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Abstract A versatile and scalable mixed-solvent

strategy, by which two mediocre solvents could be

combined into good solvents for exfoliating graphite,

is demonstrated for facile and green preparation of

graphene by liquid-phase exfoliation of graphite. Mild

sonication of crystal graphite powder in a mixture of

water and alcohol could yield graphene nanosheets,

which formed a highly stable suspension in the mixed

solvents. The graphene yield was estimated as

*10 wt%. The optimum mass fraction of ethanol in

water–ethanol mixtures and isopropanol in water–

isopropanol mixtures was experimentally determined

as *40 and *55 % respectively, which could be

roughly predicted by the theory of Hansen solubility

parameters. Statistics based on atomic force micro-

scopic analysis show that up to*86 % of the prepared

nanosheets were less than 10-layer thick with a

monolayer fraction of *8 %. High resolution trans-

mission electron microscopy, infrared spectroscopy,

X-ray diffraction, and Raman spectrum analysis of the

vacuum-filtered films suggest the graphene sheets to

be largely free of defects and oxides. The proposed

mixed-solvent strategy here extends the scope for

liquid-phase processing graphene and gives research-

ers great freedom in designing ideal solvent systems

for specific applications.
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Introduction

Graphene has been fascinating researchers world-wide

due to its unique physical and chemical properties and

its hugely potential applications (Geim 2009; Geim

and Novoselov 2007; Shapira et al. 2012). As a

prerequisite of studying graphene and taking its

related applications to the real world, methods for

preparing graphene should be highly developed to

make green, low cost and high-throughput graphene

easily available. And developing green, low cost, and

large-scale methods for producing graphene is always

at the center of graphene research. Numerous routes

have been proposed to prepare graphene (Dreyer et al.

2010; Novoselov et al. 2004; Norimatsu et al. 2011;

Sun et al. 2010; Khan et al. 2010; Lotya et al. 2010;

Hernandez et al. 2008; Bourlinos et al. 2009; Coleman

2009; Yi et al. 2011; Shen et al. 2011; Murugan et al.

2009; Valles et al. 2008; Stankovich et al. 2006),

among which the reduction of graphene oxide in
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liquid-phase has been a promising route to achieve

mass production of graphene (Dreyer et al. 2010;

Stankovich et al. 2006). However, this technique is a

multistep process with severe oxidizer and reductant,

and the residual defects cannot be removed completely

(Dreyer et al. 2010; Stankovich et al. 2006). In

addition, the direct liquid-phase exfoliation of crystal

graphite assisted by sonication in certain solvents or

solution makes facile, green, scalable, and low cost

graphene production possible (Khan et al. 2010; Lotya

et al. 2010; Hernandez et al. 2008; Bourlinos et al.

2009; Coleman 2009; Yi et al. 2011; Lu et al. 2009;

Shen et al. 2011). But, currently the good solvents

suitable for the sonication-assisted liquid-phase

method are often high boiling, expensive, and toxic

(Khan et al. 2010; Hernandez et al. 2008, 2010;

Coleman 2009). Hence, there is definite room for

improving liquid-phase production of graphene based

on the exfoliation of crystal graphite. We will

naturally raise a question that whether it is possible

to find a green and low boiling solvent to reduce cost,

eliminate pollution, and simplify the process of

preparing graphene by sonication-assisted exfoliation.

Supposing this expected solvent can be readily

obtained or designed, the aim of preparing graphene

with facility, scalability, low cost and no contamina-

tion could be achieved. The article here is aimed at

finding or designing this kind of totally green solvents.

Unfortunately, the most common used and green

solvents, water and alcohol, are conventionally

deemed poor solvents for exfoliation and dispersion

of graphene. Nevertheless, to the best of our knowl-

edge, the theory of Hansen solubility parameters

(HSP) has testified that a given solute can be dissolved

in a designed mixture of even two nonsolvents

(Hansen 2007). So it is desirable and possible to go

further to achieve the aim of exfoliating crystal

graphite into graphene in the water–alcohol mixture.

Herein, we report for the first time a mixed-solvent

strategy for the facile and green preparation of

graphene by exfoliating graphite in the water–alcohol

mixture, where two kinds of alcohols, ethanol and

isopropanol (IPA), were chosen for toxicological or

hazardous considerations, and their exceptional

advantages including low boiling point, low cost,

and user-friendliness. And the nature of low boiling

point allows quick solvents evaporation and individual

graphene sheets easily sprayed cast onto substrates. By

optimizing the mixing ratio of water and alcohol,

graphene dispersion with considerable concentration

and high stability can be obtained. The demonstrated

mixed-solvent strategy here is likely to expand the

scope for exploiting solution-processable graphene

and facilitate the manipulation of graphene toward

different applications.

Experimental

Materials

The crystal graphite powder (particle sizes B 300

mesh; purity C 98.0 %), ethanol and IPA were pur-

chased from Sinopharm Chemical Reagent Beijing

Co., Ltd. The purified water was purchased from

Beijing Kebaiao Biotech. Co., Ltd. All the materials

employed in the experiments were used as received.

Preparation

Graphene dispersion was prepared by irradiating

natural graphite powder in the fresh water–alcohol

mixture with mild ultrasound, during which the

mixing ratio of water and alcohol was varied. The

true power output was estimated as *20 W by

measuring the temperature rise of a known mass of

water sonicated for various time (Supplementary Fig.

S1). In the experiments of optimizing mixing ratio of

water and alcohol, 20 mL solution in glass vessel with

initial graphite concentration of 0.2 mg/mL was

sonicated for 1 h in a fixed position in one sonic bath

(KQ2200DE, 40 kHz, Kunshan Ultrasonic Instrument

Co., Ltd., China). After sonicaton, the obtained dark

dispersion was left to stand for 8 h for the sufficient

sedimentation of large particles. Then the upper less

dark dispersion was centrifuged at 1,000 and

3,000 rpm (9112 and 1,0089g) for 30 min with a

80-2 centrifuge (Jintan Zhongda Apparatus Co., Ltd,

China) to remove any largish flakes, eventually

resulting in homogeneous colloidal suspension of

graphene sheets in the water–alcohol mixtures. For

each specific mixture ratio, five samples were

repeated. The concentration was determined after

1 Krpm centrifugation and standing for 2 weeks. The

thin film for fourier transform infrared (FTIR) spec-

trum, Raman spectrum, and X-ray diffraction (XRD)

analysis was prepared by vacuum filtration of the

dispersion obtained from the above-mentioned
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optimizing experiments through a porous membrane

(mixed cellulose esters, pore size 0.22 lm).

Characterization

Height profile and morphology of graphene sheets

were investigated with atomic force microscope

(AFM) CSPM5500 (Being Nano-Instruments Ltd.,

China) equipped with a 13.56 lm scanner in tapping

mode. AFM samples were prepared by pipetting

several microliters graphene dispersion onto heating

mica substrates which facilitated extremely quick

evaporation of low boiling point solvents. Optical

absorbance measurements were performed at 660 nm

using a Vis spectrophotometer (721(E), Shanghai

Spectrum Instruments Co., Ltd, China) with 1-cm

cuvette. And the concentration C after centrifugation

was determined from Lambert–Beer law, A/l = aC,

where a was taken as 2,460 mg/mL m-1 (Hernandez

et al. 2008, 2010). Transmission electron microscopy

(TEM) samples were prepared by pipetting a few

microliters onto holey carbon mesh grid. TEM and

high resolution TEM (HRTEM) imaging were per-

formed by a JEOL JEM-2010FEF operated at 200 kV.

Scanning electron microscopy (SEM) images were

collected by a LEO 1530VP. SEM samples were

prepared by recovering the pristine graphite powder,

the precipitate after centrifugation, or the ruptured

graphene films onto silicon substrates. XRD patterns

of the graphene film were collected by using Cu Ka
radiation (k = 1.5418 Å) with an X-ray diffractome-

ter (Bruke D8-advance) operating at 40 kV and

40 mA. Raman spectra were obtained directly from

a thin graphene film deposited onto a glass slide by

LabRAM HR800 excited with a 488 nm laser. Ten

spectra were collected from different parts of the film.

These spectra were then normalized to the G peak and

averaged to give the Raman result presented here.

FTIR spectrum of the filtered film was measured using

a Nicolet iS10 spectrometer in the diffuse reflection

mode. UV–Vis spectrum of the graphene dispersion

was recorded on an Agilent-HP 8453 UV–Vis

spectrometer.

Results and discussion

In the mixed-solvent strategy, it is natural for us to

obtain the optimum mixing ratio of water and alcohol.

It is worth noting that the theory of HSP has been

proved effective in studying the exfoliation and

dispersion of graphene in solvents (Hernandez et al.

2010). A most useful concept that quantifies the

principle of ‘‘like dissolves like’’ is the HSP distance

(Ra) defined by Ra = (4(dD1-dD2)2 ? (dP1-

dP2)2 ? (dH1-dH2)2)1/2, where the idea is: the smaller

the Ra, the better is the solubility (Hansen 2007). The

details for calculating Ra are shown in the supporting

information (Supplementary Table S1). The calcu-

lated and experimental results are shown in Fig. 1, in

which the graphene concentration and Ra are strongly

dependent on the mass fraction of alcohol in the

mixture. For the water–ethanol mixture (W–E), the

experimentally determined optimum mass fraction of

ethanol is 40 %, which approaches the minimum point

Fig. 1 Graphene concentration, CG, and the calculated HSP

distance, Ra, as a function of the mass fraction of ethanol (a) and

IPA (b). CG is shown as dots while Ra as solid lines. The Tyndall

scattering effect is seen in the inset photographs for the graphene

dispersion at the optimum concentration
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(mass fraction of *38.6 %) of Ra curve in Fig. 1a,

indicating the consistence between the experimental

results and theoretical prediction. At the optimum

mixing ratio, the graphene concentration can reach

10.9 ± 1.7 lg/mL, ten times higher than that in single

water or ethanol. Similarly, as shown in Fig. 1b, in the

water–IPA mixture (W–IPA), the smallest Ra occurs

at an IPA mass fraction of *58.4 %, while the

experimentally obtained optimum mixture consis-

tently happens at an IPA mass fraction of *55 %.

The corresponding maximum graphene concentration

is 20.4 ± 2.1 lg/mL, leading to a yield of *10 wt%

with an initial concentration of 200 lg/mL considered

here. In short, the experimental results agree well with

the trend of predictions made by HSP theory. The

mixed solvents can achieve much higher concentra-

tion of graphene and turn mediocre solvents into

effective ones.

Furthermore, we investigated the stability of graph-

ene suspension in both two mixtures. The typical

sedimentation curves are shown in Fig. 2. It has been

addressed that the concentration during sedimentation

is approximately amenable to first order exponential

decay (Nicolosi et al. 2005), as shown in the inset

equation of Fig. 2. The fitting details are presented in

Supplementary Fig. S2 and Table S2. The values of

C0/CI and time constant s are *67.4 %, *129 h for

W–E dispersion and *80.2 %, *139 h for W–IPA

dispersion after 1 Krpm centrifugation, respectively.

These values could be higher when higher

centrifugation speed, 3 Krpm, was utilized. The high

C0/CI values indicate the appreciable stability of

graphene suspension in the water–alcohol mixture

with the vast majority of graphene remaining dis-

persed over long time scales, which can be comparable

to that in good solvents such as N-methyl-pyrrolidone

(Khan et al. 2010; Hernandez et al. 2008, 2010). So it

is possible to enhance the stability of graphene

dispersion by mixing mediocre solvents.

To assess the quality of graphene dispersion in the

water–alcohol mixture, knowledge of the exfoliation

degree, morphology feature, lateral size, and structural

quality of the suspended graphene is indispensable.

Once graphene can be dispersed and exfoliated, the

ability to deposit individual flakes onto surfaces is

very important for further characterization. This is

problematic for graphene exfoliated in high boiling

point solvents as their slow evaporation allows

extensive reaggregation. However, our low boiling

point solvent, alcohol and water, show advantages.

Figures 3, 4 and Supplementary Figs. S3, S4 show

some typical AFM and TEM images. The lateral

dimension of most graphene sheets captured by AFM

is between several hundred nanometers and several

micrometers (Fig. 3a, b and Supplementary Figs. S3,

S4) which is collaborated by the TEM results (Fig. 4a,

b). Cross-sections of two typical graphene sheets in

Fig. 3a, b show step heights of *0.9 and *0.57 nm,

respectively, proving them to be monolayers or at

most bilayers. Furthermore, based on statistical anal-

ysis of several hundred graphene sheets imaged by

AFM, we can acquire the histogram of sheets thick-

ness distribution as shown in Fig. 3c. It has been

perceived that two-dimensional sheets are often raised

by extra several angstroms above the supporting

surface and monolayer graphene prepared by mechan-

ical cleavage is more commonly observed with a

thickness of *1 nm by AFM (Novoselov et al. 2004).

Even though the theoretical thickness of monolayer is

0.334 nm, height profile distortions generated by the

AFM instrumental offset between the substrate and

graphene sheet can result in differences of as much as

1 nm in the measured height of the very same

graphene sheet (Nemesincze et al. 2008). Therefore,

we can treat 0.4- to 1-nm thick sheets as monolayers

which occupy *6.7 % in W–E and *8 % in W–IPA.

Similarly, sheets no more than three layers (0.4- to 1.5-

nm thick) can be estimated to account for *35.8 % in

W–E and *39.3 % in W–IPA while few-layer

Fig. 2 Sedimentation curves of graphene dispersion at the

optimum mixing ratio after 1 and 3 Krpm centrifugation. The

dots correspond to the experimental data while the dashed lines
are fitted by the inset equation
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graphene (\10 layers) *78.8 % in W–E and

*85.8 % in W–IPA. Thus, we believe that graphite

in the water–alcohol mixture has been generally

exfoliated into monolayer and few-layer graphene.

Shown in Fig. 4c is a HRTEM image of a graphene

monolayer. The inset of Fig. 4c, a fast fourier

transform (FFT) of this image which is equivalent to

a diffraction pattern, shows a bright inner ring of

{1100} spots and an extremely faint outer ring of

{2110} spots. So the FFT here reveals the typical

diffractions of the monolayer (Hernandez et al. 2008;

Meyer et al. 2007). A filtered image of a square in

Fig. 4c is presented in Fig. 4d, which is of atomic

resolution and clearly illustrates the hexagonal nature

of the graphene. Moreover, intensity analysis along

the line in Fig. 4d illustrates a C–C bond length of

1.47 Å (Fig. 4e) close to the theoretical value of

1.42 Å, and gives a hexagon width of 2.53 Å (Fig. 4f)

coinciding with the expected value of 2.5 Å. In

addition, all imaged regions exhibit this similar

structure, indicating defect-free graphene and a non-

destructive method.

In order to further characterize the graphene

prepared here, films were cast onto porous membranes

from water–alcohol dispersion by vacuum filtration.

Typical SEM and AFM images of the filtered film are

Fig. 3 Representative

tapping mode AFM images

(height scale 0–30 nm) of

graphene sheets in W–E

(a) and W–IPA (b). c A

histogram of the frequency

of nanosheets captured by

AFM as a function of the

thickness per nanosheet in

W–E and W–IPA dispersion
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presented in Fig. 5a, b, c. The structural properties of

graphene prepared here were characterized by UV–

Vis spectroscopy, diffuse reflection FTIR spectrum,

XRD, and Raman spectrum, as shown in Figs. 6 and 7.

As expected for a quasi two-dimensional material, the

UV–Vis spectrum in Fig. 6a is flat and featureless

(Abergel and Fal’ko 2007). The FTIR, XRD, and

Raman spectra were investigated based on the filtered

film. The diffuse reflection FTIR spectrum in Fig. 6b

is virtually featureless. A key feature of the spectrum

is the absence of peaks associated with C–O

(*1,060 cm-1), C–OH (*1,340 cm-1), and –COOH

Fig. 4 Bright field TEM images of typical graphene sheets

deposited from W–E (a) and W–IPA (b). c A HRTEM image of

a section of a graphene monolayer indicated by a square in

b. Inset FFT (equivalent to an electron diffraction pattern) of the

image and the intensity distribution of spots in the dotted-line
rectangle. d A filtered image (fourier mask filtering, twin-oval

patter, edge smoothed by five pixels) of the square in b. Intensity

analysis along the left line (e) and the right line (f)

Fig. 5 A SEM image (a) and an AFM image (b) of a section of a filtered film. c 3D AFM image of (b). SEM images of graphite powder

before sonication (d) and flakes after sonication recovered as a precipitate after centrifugation (e)
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(*1,710–1,720 cm-1) groups (Titelman et al. 2005;

Li et al. 2008a; Hontoria-Lucas 1995; Si and Samulski

2008), which are often prominently observable in

films made from reduced graphene oxide (Whitby

et al. 2011; Li et al. 2008a; Si and Samulski 2008) or

chemically derived graphene (Li et al. 2008b). This

indicates that we produce graphene rather than some

form of graphene derivations, that our strategy does

not chemically functionalized graphene, and that the

filtered films are composed of largely defect-free

material.

The collapse of cavitation bubbles induced by

sonication in liquid can result in shock waves and

shear waves to exfoliate thicker and larger graphite

flakes into thinner and smaller sheets (Suslick and

Price 1999; Shen et al. 2011; Cravotto and Cintas

2010), which is evidenced by SEM images before and

after sonication, as shown in Fig. 5d, e. Therefore,

considering remarkably thin graphene layers from

high degree of exfoliation, the intensity of the (002)

peak in the filtered film dramatically decreases and the

corresponding FWHM increases due to Scherrer

broadening (Morant 1970; Wilson et al. 2009), just

as shown in Fig. 7a. In the inset of Fig. 7a, in contrast

to graphite, no apparent peaks were detected in the

XRD pattern for the filtered film, which may be

attributed to the above-mentioned very thin flakes or

graphene layers due to high degree of exfoliation.

However, when the y-axis is changed to a logarithmic

scale (Fig. 7a), a weak peak appeared at 2h–26.6�
corresponding to the (002) planes, which are identical

to that in the graphite powder. This indicates an

unchanged layer-to-layer distance in graphite. Never-

theless, no (004) peak can be detected for the filtered

film, stating that the sublattices in the filtered film

almost completely exclude the long-range order

greater than four layer (Shih et al. 2011).

As for the Raman spectrum, in contrast to the

graphite powder, the G band in the filtered film shifts

to a slightly higher position (*2 cm-1) while the 2D

band to a lower position (*10 cm-1) (Fig. 7b). This

further supports that the graphite is exfoliated to

single- or few-layer graphene (Malard et al. 2009).

Both the structural disorder and edge defects can

induce D bands, while the former can generally result

in G bands’ obvious broadening which is often found

in the chemically reduced graphene (Stankovich et al.

2006, 2007). Meanwhile, the dynamic flow during the

vacuum filtration may tear or fold micrometer sheets

Fig. 6 a Typical UV–Vis

absorption spectrum of

graphene dispersed in W–E.

b Diffusion reflection FTIR

spectrum for the film filtered

from water–alcohol

dispersion

Fig. 7 a XRD spectra of the graphite powder and an as-filtered

film with y-axis in a logarithmic scale. The FWHM of the (002)

peak increased from *0.20� to *0.38�, and the (004) peak

disappeared in the filtered film. Inset XRD spectra with y-axis in

a linear scale. b Raman spectra of the graphite powder and an as-

filtered film
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into submicrometer ones, as shown in Fig. 5a. Con-

sequently, seeing that the broadening of G band is

unremarkable and the size of laser point (1–2 lm)

used in the Raman system will inevitably cover the

edges of graphene sheets in the filtered film, the D

band in the filtered film may be largely attributed to the

edge defects instead of the structural disorder. Also,

the intensity ratio of ID/IG for the filtered film is *0.3

which is much lower than that of the graphene oxide

and chemically reduced graphene (Stankovich et al.

2006, 2007). Furthermore, as shown in Fig. 7b, the

shape of 2D band in the filtered film is irrefutable

evidence of few-layer graphene (Malard et al. 2009).

Therefore, these imply that the filtered film is consti-

tuted of randomly (not Bernal) stacked graphene

sheets, forming a disordered array of few-layer

graphene (De et al. 2010).

Conclusions

In conclusion, we have demonstrated a mixed-solvent

strategy for the green preparation of graphene by

directly exfoliating crystal graphite powder in the

water–alcohol mixture, achieving highly stabilized

graphene dispersion with a graphene yield of

*10 wt%. And the optimum mixing ratio can be

roughly predicted by the HSP theory, i.e., the optimum

mass fraction of ethanol in W–E and W–IPA was

determined as *40 and *55 %, respectively. The

resulted graphene dispersion contains *8 % mono-

layers and *86 % few-layer graphene, where graph-

ite lattice parameters remain and basal planes are

largely free of structural disorder. The green nature of

water, the lower toxicity of alcohol, the low cost and

more accessible graphite powder, and the ease of

operation make the demonstrated strategy facile,

green, low cost, and potentially large-scale. Because

the number of solvent mixtures is limitless, the mixed-

solvent strategy allows researchers great freedom in

designing ideal solvent systems for specific applica-

tions. It can be anticipated that the demonstrated

mixed-solvent strategy will extends the scope for

liquid-phase processing of graphene in green and user-

friendly solution for broader applications.
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