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This work reports a simple, clean, and controlled hydrothermal dehydration route to convert
graphene oxide (GO) to stable graphene solution. The hydrothermally treated GOwas characterized
using UV-visible absorption spectroscopy, atomic force microscopy, Raman spectroscopy, X-ray
photoemission spectroscopy, and solid state 13C NMR spectra. Compared to chemical reduction
processes using hydrazine, the present “water-only” route has the combined advantages of removing
oxygen functional groups from GO and repairing the aromatic structures. By controlling the
hydrothermal temperatures, we can modify the physical properties of GO and obtain tunable optical
limiting performance.

Introduction

Graphene (G), a single aromatic sheet of sp2 bonded
carbon, exhibits novel electronic properties such as bal-
listic transport, massless Dirac fermions,1 Berry’s phase,2

high conductivity,3 and localization suppression.4 Re-
cently, there have been intense efforts to apply graphene
materials in electronic, optoelectronic, capacitor, and
sensing applications. This is driven by the desire to
discover a new performance threshold in this novel
material.5-14 Among the current methods of generating
graphene, solution-processed routes offer the greatest
ease for functionalization and bulk-scale processing.
Solution-processed graphene can be conveniently applied
for spin-coating or inkjet-printing on plastic substrates;
therefore, it has the potential to realize large scale organic
devices or photovoltaic cells. One problem is that the
carrier mobility in solution-processed graphene is orders
of magnitude poorer than the mechanically cleaved gra-
phene due to the presence of a large amount of defects.15

It is also nontrivial to produce graphene films of uniform
thickness (e.g., monolayer) over a large area because the
hydrophobic graphene has a strong tendency to agglom-
erate in aqueous solvents. Exfoliation of graphite via
oxidation with strong acids is one way to generate bulk
quantities of graphene oxide (GO) which can form stable
suspension in water.16 However, the reduction of GO to
graphene is necessary to recover the conjugated network
and electrical conductivity.17 The carboxyl, hydroxyl, or
epoxy groups bondedon graphene andother atomic-scale
lattice defects modify the electronic structure of G and
serve as strong scattering centers that can affect the
electrical transport and light transmission.18 Currently,
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reducing agents such as hydrazine and dimethylhydra-
zine are widely used for the chemical reduction of GO
to graphene.17,19-25 In view of the fact that hydrazine
is toxic and dangerously unstable, it is desirable to
explore a green chemistry route for the reduction of
graphene.
Supercritical water (SC) can play the role of reducing

agent in hydrothermal conditions and offers a green
chemistry alternative to organic solvents. In addition,
its physiochemical properties can be changed widely with
pressure and temperature. SC water behaves like a water-
like fluid with strong electrolytic solvent power, high
diffusion coefficient, high ion molecules, and a dielectric
constant that can be comparable with that of polar
organic molecules. These properties allow the catalysis
of a variety of heterolytic (ionic) bond cleavage reactions
in water. Hydrothermal routes have been employed for
remarkable transformation of carbohydrate molecules to
form homogeneous carbon nanospheres26-28 and nano-
tubes.29

In this paper, we explore a simple hydrothermal route
to convert GO to stable graphene suspension in water.
The hydrothermal conversion method has several advan-
tages over the common chemical reduction processes: (1)
the process requires very simple setup, that is, basically an
autoclave; (2) it has good upward scalability and is
industrially compatible with batch processing; (3) it is
intrinsically pure because it utilizes only water, as op-
posed to the hydrazine or sulfonate chemical reduction
method which inevitably introduces noncarbon impuri-
ties into the treated GO;30 (4) the closed system of relative
high temperature and internal pressure promotes the
recovery of π-conjugation after dehydration, which is
favorable for minimizing defects;25 and (5) engineering
the parameters of temperature and pressure affords a
facile method to control the degree of reduction of the
GO. As a proof of principle for point (4), we demon-

strate that GO with different degrees of hydrothermal
reduction has its electronic and optical properties mod-
ified sufficiently to display distinct optical transmittance
and limiting properties.

Experimental Section

GO was prepared using a modified Hummers method from

graphite powders (Grade 230 U kindly presented by Asbury

Graphite Mills Inc., Kittunning, Pa).16A total of 25 mL of

0.5 mg/mL GO aqueous solution was transferred to a Teflon-

lined autoclave and heated at 180 �C for 6 h. The autoclave was

then cooled to room temperature. The hydrothermally treated

graphenewas found to precipitate at the bottomof the autoclave

as a black powder, possibly due to the low solubility in super-

fluidic water under hydrothermal conditions. The graphene

could be readily dispersed by ultrasonification in water. The

pH of the solution was adjusted with hydrochloric acid and

ammonia solution.

Hydrazine-reduced GO was obtained by adding 10 mL of

98% hydrazine solution into 10 mL of 0.5 mg/mLGO solution.

The reduction proccess was carried out at 50 �C for 12 h. The

graphene flakes were collected with filtration, washed with pure

water several times, and dried at 90 �C.
Characterization. Field emission-secondary electron micro-

scope (FE-SEM) images were carried out with a FE scanning

electron microanalyzer (JEOL-6300F, 5 kV). The UV-vis

absorption spectra were recorded on a Shimadzu UV 2450PC

spectrophotometer. AFM images were taken with Dimension

3100, Digital Instruments, Veeco Metrology Group. The I-V

curve was obtained by two-point measurement using a Keithley

6430 Subfemtoamp remote sourcemeter on a REL-3200 probe

station. Raman spectroscopy was carried out using a WITEC

CRM200 Raman system.31 The excitation source is a 532 nm

laser (2.33 eV)with a laser power below 0.1mWon the sample to

avoid laser-induced local heating. A 100 objective lens with a

numerical aperture (NA) of 0.95 was used in the Raman experi-

ments, and the spot size of a 532 nm laser was estimated to be

500 nm. The spectra resolution of our Raman system is 1 cm-1.

XPS was performed with a Phobios 100 electron analyzer

(SPECS GmbH) equipped with 5 channeltrons, using an un-

monochromated Al KR Xray source (1486.6 eV). The pass

energy of the hemisphere analyzer was set at 50 eV for wide

scan and 20 eV for narrow scan,while the takeoff anglewas fixed

at normal to the sample. High-resolution solid-state 13C NMR

experiments were carried out on aBrukerDRX-400MHzNMR

spectrometer.

Optical Measurements. Monolayer GO and graphene

(G) nanosheets were electrostatically assembled on the optical

fiber using a layer-by-layer technique for optical studies;17

that is, a self-assembled polyethyleneimine (PEI) monolayer

was first formed on SiO2 followed by immersing the substrate

into dilute GO or G aqueous solutions to obtain monolayer

GO or G thin films. Two layers of GO or G films were typi-

cally assembled, with thickness in the range of 2-3 nm.

The nonlinear optical properties including optical limiting,

nonlinear transmission, and absorbance measurements were

performed using 1560 nm infrared fiber laser irradiation (spot

size: 5 μm) with either continuous wave or 5 ns pulses (100MHz

repetition rate).
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Results and Discussion

Superheated H2O promotes acid-catalyzed reaction
of organic compounds because of a sufficiently high
H+ concentration compared to normal liquid phase.
Therefore, the hydrothermal reduction was first carried
out using neutral water. The UV-vis absorption spectra
show that the absorption peak (227 nm) of GO
corresponding to π f π* transitions of aromatic CdC
bonds red-shifts to 254 nm after hydrothermal reduc-
tion treatment at 180 �C for 6 h (Figure 1). The absorption
in the whole spectral region (>238 nm) increases, which
is indicative of the restoration of the π-conjugation
network within the G nanosheets. The inset shows
the color change of 0.5 mg/mL GO solution from
yellow brown to black after hydrothermal treat-
ment. The black color is evident of the partial resto-
ration of the conjugation network within the carbon
structure.
The pH dependence of the hydrothermal reaction was

investigated next. We found that hydrothermal dehydra-
tion of the GO solution at pH = 11 yielded a stable G
solution which can be subsequently spin-coated as single
layer G film (Figure 2a). However, treatment of GO
solution at pH = 3 resulted in intense aggregation of G,
which cannot be dispersed well even in concentrated
ammonia solution. The reduction process is believed to
be analogous to the H+-catalyzed dehydration of
alcohol, where water acts as a source of H+ for the
protonation of OH. As illustrated in Scheme 1, both
intramolecular as well as intermolecular dehydration
can occur on the edges or basal planes of G. The edges
of the GO, as well as some parts of its basal plane, are
terminated by hydrogen, hydroxyl, ether, and carboxylic
groups. In the case of intramolecular dehydration, the
elimination of OH andH can occur on the edge sites of G,
followed by the recovery of π-bonding. As a result of the
principle of microscopic reversibility, the acid-catalyzed
dehydration has a reverse mechanism, that is, the acid-
catalyzed hydration. This is a reversible reaction, and not
all oxygen groups can be removed from theGat the end of
the reaction. As a result, the residual negatively charged
oxygen functional groups allow the G solution to be
dispersed well in water. Using neutral water as the

reacting solvent, the suspension remains stable for three
days.17,22,23

The role of pH is important in the dispersion of the
reduced G. In highly acidic media, the zeta potential of
GO is small17,23 because of the protonation of the O- and
COO- group on GO. In this case the electrostatic repul-
sion between the GO sheets is not strong enough to
overcome the aggregation of the GO by noncovalent
interactions, that is, π-π interactions or H-bonding. In
the aggregated state, the material has a tendency to
undergo intermolecular dehydration catalyzed by H+,
leading to the coupling of G via ether linkages. These
are covalently coupled G because subsequent ultrasoni-
cation in concentrated alkali cannot disperse these
strongly bound covalently bound agglomerates. In
contrast, in alkali media, the zeta potential of the GO
(> -43 mV) is high due to the presence of negatively
charged O- and COO- groups. In such a case, the GO is
well dispersed as a result of electrostatic repulsion and
intramolecular dehydration occuring on the edges of the
GO instead.
The AFM image reveals that the thickness of the G

sheet obtained is about 0.8 nm (Figure 2a). This value is
smaller than that of as-used GO of about 1.5 nm
(Figure 2b), which could be explained by the removal of
the surface oxide groups. The thickness is also thinner
than those of chemically converted G, which is generally
larger than 1.0 nm. Field-emission scanning electron
microscopic (FE-SEM) images of the hydrothermally
treated GO demonstrate that the 2-D molecular sheet
was well preserved for hydrothermal reactions carried out
at neutral or alkaline pH (Figure 2c). The G was thin
enough to be flexible and restack to some degree upon
freeze-drying (Figure 2d). The absence of charging during

Figure 1. UV-vis absorption spectra of the GO (a) before and (b) after
hydrothermal treatment at 180 �C for 6 h. Inset shows the color change of
0.5 mg/mL GO solution before and after hydrothermal treatment.

Scheme 1. (a) Intramolecular Dehydration of G Catalyzed by

H
+a

and (b) Intermolecular Dehydration of G Occuring at High
pH, Giving Rise to Aggregated Products

a Symbolic H and OH functional groups were drawn terminating the
edges of G.
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the SEM imaging indicates that the network of G-based
sheets and the individual sheets are electrically conduc-
tive. Current-voltage measurement also confirms that
the hydrothermally reducedG is conductive, compared to
the insulating GO before treatment (Figure 2e).
High-resolution X-ray photoemission C 1s spectra

(XPS) of the GO show a significant decrease of oxyge-
nated carbon related signals at 286-289 eV after dehy-
dration (Figure 3a), confirming that most of the epoxide,
hydroxyl, and carboxyl functional groups were success-
fully removed. The molar ratio of sp2 carbon to oxidized
sp3 carbon increases from 1.8 for GO to 5.6 for G. XPS
wide scan of the surface of the hydrothermally treated
sample showed that it was very pure and had no impu-
rities, and the only elements present were oxygen and
carbon. The solid state 13C nuclear magnetic resonance
(NMR) spectrum of the GO confirms the presence of
abundant epoxide and hydroxyl groups (Figure 3b). The
peaks at 59 and 69 ppm represent the 13C nuclei in the
epoxide and hydroxyl groups, respectively. The reso-
nance at 126 ppm belongs to the unoxidized sp2 carbons
of the graphene network, and that at 183 ppm arises from
the carbonyl groups.After the hydrothermal reaction, the
amount of oxygen-containing functional groups of the
treated GO was significantly reduced. In addition, the
population of sp2 carbon atoms increased, as indicated by
the increase in the peak at 94-160 ppm,which is reflective

of the dehydration/reduction reactions and recovery of
π-conjugation.
Micro-Raman spectroscopy was used to characterize

the GO before and after hydrothermal dehydration
(Figure 4). For comparison, the Raman spectrum of
hydrazine-reducedGO is also shown. The typical features
in theRaman spectra are theGband at 1593 cm-1 and the
D band at 1352 cm-1 (Figure 4a). The G band is usually
assigned to the E2g phonon of C sp2 atoms, while the D
band is a breathing mode of κ-point phonons of A1g

symmetry. A prominent D band is an indication of
disorder in the Raman of the GO, originating from
defects associated with vacancies, grain boundaries,32,33

and amorphous carbon species.34 The intensity ratio
(ID/IG) of D band to G band of the GO is about 0.96.
Hydrothermal treatment at 180 �C for 6 h decreased the
ID/IG to 0.90 (Figure 4b). This suggests that the hydro-
thermal reaction, besides dehydrating/reducing the GO,
is also able to recover the aromatic structures by repairing
defects. It is instructive to note that for hydrazine-reduced

Figure 2. (a and b) AFM images of G and GO after and before hydrothermal treatment at 180 �C for 6 h, respectively, and the corresponding section
analyses; (c and d) FE-SEM images at different magnification of the G; and (e) the room-temperature I-V curve of the G disk, exhibiting ohmic
characteristics. The G disk was prepared by pressing the powder into the pellet with a hydraulic press.
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G, the ID/IG ratio increased to 1.44 (Figure 4e) after
treatment, and this is due to the presence of unrepaired
defects that remained after the removal of oxygen moi-
eties. This ID/IG ratio value is consistent with most
chemical reduction reports. Therefore, we can conclude
that the hydrothermal reduction route is more effective
than the hydrazine reduction process in repairing
the sp2 network. Alteration of hydrothermal tempera-
tures allows us to control the extent of conversion of
GO to G. Specifically, treatment at 150 and 120 �C
yielded G with ID/IG of 1.02 (Figure 4c) and 1.09
(Figure 4d), respectively. Considering the relationship
of ID/IG with the extent of π-conjugation and concen-
tration of defects on G, the present route allows the

modification of the electronic or optical properties of G
readily.
To test if the optical properties of G can bemodified by

the hydrothermal temperature, we explore the use of the
hydrothermally reduced G as optical limiters when ad-
sorbed on the end surface of an optical fiber. Optical
limiters (OL) are devices designed to have high transmit-
tance for low level inputs while blocking the transmit-
tance for high intensity laser beams. Ideal OL should be
effective for a broad range of laser exposure duration and
repetitive rates, from subnanosecond pulse to continuous
regime. We assembled the GO and G monolayers onto
optical fibers using a layer-by-layer route17 to explore
their suitability as atomic layer OL. This approach, which
directly tests the OL effects on atomic layers of G, is
different from the conventional testing of OL effects
whichwere usually carried out in solution. The advantage
of this approach is that it allows the direct probing of the
attenuation effects due to a well-defined thickness of GO
orG, as opposed to solution testing where OL effects may
arise from scattering effects by instantaneous bubbles
created during the heating of the suspended material.35

Figures 5a and 6a show the OL performance of the
hydrothermally treated GO using 1560 nm continuous
wave (CW) and nanosecond pulse laser irradiation,
respectively. Figures 5b and 6b show the nonlinear
absorbance versus laser intensity plot. For CW laser,
the transmittance of 180 �C hydrothermally treated G is
∼57%, and the output/input power ratio is 0.49. When
the nanosecond pulsed laser was used, the transmittance
decreased to ∼12%, with an output/input power ratio of
0.11. The results indicate that the G derivative material
here shows higher OL properties for nanosecond pulsed
lasers compared to CW lasers.
Interestingly, the OL behavior of reduced GO differs

depending on the hydrothermal treatment temperature as
well as whether pulsed or continuous laser (CW) was
used, attesting to the fact that the hydrothermal treat-
ment can create significant variation in electronic and
optical properties. As shown in Figure 5b, G produced by
hydrothermal treatment at 150-180 �C exhibited better
OLperformance forCW laser compared to that treated at
120 �C and untreated GO.However, the OL performance
was reversed in the case of nanosecond pulsed laser as
shown in Figure 6b; that is, G treated at 120 �C as well as
untreated GO exhibited better OL effects. The different
OLmechanism arises from structures that have either the
semiconductor (GO) ormetallic (G) framework.At initial
high CW laser intensity as shown in Figure 5b, the
absorption actually decreases with laser intensity, and
this is due to the occurrence of saturable absorption (SA).
SA can arise when the first excited state has a lower
absorption cross section compared to the ground state.
For G generated by hydrothermal treatment at elevated
temperatures, the repaired conjugated network affords a
nearly zero-band gap condition which gives rise to a

Figure 3. (a) XPS and (b) solid state 13C NMR spectra of the GO,
(i) before and (ii) after hydrothermal treatment at 180 �C for 6 h.

Figure 4. Raman spectra of (a) GO, G obtained with hydrothermal
treatment of GO at (b) 180 �C, (c) 150 �C, and (d) 120 �C for 6 h, and
(e) hydrazine-reduced GO.

(35) Riggs, J. E.;Walker,D.B.; Carroll,D.L.; Sun,Y. P. J. Phys. Chem.
B 2000, 104, 7071.
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higher initial adsorption as well as SA compared to
partially reduced GO. At even higher laser intensity,
reversed saturable absorption (RSA) occurs36 and OL
sets in. In the case of nanosecond pulsed laser as shown in
Figure 6b, RSA dominates the entire range of laser
fluence due to much stronger pulse energy. In this case,
GO or partially reduced GO exhibits a greater OL effect
than G, which may be associated with the presence of
a finite band gap in these material which gives rise
to greater proportions of excited state absorption.35

The detailed mechanism needs further investigation,
but the current work demonstrates that the optical
transmittance and limiting properties are a sensitive

function of the oxygen functional groups and structural
defects in G.

Conclusion

A hydrothermal route toward clean and controlled
reduction of GO to stable G solution was demonstrated.
The present “water-based” route is advantageous com-
pared to conventional chemical reduction processes using
hydrazine because it is very convenient to use, environ-
mentally friendly, and industrially scalable and shows the
ability to recover aromatic structures via repairing the
postreduction defects.Wehave also demonstrated that by
controlling the hydrothermal treatment temperature, the

optical properties of G can be modified. The hydrother-
mal route has unexplored potential because this work

Figure 5. (a)Optical limiting (OL)performance of as-synthesizedGOandGOafter hydrothermal reduction,measuredwith continuouswave incident light
(1560 nm); (b) nonlinear absorbance. Red line is due to pristine GO, and green, blue, and red lines are plots ofGOhydrothermally treated at 120, 150, and
180 �C, respectively.

Figure 6. (a) Optical limiting (OL) performance of as-grown GO and GO after hydrothermal reduction, measured with 5 ns laser pulses (1560 nm). (b)
Nonlinear absorbance. Red line is due to pristine GO, and green, blue, and red lines are plots of GO hydrothermally treated at 120, 150, and 180 �C,
respectively.

(36) Liu, Z.;Wang,Y.; Zhang,X.;Xu,Y.; Chen,Y.; Tian, J.Appl. Phys.
Lett. 2009, 94, 021902.
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only utilized superheated water. By tuning the engineer-

ing parameters of temperature and pressure toward the

supercritical point of water, the chemical properties of the

water like dielectric constant and ion point will change,

and the reduction chemistry may change in an interest-

ing way. For future work, it is also possible to add

haloacids like HBr or HCl so that conjugate base

can undergo nucleophilic substitutions on G, thus

affording a one-step hydrothermal reduction and func-

tionalization.
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