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1. Introduction

Graphene, one kind of two-dimensional nanomaterial, has
attracted much attention in a series of application fields. Consti-
tuted by the honeycomb C—C network, graphene possesses
extraordinary mechanical [1], electronic [2], thermal [3] and opti-
cal properties [4], and thus holds great promise in a wide range of
applications including energy storage [5], composite [6] and catal-
ysis [7]. However, despite its huge potential and bright prospects,
the scalable production of graphene remains a huge challenge.

The common methods for preparation of graphene mainly
include micromechanical cleavage [8], chemical vapor deposition
(CVD) [9], epitaxial growth [10], reduction of graphene oxide [11]
and liquid exfoliation of graphite [12,13]. Among them, reduction
of graphene oxide (GO) is typically regarded as the strategy that
is most suitable for mass production of graphene. GO can be easily
dispersed in water to form stable colloids owing to abundant oxy-
genated functional groups attached to its basal plane and edges
[14]. After the reduction process, GO can be converted to reduced
graphene oxide (RGO) as these groups are eliminated. However,
this approach has its own disadvantages. Though oxidation-
reduction method can achieve high graphene concentrations, the
reduction process is not green for the usage of highly toxic reduc-
ing agents like hydrazine [15], and reactions at an extremely high
temperature [11]. Besides, the oxygen-contained functional
groups, which make GO electrically insulate, cannot be reduced
completely [14]. The residual defects after reduction also render
the properties of as-prepared RGO inferior to those of pristine
graphene.

In contrast, liquid exfoliation of graphite in suitable solvents
provides a simple and cost-efficient route to graphene preparation.
Specifically, the Van der Waals force between graphite internal lay-
ers is overcome by applied mechanical interactions, e.g. ultrasonic
cavitation [16]. Significantly, such method can maintain the struc-
tural integrity of pristine graphene to a large extent, and thus out-
perform the oxidation-reduction method. However, liquid
exfoliation is not without drawbacks. It has been demonstrated
that organic solvents, like NMP [12] and DMF [17], are excellent
solvents for producing graphene due to their suitable surface
energy, but they suffer from high cost, toxicity, high boiling point
and a lack of user-friendliness, etc. On the other hand, to exfoliate
graphite in aqueous solutions, surfactants are often introduced to
stabilize graphene suspensions, as depicted in many reports
[18,19]. Such surfactants or organic solvents are quite difficult to
eliminate completely, thus exerting negative effects on the proper-
ties that make graphene unique. To solve this problem, searching
green, volatile and low-cost solvents for preparing graphene is of
great importance.

Water is the most common and widely used solvent that offers
advantages such as low boiling point and good environmental
compatibility. Unfortunately, it is well known that water is a poor
solvent for graphene due to its hydrophobic nature. Recently, sig-
nificant efforts have been devoted on this issue. To maximize the
surface charge, Li et al. [20] used ammonia solution to modulate
the pH value, resulting in stable aqueous dispersions of chemical
converted graphene (CCG) with a high concentration of ~0.5 mg/mL
without the assistance of polymers or surfactants, but this method
still suffers from the highly toxic hydrazine. Yi et al. [21] demon-
strated that graphene produced by liquid exfoliation in organic sol-
vent can be stably dispersed in pure water. Additionally, smaller
graphene flakes results in more stable dispersion. Generally, both
works proved possible dispersability of graphene in aqueous envi-
ronment based on electrostatic repulsion between flakes. Further-
more, some researchers attempt to directly exfoliate pristine
graphite in water. For example, Ricardo et al. [22] prepared multi-
layer graphene by directly exfoliating graphite in the aqueous

solution of NaOH, but the maximum value of graphene concentra-
tion was only 0.02 mg/mL. Kim et al. [23] achieved direct exfolia-
tion of graphite and storage of graphene nanosheets in pure
water via temperature control (333 K), but the concentration of
graphene only reached 7.5 pg/ml after a quite long sonication pro-
cess (60 h). Therefore, scalable production of graphene nanosheets
in water still remains a big challenge.

In this work, to prepare water-dispersed graphene, we propose
a facile, green, cost-efficient and in situ approach, in which the
addition of a small amount of ammonia solution allows for exfoli-
ation of graphite in water. We find that graphite can be exfoliated
to few-layered graphene nanosheets, while the use of organic sol-
vents, polymers and surfactants is not required. The volatile nature
of aqueous ammonia makes it easy to evaporate during the pro-
cessing of the graphene dispersion. Our findings not only offer
new options of solvents for liquid exfoliation, but also pave the
way for scalable production of graphene in water-based systems.

2. Experimental
2.1. Materials

The pristine graphite powder was purchased from Alfar Aesar
(325 mesh, Product Number 43209). The deionized (DI) water
was obtained from Beijing Kebaiao Biotech. Co., Ltd. The ammonia
solution (25-28%) was bought from Xilong Chemical Co., Ltd. All
the materials were used as received.

2.2. Preparation of graphene

The schematic process flow is shown in Fig. S1. In a typical
experiment, 200 mL of DI water was poured into a wide-mouth
bottle with the volume of 500 mL, in which 40 pL of aqueous solu-
tion of ammonia was utilized to adjust the pH value to around 9.
4000 mg of graphite powder was added into the basic water to
achieve an initial concentration of 20 mg/mL. The mixture of gra-
phite and water was sonicated for 2 h at a fixed position in one
sonic bath (1730 T, 120 W, 40 kHz, Beijing Kexi Ultrasonic Instru-
ment Co., Ltd., China). During the sonication process, a piece of
preservative film was covered on the sealed cap of the bottle to
prevent ammonia evaporation. After sonication, the as-prepared
dispersion was allowed to stand for 2 h. Then the upper dispersion
was centrifuged at 2000 rpm for 30 min with a 80-2 Centrifuge
(Jintan Zhongda Apparatus Co., Ltd., China) to remove large flakes
and unexfoliated graphitic particles. Eventually, the supernatant
of the centrifugation tubes was carefully assembled as the gra-
phene dispersion. A thin film of graphene was prepared via vac-
uum filtration of the graphene dispersion through a porous
membrane (mixed cellulose esters, pore size 0.22 pum). Parameters
mentioned above, including pH value, sonication time, initial con-
centration of graphite and centrifugation rate, were altered to
investigate effects of them. All of the experiments were performed
at ambient conditions.

2.3. Characterization

Transmission electron microscope (TEM) and high-resolution
TEM (HRTEM) images were taken with a JEOL 2100 operating at
200 kV. TEM samples were prepared by pipetting a few drops of
dispersions onto holey carbon grids. Atomic force microscope
(AFM) analyses were performed using a CSPM5500 (Beijing
Nano-Instruments Ltd., China) to investigate thickness and lateral

size of graphene. AFM samples were prepared by pipetting several
microliters of graphene dispersion onto mica substrates. The con-
centration of graphene, C, was calculated following Lambert-Beer
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law, A/l = aC, where o was regarded as 2460 mg/mL/m [12]. The
optical absorbance, A, was measured at 660 nm using 1 cm quartz
by a UV-vis spectrophotometer (Purkinje General TU1901). The
Raman and X-ray photoelectron spectroscopy (XPS) samples were
the graphene films prepared via vacuum filtration. Raman analyses
were conducted using a Renishaw Rm2000 with a 514 nm laser.
XPS was carried out using a Thermo Fisher Scientific ESCALAB-
250 spectrometer. Zeta potential measurements were performed
on a Malvern Zetasizer 3000HSa apparatus. XRD patterns were col-
lected by using Cu Ko radiation with an X-ray diffractometer
(Bruke D8-advance). FTIR spectra were measured using a Nicolet
iS10 spectrometer. All of characterizations were done at 25 °C.

3. Results and discussion
3.1. Tailoring the parameters

Aqueous ammonia was used to modulate the pH value from 8 to
11. As can be seen in Fig. 1a, using pure water as the solvent
resulted in an almost transparent and colorless dispersion, and

thus an extremely low concentration of graphene. In contrast, by
adding a very small amount of ammonia solution, a dark dispersion

a)

b)

could be obtained. The concentration of graphene (pH = 9) reached
28.94 ng/mL, which was 20 times higher than that using pure
water. For comparison, after sonication (prior to the centrifugation
step), the dark dispersions with and without pH adjustment were
also sedimented for 48 h. As shown in Fig. S2, we found that for
the sample using pure water, the upper dispersion turned to be
entirely transparent with a small amount of visible graphitic parti-
cles suspended. This indicates a low extent of exfoliation or high
level of precipitation. Interestingly, the sample with pH adjustment
appeared dark and homogeneous. This phenomenon can be attrib-
uted to the efficient exfoliation of graphite. We also investigated
the effects of the amount of ammonia solution. We found that a
weakly alkaline environment, in which the pH value ranges from
9 to 11, favors the exfoliation of graphite, as seen in Fig. 1b. In addi-
tion, it is found that the as-prepared graphene colloids are stable,
as no severe sedimentation occurred within several weeks. Zeta
potential (Fig. 1b) suggests that the as-prepared graphene
nanosheets are stabilized via electrostatic repulsion [20-22].

For the liquid exfoliation strategy, the initial concentration (C)
of graphite and the sonication time (ts) are of great importance
to the final concentration of graphene (Cg). In this study, we also
investigated the effects of these two parameters. It was found that

Fig. 1. (a) Graphene dispersions prepared in pure water and basic water. (b) Concentration and zeta potential of graphene dispersions as a function of pH value.
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a)

®=1500 rpm

b)

Fig. 2. Graphene concentration as a function of initial concentration of pristine
graphite (a) and sonication time (b).

the concentration of graphene approximately scales with C (for
C <20 mg/mL) and /t;, respectively, as shown in Fig. 2a and b. This
conclusion is in good accordance with that reported by Coleman’s
group [24,25]. It can be seen that C¢ reaches a value of ~58 pg/mL
when the sonication time is extended to 8 h. This value can be
enhanced by simply recycling the unexfoliated graphite particles.
These results tell us that the Cg can be substantially enhanced by
increasing the graphite concentration and extending the sonication
time. Coleman et al. [26] ever prepared graphene with a very high
concentration (up to 1.2 mg/mL) by sonicating graphite powder
over an extending time scale (~460 h), but their work is quite
time-consuming and is not appropriate for industrial-scale imple-
mentation. Herein, we define the “exfoliation efficiency” as the
exfoliation yield per unit time [27]. The Cg scales with /ts, it can
be concluded that the efficiency is in inverse proportion to the
Vs and thus reduces with the increase of exfoliation time. Further-
more, extending exfoliation time leads to reduction of the lateral
size of graphene nanosheets [26]. Based on these discussions, it
is not recommended to unilaterally prolong sonication time to give
a higher concentration of graphene. In many application fields,
large size, typically micron-sized, graphene sheets are highly
demanded. In our study, the optimal sonication time is considered
to be 2 h, since we can prepare mainly micron-sized graphene with
a moderate concentration (~30 pg/mL) and reasonable exfoliation
efficiency (0.075%/h).

During the liquid-phase exfoliation, the final centrifugation step
plays a vital role in the preparation of stable graphene dispersions.
Centrifugation leads to the precipitation of largish graphene flakes
and unexfoliated graphite particles, while retaining graphene

nanosheets in the supernatant. In the previous reports, it was
found that the stability of graphene colloids could be significantly
enhanced at higher centrifugation rates (®) [21,28]. Higher cen-
trifugation rate results in smaller lateral size. In this work, we also
performed centrifugation process at different rotation rates to
investigate the effects on the stability of graphene. Typical sedi-
mentation curves of water-dispersed graphene are plotted in
Fig. 3a, where the C¢ is approximately amenable to first order
exponential decay [29]. To quantitatively analyze the stability of
graphene colloids, the Cg is fitted by the inset equation of Fig. 3a,
Cc/Cy = Co/Ci+(1—Co/Cy)e ", where the C; represents the initial con-
centration of graphene (thus prior to sedimentation), Cy is the con-
centration of the stable phase, and the 71 is the time constant. The
fitting results are displayed in Table S1. Apparently, the stability
of graphene, which can be illustrated by the value of Co/C, is
enhanced by increasing the . At 1500 rpm (319 g), the Cg
decreased rapidly, indicating severe agglomeration within one
week. In contrast, the Cg reduced steadily and eventually to 61%
of the initial concentration at 2000 rpm (568 g), which suggests a
much better stability. At 2500 rpm (888 g), the final value of
Co/C; is further improved to ~69%, which means that most of the
graphene flakes remain dispersed over long time scales [28]. Zeta
potential reveals that a strong electrostatic repulsion force is
responsible for the enhanced stability. The zeta potential of gra-
phene at 2500 rpm is —40.7 mV, which exceeds the critical value

Fig. 3. (a) Sedimentation curves of graphene dispersions at different centrifugation
rates. (b) Graphene concentration as a function of centrifugation rate. The inset
shows a photograph of graphene dispersions prepared at different centrifugation
rates (from left to right): 1000 rpm, 1500 rpm, 2000 rpm, 2500 rpm and 3000 rpm.
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of 30 mV that can ensure a good stability. On the other hand, it has
been reported that the concentration of graphene decreases with
the increase of ® [19,21]. Accordingly in our study, the
concentration is 113.69 pg/mL at 1000 rpm, but reduces to
13.80 pg/mL at 3000 rpm (Fig. 3b). Surprisingly, our fitting result
shows that the C¢ scales with @2 rather than o~'. This finding
is consistent with the centrifugation theory, but is distinct from
the results of a previous literature [26]. Considering stability, con-
centration and lateral size, we believe that the optimal centrifuga-
tion speed is 2000 rpm.

3.2. Morphology and quality of graphene

In order to systematically assess the morphology and quality of
graphene, or the exfoliation degree of graphite, various character-
izations were performed. Fig. 4a shows a typical TEM image of the
as-exfoliated graphene nanosheets with diverse lateral sizes. It can
be seen that several small flakes with lateral size of 200-600 nm
are stacked on a large flake with lateral size of about 1 pm. The
number of layers of the graphene flakes can be precisely counted
through the HRTEM observation. The number of layers can be read-
ily determined by counting the number of the dark lines at the
folded edges. For instance, by directly counting the number of
the dark lines, we can easily confirm that the observed graphene
flake shown in Fig. 4b contains 4 layers. Despite a small amount
of thick flakes (>8 layers), it is found that most graphene flakes
are few-layered (2-7 layers). This result confirms the presence of
thin graphene nanosheets, and thus the efficient exfoliation of gra-
phite. The electron diffraction pattern (Fig. 4c) shows a hexagonal
symmetry structure, indicating that the crystallinity of graphene
structure is retained during the exfoliation process [30]. The asym-
metric distribution of diffraction intensity may be attributed to the
superposition of diffraction beams of upper and lower graphene
layers. More TEM and HRTEM images are displayed in Figs. S3
and S4 of Supplementary Information, respectively.

Meanwhile, AFM can be employed to directly and precisely
identify the thickness and the lateral size of graphene nanosheets.
The height of the graphene flake shown in Fig. 5 is measured as
~1.7 nm, while the lateral size can be estimated as ~2 pm. Mica
is applied as the substrate, and thus graphene flakes are often
raised by extra several angstroms above the substrate [31], we
herein regard this 1.7 nm-thick graphene sheet as 3-4 layers. We
find many flakes to have a thickness of 1.5-3.5 nm and a lateral
size ranging from 200 nm to 2 pm, suggesting that as-obtained
graphene nanosheets are mainly few-layered and with a wide size
distribution. The AFM data are in good agreement with the TEM
analysis. Additional AFM images are shown in Fig. S5. In addition,
in comparison with graphene flakes exfoliated in aqueous solution
of NaOH with thickness ranging from several nanometers to sev-

5nm

200 nm

Fig. 5. (a) An AFM image of a graphene flake. (b) Corresponding height profile of the
graphene flake.

eral tens of nanometers [22], graphene sheets prepared by our
method are much thinner, indicating a higher degree of exfoliation.

XPS was performed to determine the chemical compositions of
as-prepared samples and characterize the chemical status of ele-
ments in them. Survey spectra of pristine graphite and graphene
are displayed in Fig. 6a. The oxygen content of graphene is 4.60%,
which is a little higher than that of graphite (3.60%). As for the
high-resolution spectra (Fig. 6b), the main peak of carbon element
of graphene shows a very small positive shift, as compared with
that of graphite (~284.8 eV). Peak fitting results reveal that carbon
is bonded with oxygen, and the content of C—OH and C=0 bonds
slightly increases after exfoliation. These results can be attributed
to the reaction of graphene edges with water and the in situ NH;
reduction of the oxygenated functional groups formed at the edges
[32,33]. See Table S2 for more details. However, no obvious peak of
nitrogen (~400 eV) was observed, indicating that there is a very
small amount of nitrogen bonding with carbon atoms.

Fig. 4. (a) A typical TEM image of as-prepared graphene. (b) An HRTEM image showing a four-layer graphene. (c) An SAED pattern.
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Fig. 6. XPS spectra of graphite and graphene. (a) Survey spectra of graphite and graphene film. (b) High-resolution spectra of C 1s.

Fig. 7. Raman spectra of pristine graphite and graphene film.

As an essentially complementary characterization, Raman spec-
troscopy was performed to examine defect density and structural
changes of pristine graphite and as-prepared graphene nanosheets.
For comparison, the Raman spectra of pristine graphite and the
graphene film prepared by vacuum filtration are displayed in
Fig. 7. The D (~1350cm™'), G (~1580cm-1) and D’ band
(~1610cm™!) are first-order bands [34], while the G*
(~2500cm™'), 2D (~2720cm™!) and D+ D’ band (~2900 cm™')
are second-order bands [35]. The shape of the 2D band is an indi-
cator of the exfoliation degree of graphene. Apparently, the 2D
band of graphite shows a remarkable shoulder, while no shoulder
was found at the graphene film. This significant shape distinction
illustrates that the nature of the graphene film is intrinsically dif-
ferent from pristine graphite, and confirms the exfoliation of gra-
phene nanosheets from the graphite precursor [36,37]. On the
other hand, the presence of D band indicates the existence of
defects while the G band is attributed to the stretching of the
C—C bond. The defect content can be characterized by the ratio
of the intensity of D band to G band, Ip/lc. These defects can be
divided into two sorts: basal plane defects and edge defects

[12,15]. Basal plane defects typically occur in GO or RGO, and lead
to the broadening of G band [36,37]. However, remarkable broad-
ening cannot be found in the spectrum of as-prepared graphene,
suggesting that the current method introduces little basal plane
defects. Considering that the size of graphene ranges from
~100 nm to 2 um, and that the laser beam spot (1-2 pm) in the
Raman spectroscopy will inevitably cover the edges, the presence
of D band is probably due to edge defects rather than basal plane
defects [38]. In addition, the value of Ip/lg of graphene film is
~0.31, which is much lower than that of GO and RGO [15,39].
These analyses indicate that the basal plane of graphene
nanosheets is not severely destroyed.

FTIR spectra of graphite and graphene are shown in Fig. S6. In
the spectra, no prominent peaks are observed. A peak at
860 cm ! is attributed to the inter-layer vibrational stretching of
graphitic planes [40]. For graphene, this peak is relatively weak,
indicating the efficient exfoliation. A peak at 1600 cm ™! is due to
skeletal vibrations of graphitic domains [41]. In the spectrum of
graphene, peaks at 1555 cm~! and 1634 cm™! can be ascribed to
N—H bending vibration [42] and O—H bending vibration [43],
respectively. In the XRD pattern of graphene (Fig. S7), a peak at
27.1° is corresponding to the (002) plane of the graphitic lattice.
This indicates that the structure of graphene basal planes is not
destroyed. To measure the electrical conductivity of graphene,
we prepared a ~1.6 um thick graphene film by vacuum filtration
(Fig. S8). The conductivity is measured to be ~500 S/m. This value
is comparable to that of KOH-activated microwave-exfoliated gra-
phene oxide (a-MEGO) [44] and that of graphene exfoliated in pure
water via temperature control [23].

3.3. Exfoliation and stabilizing mechanism

It has been widely accepted that pure water cannot be directly
used as a solvent to exfoliate and disperse graphene. However, in
our work where a small amount of aqueous ammonia (several tens
of microliters) is added to the pure water, the exfoliation of gra-
phite can be significantly enhanced, though the yield (<0.3%) is
much lower than those liquid exfoliation methods using organic
solvents or water/surfactant systems [17-19,24,26,28]. Hence, a
critical issue we must concern is the effects of ammonia solution
on the exfoliation behavior of graphite in water.
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It is known that the layers in bulk graphite connect with each
other via weak intersheet van der Waals forces (-7 stacking). In
the process of sonication-assisted exfoliation, the collapses of
numerous cavitation-induced bubbles eventually exert an inten-
sive tensile force on the graphite flakes and make the exfoliation
happen in a normal force dominated way [16]. On the other hand,
if the surface energy of the solvent matches well with that of gra-
phene, the energy barrier that needs to be overcome for an efficient
exfoliation will be minimized [12]. This is the reason why some
specific organic solvents such as NMP are favorable for exfoliation.
Also, the addition of surfactants could remarkably reduce the sur-
face energy of water, thereby resulting in a significant promotion
of exfoliation. As for pure water, the surface energy is so high that
the energy barrier is too high to overcome by sonication, leading to
the extremely low exfoliation efficiency [18]. With this in mind, we
attempt to use similar idea to explain why exfoliation of graphite
occurs by adding aqueous ammonia. It is examined that the surface
tension of concentrated ammonia solution (55.58 mJ/m?) is indeed
much lower than that of pure water, but the small amount of
ammonia solution that added into water is hardly to affect the sur-
face tension of water [45]. Hence, surface energy cannot account
for the exfoliation behavior.

In the present study, we believe that the release of gaseous
ammonia plays the key role for exfoliation of graphite. The compo-
sition investigations (Table S2) provide indirect evidence for the
presence of ammonia. When ultrasonic cavitation occurs, bubble
collapse occurs rapidly at some tiny areas and induces high local
temperature (several thousand K) and pressure (several thousand
atm) [46,47]. In ammonia-water system, the localized high tem-
perature causes the rapid release of dissolved ammonia, promoting
exfoliation. Water molecules tend to decompose to radicals and
ions under such harsh conditions. Consequently, interactions
between the active edge carbon atoms of graphene and these rad-
icals or ions will occur. This makes the edges of graphene partially
functionalized and thus oxygenated functional groups are formed
[23,32]. In the literatures [48,49], the exfoliation process occurs
when the steam pressure exceeds the interlayer van der Waals
forces. However, the prerequisite of exfoliation is that there are
cracks on basal planes of graphene or there is enough space
between adjacent graphene layers (e.g. expanded graphite). In
the present study, there is no enough space to ensure the infiltra-
tion of the precursor of ammonia gas. Wang et al. [33] achieved
etching of graphene in the presence of oxygen and ammonia gas
and attributed the etching process to the chemical reactions
between graphene edges and the gas. Accordingly, we propose that
in our work, a similar process happens. Specifically, the in situ NH3
reduction of the oxygenated functional groups formed during oxi-
dation happens and may open up these edges, as shown in Fig. 8.
This effect can be called as a “wedge” effect and significantly
reduces the exfoliation resistance. Theoretical works predict that
NH3 molecules physisorb to the plane of graphene without signif-
icant change of the band structure, although a very small charge

Tensile Force

“Wedge” Effect

Fig. 8. Schematic presentations of exfoliation via a “wedge” effect and tensile force.

transfer of f ~0.03-0.04e is predicted to happen [50,51]. The
chemisorption of NH3; molecules with a higher charge transfer of
f=0.18e is more likely to happen at defect sites due to a relatively
low activation barrier [52]. At presence of pre-dissociated oxygen,
the chemisorption is enhanced and becomes nearly spontaneous
[52]. In our work, defects are mainly attached to the edges, so
the in situ reduction energetically prefers to happen at edges
instead of basal planes. On the other hand, from the mechanical
perspective, ultrasonic cavitation results in a process of bubble for-
mation, growth and collapse [53]. When the cavitaion bubbles col-
lapse, micro-jets and shock waves act on the graphite surface
instantly, resulting in compressive stress waves which propagate
throughout the graphite body. When the compressive wave
spreads to the free interface of graphite, a tensile stress wave will
be reflected back to the body. This can be explained by the stress
wave theory [54]. Collapses of numerous bubbles lead to an inten-
sive tensile stress wave which acts as the driving force. The driving
force is enough to peel off the graphene flakes, since the energy
barrier between adjacent graphene flakes is significantly weakened
by the wedge effect.

The last issue we should address is the stabilizing mechanism of
graphene sheets. As shown in Fig. 3a, we find that higher centrifu-
gation speed achieves better stability. Higher centrifugation speed
leads to smaller flake size. As the centrifugation rate increases from
1500 rpm to 2500 rpm, the lateral size of majority of graphene
sheets decreases from several micrometers to several hundred
nanometers. The significant reduction of flake size leads to a much
higher edge-to-area ratio and thus a much larger amount of edge
carbon atoms that can react with water to from oxygen-
containing groups. The ionization of these edge-attached groups
renders edges negatively charged, generating repulsion and
enhancing solubility [20,21]. On the other hand, because the van
der Waals attractive force between smaller sheets is much smaller,
much less repulsive force is needed to prevent smaller sheets from
aggregation. When the flake size reduces to a certain extent, repul-
sive forces can overcome attractive forces and stabilize graphene
colloids.

4. Conclusions

In this study, we report that graphene sheets can be efficiently
exfoliated in water by adding a small amount of ammonia solution.
Graphene with relatively high concentrations (over 0.05 mg/mL)
can be stably dispersed in water via electrostatic repulsion. TEM,
AFM, Raman, XPS, FTIR and XRD results demonstrate that the gra-
phene sheets are of reasonably high quality. The chemical interac-
tion of released ammonia with graphite plays an important role for
exfoliation of graphene. We believe that our work gives new
insights in producing and dispersing of graphene. The graphene
dispersions synthesized by our method can be effectively used
for inkjet printing and transparent electrodes.
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