelectronics,1,2 sensors,3,4 nanocomposites,5,6 batteries,7 
supercapacitors, and hydrogen storage,8 due to its exceptional 25 

properties including high current density, ballistic transport, 
chemical inertness, superior thermal conductivity, optical 
transmittance, biocompatibility and super hydrophobicity.9,10 
However, as with many novel materials, the development and 
widespread application of graphene are mainly hampered by the 30 

lack of methods for controllable, reproducible and scalable mass 
production. 

Since graphene was first prepared by a micro-mechanical 
cleavage that was realized by simply attaching a scotch tape onto 
graphite face in 2004,11 the synthesis of graphene has become one 35 

of the most active directions towards obtaining high quality 
products at a large scale. Although this method is simple in the 
preparation, it remains challenging to obtain a single layer of 
graphene and scale up for a practical application.12 Since then, 
many physical and chemical methods have been reported, such as 40 

chemical vapour deposition, epitaxial growth, oxidation- 
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reduction of graphite, facile exfoliation and thermal 
exfoliation.13–16 Although bottom-up approach including 
chemical vapor deposition growth and epitaxial growth of 
graphene onto metal catalyst substrates, large-area and defect-free 50 

graphene sheets including a single layer have been achieved, the 
resulting graphene sheets are generally not freestanding, 
difficultly transferred to different substrates and the high 
temperature of preparation. On the other hand, top-down 
approach which consists of exfoliation of natural or synthestic 55 

graphite to single or few layer graphene, including 
micromechanical cleavage, reduction of graphite oxide,17,18 
electrochemical lithium intercalation19, liquid sonication,20-22 and 
exfoliation23-27 have been extensively used for production of 
graphene. Among those, to obtain defect-free, large-area and high 60 

electronic conductivity graphene, the exfoliation graphene serve 
as the most viable option for the scalable mass production owing 
to its low cost and ease of solution processing. A number of 
research groups have studied and reported the production of 
single and few layer graphene sheets by exfoliation and 65 

stabilisation of graphene that are without defects or defect 
formation in a variety of special solvents.25-28 Although recently 
Umar Khan et al. had managed to improve the yield of the 
solvent exfoliation method up to ~ 1 mg mL-1, it required long 
sonication time of up to 460 hours.25 However, these solvent 70 

exfoliation methods is that the yield was still relatively low, 
typically at 0.01 mg mL-1, which is the critical hamper for 
practical application. In addition, solvents such as N-methyl-
pyrrolidone (NMP) and dimethylformamide (DMF) are 
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undesirable and further limited the application due to its high 
boiling point, toxicity, incompatibility with other aspects of 
processing. 

Herein, we studied the possibility of exfoliating graphene in 
water in the presence of intercalants and surfactant stabilizers 5 

under hydrothermal stirring condition. The molecule of H2O and 
FeCl2 can interact favourably with graphite to diminish van der 
Waals interactions between graphite layers, thus graphene can be 
exfoliated from graphite by vigorous Brownian motion of 
molecule under hydrothermal conditions. Compared to organic 10 

solvent exfoliate25-28, hydrothermal exfoliation is simple, green, 
high yield, and nontoxic. Our method results in defect-free 
single- or few-layer graphene at yields of ~ 10 wt%, the process 
could potentially be improved to give yields of up to 35 wt% of 
the starting graphite mass with sediment recycling.  15 

Experimental section 

Materials and methods 

Raw pyrolytic graphite was purchased from Alfa Aesar. 
Sodium dodecylbenzenesulfonate (SDBS), ferrous chloride 
(FeCl2) were purchased from Sigma Aldrich. All the chemicals 20 

and reagents were used as received without any further 
purification. Graphite was exfoliated in solution that is comprised 
of water, graphite, SDBS, ferrous chloride corresponding with the 
weight ratio of 150:2:(0~1):(0~2), and 300:4:5:2 is the optimized 
ratio in our experience. In order to exfoliate graphite in the 25 

hydrothermal condition, above solution was fed into a reactor 
which is made of 316SS stainless steel with a stirrer, and pure N2 
replaces the air in the reactor. Then, the closed reactor was heated 
to hydrothermal condition (513 ± 60 K, 30 ± 15 bar), and stirred 
at 500-1000 rpm for 4-10 hours. After hydrothermal exfoliation, 30 

the dispersions were transferred to vials and centrifuged at 500-
800 rpm for 10 min using an Allegra 64R centrifuge (Beckman 
Coulter; 500–10000 rpm for the centrifugation-rate experiment). 
After centrifugation, the top 135 mL supernatant (out of 150 mL) 
was carefully collected for further use, and the sediment can be 35 

cycled for next hydrothermal exfoliation. By centrifuging the 
collected supernatant at 8000-1000 rpm, we separated graphene 
flakes into the bottom of vial from the collected supernatant, and 
removed supernatant. The separated graphene flakes were washed 
with distilled water by centrifugation, this procedure was 40 

repeated a number of times until SDBS and FeCl2 removed 
completely.  

Characterization 

We characterized the morphological features of the graphite 
and graphene by Philips SEM-XL30S scanning electron 45 

microscope (SEM) and Philips TECNAI 10 transmission electron 
microscopy and JEOL JEM52100F field emission electron 
microscope equipped with an Oxford INCA Energy TEM 200 
EDS system. Atomic force microscopy (AFM) images were taken 
in tapping mode with the SPM Dimension 3100 from Veeco 50 

under ambient conditions. Raman spectra of the samples were 
measured by a Renishaw inVia microspectrometer using an 
excitation wavelength of 514 nm generated by an Ar+ laser. 
Crystallographic phases of the products (XRD) were conducted 
on a Bruker D8-Advance powder X-ray diffractometer with Cu 55 

Kα radiation (λ=0.15418 nm). Fourier transform infrared (FTIR) 

spectra were recorded by an Equinox 55 (Bruker) spectrometer 
with the KBr pellet technique ranging from 500 to 4000 cm-1.The 
N2 adsorption–desorption isotherms of the samples were 
measured at 77 K using Micromeritics ASAP 2020 Analyzer for 60 

determining their specific surface area. The specific surface area 
was calculated from the Brunauer–Emmett–Teller (BET) plot of 
the nitrogen adsorption isotherm. 

Results and discussion  

Hydrothermal parameter of exfoliation graphene 65 

It is clear that graphite can be dispersed in some solvents. The 
graphite is almost completely exfoliated to multilayer graphene in 
NMP, γ-butyrolactone and 1,3-dimethyl-2-imidazolidinone. Thus, 
many research groups studied solvent properties lead to exfoliate 
graphite, suggested successful solvents to be those with surface 70 

energy close to that of the graphene.26-29 Such exfoliation can 
only occur if the net energetic cost is very small. In chemistry, 
this energy balance is expressed as the enthalpy of mixing (per 
unit volume), which we can approximately calculate in this case 
to be the Hildebrand – Scratchard equation (1),26-29 where ES,S  75 

and ES,G are the solvent and graphene surface energy, respectively, 
Tflake is the nanosheet thickness, and ΦG is the dispersed graphene 
volume fraction. This equation shows the enthalpy of mixing is 
dependent on the balance of graphene and solvent surface 
energies. For graphite, the surface energy is defined as the energy 80 

per unit area required to overcome the van der Waals forces when 
peeling two sheets apart. Assuming that the dispersed graphene 
concentration (CG ∝ ΦG) should be described by equation (2). 
where DG is the diameter of a graphene sheet ( modeling it as a 
disk).27 Here, the approximation 22 )(4)( axaax −≈−  85 

is used which is reasonably accurate so long as the full width at 
half maximum of the resulting Gaussian is less than about half 
the centre value. 
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The enthalpy of mixing is minimized for solvents with surface 
energies close to that of graphene, suggesting a surface energy of 
graphene of ~ 68 mJ m-2 according to calculation and the 
previous studies.26-29 Herein, it expects that a minimal energy cost 
of exfoliation for solvents whose surface energy matches that of 95 

graphene. Coupled with the literature, it suggests that not only is 
the enthalpy of mixing for graphite dispersed in good solvents 
very close to zero, but the solvent–graphite interaction is van der 
Waals rather than covalent. In addition, it predicts that good 
solvents are characterized by surface tensions in the region of 35-100 

45 mJ m-2.26 Coleman et al. found that the dispersed 
concentration peaked for solvents such as N-methyl-pyrrolidone 
(NMP) and dimethylformamide (DMF) with surface tensions 
close to 40 mJ m-2, which is equivalent to surface energies of ~70 
mJ m-2.26-29 105 

Normally, for one solid surface, the smaller surface tension of 
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liquid has the smaller contact angle formed at the solid-liquid 
interface at the same condition of temperature. When the liquid 
and solid are mixed, the smaller surface tension of the interface 
has greater force and penetration which can make solid object 
swelling. The volume of most substances will expand with rising 5 

the temperature, resulted in the distance between molecules 
increased and the interaction of molecules decreased. Thus, most 
of the surface tension of the material decreases with increasing 
temperature. Under the critical temperature (existence of gas-
liquid interface), surface tension is inverse linear relationship 10 

with temperature. In the colloid solution, the surface tensions (γ ) 
is identical to the excess Gibbs free energy per unit area arising 
from the surface (

sG ). According to thermodynamic function 
(3), (4) and (5), 30,31 

sss TSHG −== γ    (3) 15 
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For water, 
sH  is about 117.3 mJ m-2 and T∂∂ /γ  is about -

0.152 mJ m-2 K-1.30,31 In the closed system, liquid water and water 
vapor are both present under the supercritical temperature (547 K, 20 

22.4 MPa).32 Because the closed reactor system only has energy 
exchange and the external pressure of the closed reactor system is 
constant, the temperature is the most fundamental factor of 
surface tension and pressure.  So the influence of pressure for 
surface tension in the thermodynamic equation was neglected. 25 

Herein, the surface tension of water can be given under 547 K in 
the closed system. Surface tensions in the region of 35–45 mJ m-2 
are consistent with the temperatures in the region of 475–541 K 
in the sealed reaction vessel. In our experiments, the surface 
tensions of water close to 40 mJ m-2 at hydrothermal condition 30 

(about 513 K, 3.0 MPa) to obtain quantitative yield of ~4 wt% 
(see Supplementary Information, Fig. S1). 

In order to avoid the dispersed graphene aggregating, 
surfactants such as SDBS, sodium dodecyl sulfate and sodium 
cholate are employed to disperse graphene in the process of 35 

refrigeration of hydrothermal system. To further improve the 
yield of graphene, intercalated graphite could be exfoliated by 
reactions involving the intercalant.33 It is expected that intercalant 
can intercalate into graphene sheet to diminish van der waals 
interactions between graphite layers and graphene sheets are 40 

dispersed in subcritical water. Meanwhile, intercalant can be 
dissolved in water and washing the production without affecting 
the purity of graphene. According to literature,33-35 alkali metal, 
metal halide and acid are employed to intercalate graphite layers. 
Among intercalants, FeCl2 that is soluble in water and nontoxicity 45 

is an intercalant of acceptor type.33,34 In our experiment, the 
removed supernatant can detect the existence of Fe2+ by colour 
reaction with alkali, FeCl2 is conducted to auxiliary exfoliation of 
graphite. Our method results in high-quality, unoxidized singer- 
and few-layer graphene at yields of ~ 10 wt% (see Supplementary 50 

Information, Fig. S1). In fact, we also find that the sediment can 

be recycled to produce dispersions with mass fractions of 
graphene that we have measured to be ~ 35 wt%, respectively. 

Evidence and identification of single- or few-layer graphene 

X-ray diffraction (XRD) patterns were employed to identify 55 

graphene, indicating that no structure changes occurred during 
hydrothermal exfoliation process (see Supplementary Information, 
Fig. S2). The interlayer diffraction (002) peak of exfoliated 
graphite clearly downshifts compared to pristine graphite 
compared to pristine graphite, and a dramatical decrease in the 60 

intensity of (002) peak of graphite can be observed. As the in-
plane crystal structure of graphite retained, the broadening of 
(002) peak of the exfoliated graphite should be caused by 
decreased the thickness of graphite. In addition, hydrothermal 
exfoliation of graphite leads to a dramatically increase in the BET 65 

surface area from 3.6 m2 g-1 for pristine graphite to 217.3 m2 g-1 
for graphene(see Supplementary Information, Fig. S3). 

The morphology of initial graphite powder and sediment flakes 
is examined. Scanning electron microscopy (SEM) studies (Fig. 
1a) show the starting powder to consist of flakes of lateral size 70 

measured in hundreds of micrometres and thicknesses tens of 
micrometres. In comparison, the sediment separated after 
centrifugation contains flakes, which are much smaller, with 
lateral size < 100 µm and thickness < 15 µm (Fig. 1b). Clearly, 
hydrothermal exfoliation results in fragmentation of the initial 75 

flakes, with the largest removed by centrifugation.  
It is possible to investigate the state of the material remaining 

dispersed using transmission electron microscopy (TEM) by 
dropping a small quantity of dispersion onto the carbon film. 
Bright-field TEM images of the objects are typically observed in 80 

Fig. 1c and d, which generally comprises corrugated and folded 
graphene layers, few-layer graphene and monolayer graphene. As 
shown in Fig. 1d, in a number of cases we observe monolayer 
graphene. In some cases the sheet edges tend to scroll and fold 
slightly. The number of layers in the graphene can be obtained 85 

visually by high-resolution TEM (HRTEM) analysis. Few-layered 
graphene and monolayer graphene, some of them are folded and 
stacked up, can also be observed (Fig. 1e). From Fig. 1f, the edge 
of HRTEM can observe the suspended film that few-layer 
graphene (~ 4-6 layers) can be observed from the fringe of the 90 

film edge that are clearly visible. 
As we known, atomic force microscopy (AFM) is currently the 

foremost methods allowing definitive identification of single-
layer crystals. AFM images of graphene exfoliated by the 
hydrothermal treatment in water after centrifugation always 95 

revealed the presence of sheets with uniform thickness (< 2 nm; 
examples are shown in Fig. 2). The step heights measured 
between the surface of the sheets and the substrate are 
consistently found to be 16 ± 1 Å (Fig. 2a) and 7 ± 1 Å (Fig. 2b), 
proving them to be only double layers or single layer atoms thick. 100 

While, theoretically, a pristine graphene sheet is atomically flat 
with a well-known van der Waals thickness of ~ 0.34 nm, 
graphene sheets are expected to be ‘thicker’ due to instrument 
interference and error coexistence with the presence of free space 
between graphene plane and the substrate. Commonly, thickness 105 

of graphene film < 1 nm is regarded as monolayer graphene. As 
shown in Figure 2d, the exfoliated graphene are flat sheets with 
an average thickness of about 7.3 nm and its lateral dimension is 
about 1.2 µm. 
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Fig. 1 Electron microscopy of graphite and graphene. SEM image of 
pristine graphite (a). SEM image of sediment graphite after centrifugation 
(b). TEM images of few-layer and folded graphene sheets (c, scale bars: 
500 nm), monolayer graphene (d, scale bars: 200 nm), respectively. 5 

HRTEM images of folded graphene (e, scale bars: 10 nm). HRTEM 
images of monolayer or double layers graphene (f, scale bars: 5 nm). 

 
Fig. 2 Evidence and identification of single- or few-layer graphene. 
Tapping mode AFM images (a, b) and the corresponding height profiles 10 

of the graphenes (c, d). The thicknesses of the graphenes are 1.55–1.67 
nm and 0.64–7.5 nm, respectively. 

Evidence for defect-free graphene 

Although hydrothermal exfoliated suggests a van der Waals 
type water – graphene interaction, it is crucial to definitively rule 15 

out any inadvertent basal-plane functionalization, which could 
alter the electronic structure. As shown in Figure 3a, the Raman 
spectra of the bulk graphite and exfoliated graphene in the range 
of 600–4000 cm-1 are given. The 1580 cm-1 band (G band), 

assigned to the E2g stretching mode of graphite and reflects the 20 

structural intensity of the sp2-hybridized carbon atom. The band 
observed at about 1350 cm-1 is D band, which corresponds to a 
splitting of the zone center phonons of K-point phonons of A1g 
symmetry, characterizes the disordered graphite planes and the 
defects incorporated into pentagon and heptagon graphitic 25 

structures. The minor D band (Figure 3a) of graphene indicates 
that hydrothermal exfoliation of graphite preserves the 
honeycomb crystal lattice and structure to obtain defect-free 
graphene.20 The result shows that a significant change in relative 
intensity of the 2D band and G band of graphene compared to 30 

pristine graphite. Gupta et al.36 and Graf et al.37 have been 
demonstrated that the relative intensity of the second-order band 
at 2700 cm-1 is larger than that of the first order-allowed G-band 
for the number of graphene layers < 5, and exhibits an interesting 
layer-dependence. In the Raman spectra, the relative intensity 35 

ratio between G band and 2D band of exfoliated graphene is 
much smaller than pristine graphite, indicating that hydrothermal 
exfoliation is a feasiable approach to exfoliate graphite. Because 
of stacked, folded and scrolled graphene, it is difficult to obtain 
the Raman spectra of multi-graphene (the number of layers < 5). 40 

The Raman spectra of exfoliated graphene collected at different 
sites (see Supplementary Information, Fig. S4), indicating that 
there are no obviously differences, and the D peak (~ 1,350 cm-1) 
gives evidence of the presence of defects, that is, either edges. 

To study the bonding state of carbon atom in the exfoliated 45 

graphene, X-ray photoelectron spectroscopy (XPS), a powerful 
spectroscopic technique that measures the elemental composition, 
empirical formula, chemical state and electronic state of the 
elements existed in a material, was employed to determine the 
hybridization of the carbons on the surface. The full scan spectra 50 

of the graphene and pristine graphite are shown in Figure 3b. The 
peaks at binding energy of 284.6 eV and 533.15 eV are ascribed 
to C1s and O1s. The O1s is ascribed to the adsorbed molecular 
oxygen on the surface of the graphene and pristine graphite. As 
shown in Figure 3b insert, only a pronounced C1s peak at 284.6 55 

eV can be observed in the XPS spectra of exfoliated graphene, 
indicating high purity of the exfoliated graphene sample. The C1s 
XPS spectra of graphene clearly reveal that the intrinsic in-plane 
crystal structure of graphite remains intact during hydrothermal 
exfoliation process.  60 

 
Fig. 3 Evidence for defect-free graphene. Raman spectra for bulk graphite 
and exfoliated graphene (a). XPS survey spectra of pristine graphite and 
exfoliated graphene (b), Insert, a carbon 1s core-level XPS spectrum of 
graphene (Binding energy: 280-290 eV). 65 

The possible hydrothermal exfoliation process for graphene 
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    Graphite is stacked layers of many graphene sheets, bonded 
together by week van der Waals force. Thus, in principle, it is 
possible to produce graphene from a high purity graphite sheet, if 
these bonds can be broken. Theoretical simulations suggested that 
polar molecules such as aminotriazines can be adsorbed on the 5 

graphite through specific interactions of NH2 groups with the 
underlying surface of graphite.38 Researchers had revealed that 
the van der Waals force between the two water molecules is 
decreased with increasing of temperature in the condition of high-
temperature-high-pressure, indicating the water molecules are 10 

force-free and have vigorous Brownian motion of molecule under 
hydrothermal conditions.32,39,40 Interesting, H2O is polar 
molecules of V-shaped structure and the surface tensions of water 
close to 40 mJ m-2 at hydrothermal condition, suggesting that 
water molecules can be adsorbed on graphite sheets and dispersed 15 

graphene. Molecules of V-shaped structure can easily to embed 
the graphite layers, and separate the flakes. The additive of FeCl2 
plays a key role on the exfoliation of graphite to form few layer 
graphene. The presence of FeCl2 after hydrothermal treatment can 
be certified by FTIR analyses (see Supplementary Information, 20 

Fig. S5). During the process, FeCl2 act as a intercalatant can 
intercalate into graphene sheet to diminish van der waals 
interactions between graphite layers and graphene sheets in 
subcritical water. We propose the interaction between H2O, FeCl2 
molecules and graphite particles can facilitate exfoliation of 25 

graphene sheets from surface of graphite particles. Due to the 
interaction between H2O, FeCl2 molecules and graphite flakes 
under the condition of hydrothermal, graphite can be exfoliated 
into few or single-layered graphene sheets upon the shear force 
drove by Brownian motion of H2O and FeCl2 molecules (Scheme 30 

1). Exfoliated graphene sheets are dispersed by water and 
surfactant, and centrifugated graphene and sediment.  

 
Fig. 4 Schematic illustration of hydrothermal exfoliation process for 
graphite flakes in presence of H2O and FeCl2 comprising of three process 35 

of A, B, C. The interaction between H2O, FeCl2 molecules and graphite 
flakes under the condition of hydrothermal (A). Exfoliation of graphite 
drove by vigorous Brownian motion of H2O and FeCl2 molecules (B). 
Exfoliated graphene sheets are dispersed by water and surfactant (C). 

Conclusions 40 

In summary, a hydrothermal exfoliation approach has been 
developed for production of high quality graphene from 
exfoliation of graphite sheets collaborated with intercalant 
(FeCl2). AFM, Raman spectra, and XPS have demonstrated 
hydrothermal exfoliation of graphite is simple, green, high yield, 45 

and nontoxic method to produce single- or few-layer graphene. 
Our method results in defect-free graphene at yields of ~10 wt%, 
the process could potentially be improved to give yields of up to 
35 wt% of the starting graphite mass with sediment recycling. In 
addition, FeCl2 can diminish van der Waals interactions between 50 

graphite layers, and the molecule of H2O can be adsorbed/spread 
on the surface of graphite under hydrothermal condition. Thus, 
graphite can be exfoliated into few or single-layered graphene 
sheets upon the shear force drove by Brownian motion of H2O 
and FeCl2 molecules. Also, exfoliated graphene as a mechanical 55 

reinforcement for polymer-based composites can be used for a 
range of applications such as optical limiters, transparent 
conductors, and sensors. Furthermore, our approach can, in 
principle, be used to synthesize intercalation compounds and 
nanoparticles, and to exfoliate other layered compounds such as 60 

BN, MoS2, and carbon nanotubes. This hydrothermal exfoliation 
technique can be applied to a wide range of materials and has the 
tremendously potential to be scaled up into an industrial process. 
We believe this highly efficient method will offer a simple and 
green approach for the preparation of high quality and large 65 

quantity graphene, and open up a range of potential large-area 
applications, from device and sensor fabrication to liquid-phase 
chemistry.  
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