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Rational regulation of localized sp?/sp® hybrid carbon structure in graphene oxide systems plays a very
important role in developing advanced carbon-based hybrid materials. Here, we report a simple ethanol
solvothermal method toward precise control of the growth of the sp? hybrid carbon configurations/
clusters in the sp® carbon matrix so as to regulate the structure of electronic energy bands in the
graphene oxide system. The results of morphology observation, XPS, solid-state *C MAS NMR, FT-IR
and Raman spectroscopy proved that controllable generation of the sp? hybrid carbon configurations/
clusters can be achieved based on an executive oxidation/reduction strategy. Upon excitation by
a 532 nm laser with 4 ns pulses, the obtained reduced graphene oxide (160-rGO-6) with a large number
of sp2 hybrid carbon configurations displays greater nonlinear reverse saturable absorption response and

a higher nonlinear absorption coefficient § of 560 cm GW™! than graphene oxide with different
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Accepted 17th November 2017 oxidation degree (GO-X, X = 6, 8, 10 and 12), and reduced graphene oxide with relatively few sp? hybrid

carbon configuration ratios (Y-rGO-6, Y = 80, 100, 120, 140 and 180). The significantly enhanced

DOI: 10.1039/c7ral0505¢ nonlinear reverse saturable absorption of 160-rGO-6 is attributed to the two photon absorption and
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1. Introduction

Nonlinear optical (NLO) materials have been extensively studied
for their potential applications in a lot of fields such as optical
limiting, optical communications and optical data recording,
etc.'* Among all the NLO applications, optical limiting is one of
the most promising practical applications in the protection of
delicate optical instruments and human eyes against damage by
high intensity laser beams. A promising optical limiter should
strongly absorb or refract intense, potentially dangerous laser
light, while exhibiting high transmittance for low-intensity
ambient levels.* Many efforts have been devoted to research
into ideal broadband optical limiting materials with different
NLO mechanisms by means of covalent bonding or multiple
plane 7T interactions.

Graphene is an atomically thin two-dimensional carbon
material which consists of sp>-hybridized carbon atoms. It has
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excited state absorption originating from the sp2 hybrid carbon configuration system.

received tremendous interest in many scientific fields. More
particularly, from the study of its singular photonics and elec-
tronics, graphene has captured interest for its NLO properties.®
But the challenges faced in optical limiting applications of
graphene based materials are the absence of bandgap, the
solubility and the difficulty to manufacture graphene on large
scales. These have hindered graphene to be a promising NLO
material. However, graphene oxide (GO), the most well known
graphene derivative, can solve above-mentioned questions very
well. Moreover, GO possesses some characteristics of graphene
due to the presence of pristine graphitic nanoislands, which
make GO also hold obvious NLO properties. As NLO material,
the most striking characteristics of GO compared to graphene is
that electronic band structure can be tuned over a wide range by
regulating the amount of oxygen-containing groups.® The
quantity of oxygen functional groups can be adjusted by
reduction or oxidation procedure. The electronic band structure
of GO and reduced graphene oxide (rGO) directly depend on the
oxidation and the reduction procedure. Furthermore, the NLO
properties of material is often related to their electronic band
gap.” Xiao et al. reported the third-order nonlinear responses of
GO as a tunable platform of hybrid carbon structure. The results
indicated that the tunability of ratio of the sp® and sp” fractions
is a powerful strategy to tune its bandgap.® Liu and co-workers
found that sp>hybridized domains dominated saturable
absorption and the sp*-hybridized domains displayed the two
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photon absorption.® Up to now, GO-based materials are still
being investigated to improve their optical limiting perfor-
mance for the practical application. In order to meet this
challenge, much more perspicuous and systemic studies on the
relationships between the degree of oxidation or reduction of
GO and the optical limiting behaviors need to be paid more
attention. Furthermore, our group have investigated the NLO
properties of GO/rGO covalently functionalized with phthalo-
cyanine. The researching results indicate that the structure of
phthalocyanine molecule and GO can improve NLO perfor-
mance of the hybrid materials.'*** Especially, the oxidation and
reduction degree of GO shows great effect on the NLO proper-
ties of hybrid materials. The reduced graphene oxide covalently
functionalized phthalocyanine hybrid material presented
significantly increased nonlinear absorption coefficient 8 than
GO/phthalocyanine hybrid. It indicates that structure manipu-
lation of sp® and sp® hybrid carbon within GO nanosheets
maybe a powerful way to enhance the NLO properties.

Encouraged by these considerations, in this work, the role of
the regulations of the sp®/sp® carbon structure in the NLO
properties of GO were studied in details. Special attentions are
paid on the regulation of the sp> carbon configuration/cluster
structure and nonlinear optical properties of graphene oxide
and reduced graphene oxide samples. The 160-rGO-6 with
numerous sp> carbon configuration generated under certain
ethanol solvothermal conditions, exhibits stronger RSA
response and higher nonlinear absorption coefficient than
those of the GO and rGO samples, which is attributed to coex-
isted two photon absorption and the excited state absorption
inducing from sp” carbon configurations upon excitation by
a high intensity laser pulse.

2. Experimental section
2.1 Materials

Flake graphite was obtained from nanjing XFNANO materials
Tech Co., Ltd. KMnO,, NaNO;, H,0, and HCI were purchased
from Kermel Chemical Reagent Co., Ltd. De-ionized (DI) water
was used in all experiments.

2.2 Synthesis of graphene oxide (GO)

Graphene oxide (GO) was prepared by the modified Hummers
method.* Briefly, graphite powder (2 g), sodium nitrate (1 g)
and concentrated sulfuric acid (50 mL) were first added into
a 500 mL flask at room temperature. The system was simulta-
neously stirred in an ice bath. Potassium permanganate with
certain amount (6 g, 8 g, 10 g and 12 g) was added gradually to
above solution with mechanical stirring. Then the stirring was
continued for 1.5 h at 0 °C and 2 h at 40 °C. Followed by
addition of de-ionized (DI) water (100 mL) to the mixture, the
temperature was raised to 80 °C and maintained for 10 min.
Subsequently, DI water (250 mL) and hydrogen peroxide
(30 wt%) were added into the mixture to terminate the reaction,
respectively. Finally, the bright yellow suspension was centri-
fuged and washed with 10% HCI solvent for six times. The
resulting suspension was further purified by re-dispersing in DI
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water and dialyzing until the pH value of the solution surpassed
6. The yellow brown colloid was dried under vacuum at 30 °C for
48 hours. According to the added amount of potassium
permanganate, obtained graphite oxide are denoted as GO-6,
GO-8, GO-10 and GO-12, respectively. The flow diagram of
preparing steps can be seen in Scheme S1.f

2.3 Synthesis of reduced graphene oxide (rGO)

For the preparation of reduced graphene oxide (rGO), an
ethanol solvothermal treatment was carried out. In a typical
experiment, as-synthesized GO-6 of 80 mg was dispersed in
anhydrous ethanol of 80 mL by ultrasonic treatment for 2 h to
obtain a homogeneous dispersion. Then, the brown mixture
was transferred to a 100 mL Teflon-lined autoclave and kept in
an oven at a certain temperature for 12 h. Subsequently, the
resulting black slurry was collected, washed six times with
anhydrous ethanol and dried in a vacuum oven at 30 °C for
overnight. The reduced graphene oxide samples prepared under
different temperatures (80, 100, 120, 140, 160 and 180 °C) are
labeled as Y-rGO-6 (Y = 80, 100, 120, 140, 160 and 180).

2.4 Characterization

The scanning electron microscope (SEM) micrographs were
obtained by using a Hitachi S-4800 instrument manipulating at
5.0 kV. Atomic force microscopy (AFM) were carried out with
a Digital Instruments Nanoscope IIIA by using the tapping
mode with a silicon cantilever. The UV-Vis absorption spectra
were taken out with a UV-2700 spectrometer and the samples
were dispersed in DI water. Fourier transform infrared (FT-IR)
spectra were carried out by means of a Nicolet FT-IR NEXUS
spectrometer. Raman spectra were obtained with a HR800
spectrometer using an excitation wavelength of 458 nm. X-ray
photoelectron spectroscopy (XPS) was performed on a Thermo
ESCALAB 250 spectrometer with Al Ko radiation as X-ray source.
High-resolution solid-state >C NMR experiments were obtained
with a Bruker DRX-400 MHz NMR spectrometer.

2.5 Nonlinear optical measurement

The NLO performance of GO and rGO were evaluated from open
aperture Z-scan measurements.'” The advantage of this tech-
nique is experimental simplicity, and it allows simultaneous
determination of the nonlinear absorption and refraction signal
of a sample. In the measurement systems, the excitation source
was a Q-switched Nd:YAG laser (1064 nm, 4 ns). The laser beam
was firstly adjusted by an inverted telescope system that
includes a Glan-Taylor prism and a fluence attenuator, and then
focused by a /100 mm convex lens (Zolix OLB50-100, ¢ 50, f100)
to a beam waist radius w, of 50 um. After the laser beam
penetrated the sample, it was divided into two beams by a beam
splitter. One was the reflected beam that was used as open-
aperture signal. The other was transmitted beam that was
used as close-aperture signal. Both laser beams were monitored
per 850 ms by detectors (PE9-ROHS energy probes, OPHIR Laser
Measurement Group). A computer was applied to collect and
analyze the experimental data that were sent from the detectors
through a Zolix SC300-2A Motion Controller. Dimethyl sulfoxide

This journal is © The Royal Society of Chemistry 2017
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(DMSO) solutions of various GO and rGO with 0.13 mg mL "
were placed in a 2 mm quartz cell. The magnitude of the
nonlinear absorption coefficient 8 of the samples can be
determined by using the intensity variation equation and
adopting an intensity-dependent absorption coefficient."

3. Results and discussion
3.1 Characterization of GO and rGO

The morphologies of as-prepared GO-6 and 180-rGO-6 have
been gained from the scanning electron microscope (SEM) and
atomic force microscopy (AFM). The SEM images of the GO-6
and 180-rGO-6 are shown in Fig. 1A and B. The GO-6 has
a smooth and folded sheet like morphology. After ethanol sol-
vothermal treatment, the 180-rGO-6 shows severe crumple in
the surface and a highly loose architecture, which should be
attributed to the intercalation and release of gas during
reduction process.* Furthermore, the GO-6 and 180-rGO-6 can
be exfoliated into single or few layers graphene, as shown in
AFM analysis (Fig. 1C and D). The GO-6 displays a flat sheets
with a thickness of ca. 1.2 nm, which matches well with the
thickness of an individual layer of GO. The 180-rGO-6 demon-
strates an average layer thickness of ca. 3 nm, indicating few-
layer graphene with 3-6 layers. The reason for the increased
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thickness of 180-rGO-6 compared to that of the GO-6 sheets
maybe attributed to that, after ethanol solvothermal reduction,
the amount of oxygen-containing groups are removed. The
surface of rGO nanosheets became hydrophobic. The strong van
der Waals forces would facilitate the aggregation of graphene
nanosheets.

The FT-IR spectrum can provide important information of
the oxygen-containing functional groups. The FT-IR spectra of
GO-X (X = 6, 8,10 and 12) and Y-rGO-6 (Y = 80, 120, 160 and
180) are demonstrated in Fig. 2. The main characteristic
absorption peaks of GO-6 can be observed at 2900-3600 cm ™
(vo_n) and 1738 ecm ™' (vc—o) from carboxyl groups and
carbonyl, 1635 em™ " (vc—c, do-u) and 1051 ecm ™' (vg_o) from
unoxidized graphitic regions, adsorbed water molecules (the
C=C stretching vibration of unoxidized graphitic regions
merges into the deformation vibration of adsorbed water
molecules) and alkoxy groups.'”' In comparison with GO-6,
the intensity of all characteristic peaks in GO-8, GO-10 and
GO-12 enhances clearly upon increasing the amount of KMnO,
in Hummers method. Moreover, the relative intensity ratio of
the ve—o to vc—c peak (Ic—o/lc—c) gradually increases. These
observations reflect more introduction of the oxygen-
containing groups and enhanced oxidation degree in the GO
nanosheets.

A \/N«/\/\/

20 22 | 24 | 28

Fig. 1 SEM images of GO-6 (A), 180-rGO-6 (B) and AFM images of GO-6 (C), 180-rGO-6 (D), the insets of (C and D) showing the thickness of

GO-6 and 180-rGO-6 nanosheets.
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Fig.2 FT-IR spectra of GO-X (X=6, 8,10 and 12) (a) and Y-rGO-6 (Y =
80, 120, 160 and 180) (b).

The FT-IR spectra of Y-rGO-6 (Y = 80, 120, 160 and 180) are
displayed in Fig. 2b. The 80-rGO-6, 100-rGO-6 and 120-rGO-6
samples prepared under low-temperature ethanol sol-
vothermal treatment exhibit similar characteristic peaks to the
GO-6. After the temperature is higher than 120 °C, the intensi-
ties of all characteristic peaks corresponding to oxygen-
containing functional groups decrease significantly. The peaks
at 2900-3600 cm™ " and 1050 cm ™" ascribed to O-H and C-O
species nearly disappear for 160-rGO-6 and 180-rGO-6. While
the peak at 1738 cm™ " attributed to the carbonyl C=0 group
can be still observed clearly for 180-rGO-6. Moreover, an obvious
peak obtained at 1569 cm ™" (vc—c) should be assigned to the
restoration of the r-system in graphene nanosheets. These
results indicate the gradual reduction of GO-6 by the ethanol
solvothermal treatment. The different oxygen-containing func-
tional groups in the GO nanosheets would be removed gradually
in the reduction process.

The UV-vis absorption spectra of GO-X and Y-rGO-6 can be
seen in Fig. 3. The absorption spectrum of GO-6 displays an
obvious absorption maxima at around 210-260 nm, attributed
to mw-m* transitions of C=C bonds in sp® carbon hybrid
regions.””* In addition, a shoulder peak at around 310 nm
should be ascribed to n-m* transitions of carbonyl groups.>*>*
The broad absorption spectrum extended to 800 nm indicates
the absence of a definite band edge for the GO-6 in the UV-vis
energy range. Compared to GO-6, GO-X (X = 8, 10 and 12)
samples exhibit similar absorption peak type with a tiny blue
shift due to the decrease of the aromatic C=C transitions upon
further oxidation. These results indicate that GO's oxidation
degree gradually increases from GO-6 to GO-12, as documented
in the FT-IR spectra analysis of GO-X.

After reduction via ethanol solvothermal treatment, the
absorption spectra of Y-rGO-6 (Y = 80, 100, 120, 140, 160 and
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Fig. 3 UV-vis absorption spectra of GO-X (X = 6, 8, 10 and 12) (a) and
Y-rGO-6 (Y = 80, 100, 120, 140, 160 and 180) (b) in de-ionized water.

180) can be observed in Fig. 3b. Compared with the GO-6, the
main absorption peak of Y-rGO-6 shifts gradually from 230 nm
of 80-rGO-6 to 253 nm of 100-rGO-6 and the absorptive intensity
decreased clearly. Especially, when the reduction temperature is
higher than 120 °C, the strong reduction leads to the disap-
pearance of the absorption peaks from 140-rGO-6 to 180-rGO-6.
These observations reflect that, after the ethanol solvothermal
treatment, a large amount of epoxy, hydroxyl and carboxyl
groups of GO would be removed along with recover of C=C
species.”®? The new generated sp® hybrid carbon further
enlarged the conjugated m-system. However, this new generated
sp® hybrid carbon will enlarge the existing sp> carbon nanois-
lands or only re-create a few smaller sp* carbon configuration in
graphene nanosheets. The clear evidence should be further
studied by means of solid-state '*C magic-angle spinning MAS
NMP, XPS and Raman spectrum.

Solid-state "*C magic-angle spinning (MAS) NMR was adop-
ted to further confirm the structural change of GO-X and Y-rGO-
6 samples. The >C MAS NMR measurement was performed on
five selected samples including GO-6, GO-12, 100-rGO-6, 140-
rGO-6 and 180-rGO-6, as shown in Fig. 4. For GO-6 sample, the
main signals are located at 60, 69 and 131 ppm, corresponding
to *C nuclei in the epoxide, hydroxyl groups and un-oxidized

180-1GQ:6 /"
v

200 150 100 50
13C chemical shift / ppm

Fig. 4 Solid state **C MAS NMR spectra of GO-6, GO-12, 100-rGO-86,
140-rGO-6 and 180-rGO-6.

This journal is © The Royal Society of Chemistry 2017
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graphitic sp” carbon, respectively.”®*® Compared with the GO-6,
the epoxy and hydroxyl signals of the heavy oxidized GO-12
enhance and the graphitic sp” carbon becomes weak. These
results implies that plentiful epoxy and hydroxyl groups are
introduced as the oxidation condition gradually increases from
GO-6 to GO-12. After the ethanol solvothermal treatment, the
signal of the 100-rGO-6 at 69 ppm assigned to C-OH groups
decreases compared to that of the GO-6, revealing that the C-
OH groups in graphene oxide nanosheets first occurs deoxi-
dization reduction. After reduction at 140 °C, the signals of the
140-rGO-6 at around 60 ppm ascribed to C-OH and C-O-C
groups decrease further significantly. Additionally, the graphitic
sp® carbon moves toward low chemical shift location. With the
increase of the reduction temperature to 180 °C, the graphitic
sp” carbon signal is broadened and shifts from 131 ppm (GO-6)
to 121 ppm (180-rGO-6). The epoxy and hydroxyl signals of 180-
rGO-6 shift to 56 ppm. The movement toward low chemical shift
location should be ascribed to the changes of the chemical
environment of the hybrid carbons in 180-rGO-6 sample. The
generation of numerous sp> hybrid carbons should make 180-
rGO-6 possess different sp?/sp® hybrid carbon structure and
fraction to GO-6 sample, which would change the chemical
environment of *C nuclei in the epoxide, hydroxyl groups and
un-oxidized graphitic sp® carbon. These observations reflect
more significant reduction effects under high temperature
conditions on the hybrid carbon system of graphene oxide.
Further insight into the surface chemical composition of
samples are investigated by using the X-ray photoelectron
spectrum (XPS). The XPS survey spectra of GO-X and Y-rGO-6 are
displayed in Fig. 5a and b. There are main two peaks in all
samples corresponding to C 1s and O 1s species. The O/C
atomic ratio enhances from 0.47 of GO-6 to 0.51 of GO-12,
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fitted into four peaks corresponding to the carbon species with
different chemical valence, namely, C(O)O at 288.9 eV, C=0 at
287.5 eV, C-O at 286.7 €V and C-C (sp> carbon) at 284.6 eV,
respectively.’*** The ratio of the C-O species governs in GO-6.
The peak area ratios of carbon-containing bonds to total area
are calculated according to the XPS analysis and presented in
Table 1. The amount of the C-C species decreases from 26.5% of
the GO-6 to 22.1% of the GO-12 with the increase of the KMnO,
consumption. Meanwhile, the amount of the C=0 and C(O)O
species increases significantly followed by the decrease of the
amount of the C-O species from 30.8% (GO-6)% to 23.3% (GO-
12). It indicates that the residual C-C species (sp® carbon) even
the C-O group in GO-6 nanosheets were oxidized gradually to
C=0 and C(O)O species during the process of the heavy
oxidation. Furthermore, after the reduction by means of the
ethanol solvothermal treatment, the amount of the C-C species
increases to 59.8% of 180-rGO-6, and the amount of C-O, C=0
as well as C(O)O species decreases clearly, as shown in Table 1.
It is noted that the number of the C-O species displays a process
of an increase and then decrease to 23.5% (180-rGO-6), illus-
trating first reduction of the unstable C=0 and C(O)O species
to C-O group and further to C-C species. The changes of the
carbon species manifest a gradual reduction of the GO-6, which
corroborates the obtained results from FT-IR and solid-state
NMR that the sp® hybrid carbon gradually translate into sp>
hybrid carbon with increased ethanol solvothermal
temperature.

Table 1 The peak area (A) ratios of carbon-containing bonds to total
area (A7) according to the XPS analysis

Sample Ac-clAr (%) Ac-olAr (%)  Ac—olAr (%)  AciojolAr (%)
reflecting an increase of oxidized degree with the increased in
the amount of KMnO,. While the O/C atomic ratio decreases GO-12 221 23.3 32.9 21.6
from 0.40 of 100-rGO-6 to 0.18 of 180-rGO-6 significantly. G038 25.3 29.1 30.2 15.3
Undoubted! radual loss of oxygen groups occurs on Go-6 265 308 27.8 14.9
~ndoubtedly, gradu Xygen group urs up 100-1GO-6  30.2 241 29.1 16.6
increasing the ethanol solvothermal temperature. 140-rGO-6  42.6 28.3 19.6 9.4
The C 1s XPS spectra of samples were further studied, as 160-rGO-6 53.1 25.9 14.7 5.3
demonstrated in Fig. 5c. The C 1s XPS spectrum of GO-6 can be  180-r1GO-6  59.8 23.5 12.4 4.2
01
(@) s (b) .
s O/C ratio Cls g
047
0.51 GO-6
B = :
® s 0.40 3
= > [100+GO-6 . =
%‘ 0.50 *g 2
GO-10 o
5 8 |1404G0-6 021 &
g | 2
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Fig.5 XPS survey spectra of GO-X (X =6, 8,10 and 12) (a), Y-rGO-6 (Y =100, 140, 160 and 180) (b) and C 1s XPS spectra of GO-X (X =6, 8 and 12)

and Y-rGO-6 (Y = 100, 140, 160 and 180) (c).
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The Raman spectroscopy is a powerful technique for the
analysis of the carbon framework. The Raman spectra of GO-X,
Y-rGO-6 as well as the raw graphite are illustrated in Fig. S1.t
The graphite exhibits a weak D band at 1364 cm ', corre-
sponding to the disordered modes. A intense and sharp G band
observed at 1581 cm™ " represents an ordered, crystalline and
less defective graphitic sample.**** In comparison with the
graphite, the D bands are significantly intense and the G bands
clearly broaden in the Raman spectra of GO-X (X = 6, 8, 10 and
12), which is ascribed to the generation of a large number of sp®
hybrid carbon in the oxidation process. The procreant sp®
carbon matrix would do great damage to honeycomb graphene
lattice. The creation of vacancies, defects and distortions in
graphene nanosheets during oxidation process further
decreases the size of the sp” carbon domains. These changes
lead to that sp> hybrid carbons are isolated by the sp* carbon
matrix. Moreover, after the ethanol solvothermal reduction, the
intensities of the G band and D band in the spectra of Y-rGO-6 (Y
= 80, 100, 120, 140, 160 and 180) show significant change when
compared with those of the GO-6. The intensity ratio (Ip/Is) of
the D band with G band is widely used to estimate the in-plane
crystallite sizes of graphite and the degree of disorder in
graphitic materials. The Ip/I; values of GO-X (X = 6, 8, 10 and
12) and Y-rGO-6 (Y = 80, 100, 120, 140, 160 and 180) are
calculated according to the Raman spectroscopy. Furthermore,
the relationship of the I/I; ratio and the size of the perfect
graphene domains are calculated by using of the eqn (1),

L, (nm) = (2.4 x 107'%Up/Ig) ™' * (1)

(where 2 is the excitation wavelength used in the Raman
experiment in nanometer units, the calculated L, value can
reflect the lateral dimension of sp? carbon cluster in nano-
graphite), to estimate the average crystallite size of the nano-
graphene domains (sp® carbon nanoislands) in our samples.
Fig. 6 displays the change of the L, value against the condition
of the oxidation/reduction. For the GO-X samples, the L, value
decreases from 20.8 nm of GO-6 to 19.1 nm of GO-12, reflecting
that the average crystallite carbon size reduced gradually with
the increase of the KMnO, consumption. While the L, value

KMnOs quantity (g)
6 8 10 12
21.04
(20-6
20.54 \ ‘
20.04 —

M.
80-GO-6 "~

L (nm)

19.54

19.0

|

60 80 100 120 140 160 180
Temperature (C)

Fig. 6 The lateral dimension of in-plane crystallite sp? carbon (L,) of
GO-X and Y-rGO-6 as a function of different oxygen/reduction
condition.
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represents an interesting change of first decrease and then
increase in the process of the ethanol solvothermal reduction.
The decrease of L, value from 20.0 nm of 80-rGO-6 to 18.8 nm of
160-rGO-6 suggests a decrease in the average in-plane crystallite
size of sp” carbon nanoislands. However, the existing sp> hybrid
carbon can not be re-oxidized under reduction condition. The
possible reason for the decrease of the L, value may be that, if
additional sp® carbon domains were created, they should be
smaller in size than the ones presenting in GO-6 sample, but
more numerous in number. In theory, the discontinuous sp> C-C
bonds (sp® carbon configuration) are also a vacancy in the lattice.
Therefore, the existing sp> carbon cluster do not grow large in the
mild ethanol solvothermal condition, and instead only a few
smaller domains, sp” carbon configurations, are created. It
should result in the decrease of the L, value from 80-rGO-6 to 160-
rGO-6. Furthermore, the L, value of the 180-rGO-6 raises to
19.2 nm, implying that further removal of oxygen under high-
temperature ethanol solvothermal treatment leads to percola-
tion among the sp> carbon clusters via the growth of sp* carbon
configurations. The possible evolution process of carbon species
in graphene nanosheets is demonstrated in Fig. 7.

In GO nanosheets, small sp* carbon configurations and large
sp® carbon clusters disperse in sp® carbon matrix (Fig. 7a). After
the ethanol solvothermal treatment, a large quantity of oxygen-
containing functional groups in graphene nanosheets would be
removed gradually. In low-temperature reduction condition, the
size of sp® carbon clusters don't enlarge and the concentration
of sp” carbon configurations increases (Fig. 7b and c). Further
removal of oxygen under the high-temperature ethanol sol-
vothermal condition leads to percolation among the sp> carbon
clusters via growth of sp” configurations, as shown in Fig. 7d.
The interesting evolution of the sp*/sp® hybrid carbon structure
in graphene nanosheets would further induce to the change of
the nonlinear optical properties of graphene, which would be
discussed below.

@ B g @ EE
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%’ ‘%’ Y@ "o o, Y.c@
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o
<

~A sp-C configuration

(@ sp?-C cluster
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Fig. 7 The schematic representation for structure evolution of the
sp2/sp* hybrid carbon in the graphene oxide nanosheets.
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3.2 Nonlinear optical properties of GO and rGO

The nonlinear optical (NLO) properties of GO-X and Y-rGO-6
samples were investigated by using an open aperture Z-scan
technique. The samples were dispersed in DMSO at a concen-
tration of 0.13 mg mL ™" by ultrasonic treatment, considering
that DMSO shows a good dispersive ability for reduced gra-
phene oxide.** Since DMSO solvent does not show any nonlinear
optical response in the measurement, it can be explicitly
concluded that the obtained nonlinear optical response is
exclusively attributed to the dispersed GO and rGO samples. For
all samples, the open aperture Z-scan measurements are carried
out at 0.4 ] cm™? input pulse laser of 532 nm and 4 ns. Fig. 8
gives open aperture Z-scan curves of GO-X (X = 6, 8, 10 and 12)
and Y-rGO-6 (Y = 80, 100, 120, 140, 160 and 180). The normal-
ized transmittance curve of the GO-6 exhibits two weak shoulder
peaks along with a valley at the focal plane (Z = 0), corre-
sponding to a transformation from saturable absorption (SA) to
reverse saturable absorption (RSA) with the increase of the
pump intensity. The peculiar structure of the sp®/sp® hybrid
carbon of GO and rGO have been proved so that the small sp*
carbon configurations and the sp® carbon clusters are isolated
by the sp® matrix. The sp> carbon clusters with large crystallite
carbon size usually present saturable absorption (SA) behavior
at low input pulse intensities.**” The small localized sp® carbon
configurations and the sp® carbon matrix can provoke the two
photon absorption (TPA) and the excited state absorption
(ESA).*® It is worth noting that the nonlinear absorptive capacity
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of the sp® carbon configurations is larger than that of the sp?
carbon matrix.*

As the oxidation degree gradually increases from GO-6 to GO-
12, the RSA valley significantly diminishes. Since the small
localized sp® carbon configurations dominate TPA and ESA
response, the decrease of the RSA valley implies that slightly
oxidized GO-6 possesses a significant fraction of sp> carbon
configurations than GO-12, which is agreement with the change
of the L, value observed in the Raman. Furthermore, the open
aperture Z-scan curves of Y-rGO-6 samples represent a gradually
deepened and broadened valley, suggesting an enhanced
nonlinear absorption. The nonlinear absorption coefficient 8 is
further derived by fitting the open aperture Z-scan curves in
order to analyze the relationship of the carbon structure of
graphene and nonlinear optical properties in details. As shown
in Fig. 9a, the @ values of GO samples decrease from
45 cm GW ™! of GO-6 to 9.8 cm GW ! of GO-12, which can be
attributed to the significant decrease of the sp> carbon config-
urations in the gradually enhanced oxidation process. More-
over, the 8 value increases from 58 cm GW ' of 80-rGO-6 to
560 cm GW ' of 160-rGO-6 then decreases to 490 cm GW " of
180-rGO-6. The high g value of 160-rGO-6 indicates its superior
nonlinearity compared with other prepared carbon materials,
including EGO film, MWNTs and Cg.">** The significant
enhanced nonlinear optical performance suggests that the
change of the carbon structure in graphene nanosheets should
effect remarkably on the nonlinear optical properties of the
graphene materials. According to observations of the Raman,

1o}
10} M
0.8}
0.6}
08f GO-12 80-1GO-6 140-1GO-6
B =9.8cm/GW 041 B =58cm/GW B=510cm/GW
T T T T T [ T T T T L T T
S 10
g 1o ”ﬁrl_-
£
Lo} W £ o
&
8 S 06
S os} GO0 = 100-rGO-6 160-1GO-6
R= B =29cm/GW g 04t B=73cm/GW | B=560cm/GW
3 : ‘ . —t . . . :
g 1.0}
g 10} 0.8}
g 0.6
i 120-4GO-6 180-1GO-6
8 GO-8 0.4} B=250cm/GW | B =490cm/GW
B =34cm/GW T T T T T T T T T
. . i ! i -80 0 40 80 -80 -40 0 40 80
Z-position / mm Z-position / mm
10f
-
GO-6
08} B =45cm/GW
m Experiment
—— Theoretical fit
80 40 0 40 80

Z-position / mm

Fig.8 Open aperture Z-scan curves of GO-X (X =6, 8, 10 and 12) and Y-rGO-6 (Y = 80, 100, 120, 140, 160 and 180) excited by an input intensity

of 0.40 Jcm™2.
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Fig. 9 The nonlinear absorption coefficient g of GO-X (X = 6, 8, 10
and 12) and Y-rGO-6 (Y = 80, 100, 120, 140, 160 and 180) as a function
of oxidation and reduction degree (a) and representative band struc-
ture with related hybrid carbon structure (b).

the concentration of sp> carbon configurations increases in low-
temperature reduction condition, which should induce
stronger nonlinear RSA than that of the GO-6. However, further
removal of oxygen groups at 180 °C high-temperature reduction
condition results in the percolation among the sp® carbon
clusters via gradual growth of sp* carbon configurations so as to
increase the L, value of the 180-rGO-6 sample observed in
Raman results. The number of the sp> carbon cluster will give
rise to the SA behavior. The increase of sp> carbon clusters as
well as the decrease of sp* carbon configurations determine the
decrease of the nonlinear absorption coefficient § value of the
180-rGO-6 compared with that of the 160-rGO-6.

The structure of electronic energy band of sp?/sp® hybrid
carbon in graphene oxide nanosheets is further represented in
Fig. 9b and discussed. The structure of electronic energy band
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of GO is determined by the 3 states of the sp* hybridized carbon
and 7 states of the sp® bonded carbon. For sp® hybridized
carbon matrix, the 3-3* energy gaps are approximately 3.0 eV.*
Up excitation by high intensity laser pulse (2.34 eV in our
experiment), the bond electrons in the valence band of sp®
carbon matrix can transit to conduction band through TPA
process. Additionally, the w-mc* band gap of the sp* carbon with
crystallite carbon structure (sp> carbon nanoislands) is around
0.5 eV.” The optical absorption of electrons in sp” carbon clus-
ters can be saturated quickly owing to valence depletion and
conduction band filling so as to present the SA behavior.
Furthermore, the electronic band gap of sp? carbon configura-
tions should lie within the sp> carbon clusters and sp® carbon
matrix, as demonstrated in Fig. 9b. Different mechanisms
including TPA and ESA thus coexist the process of the NLO
absorption of sp® carbon configurations.*'** Therefore, for GO-
X samples, the high nonlinear absorption coefficient 3 value of
GO-6 than those of the GO-8, GO-10 and GO-12 should be
attributed to strong TPA and ESA originating from the sp>
carbon configurations in GO-6 sample. It further corroborates
that the sp” carbon configurations in the process of the deep
oxidation are oxidized gradually to sp® hybrid carbon with the
increase of the KMnO, consumption. Which results in the
decrease of the average crystallite carbon size from GO-8 to GO-
12 as observed in L, value change from the Raman spectrum.
Moreover, under mild ethanol solvothermal condition, much
sp®> carbon configuration generated gradually but did not
interconnect to form sp” carbon nanoislands in the Y-GO-6 (Y =
80, 100, 120, 140 and 160) nanosheets, which leads to the
stronger nonlinear RSA than GO-6. Therefore, we observed the
enhancement of the nonlinear absorption coefficient 8 from 80-
rGO-6 to 160-rGO-6. However, further removal of oxygen group
at 180 °C ethanol solvothermal condition gives rise to
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Fig. 10 Closed aperture Z-scan curves of Y-rGO-6 (Y = 80, 100, 120, 140, 160 and 180) excited by an input intensity of 0.40 J cm 2.
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percolation among the sp* carbon clusters via the growth of sp>
carbon configurations. Much generated sp”> carbon cluster
make the 180-rGO-6 show decreased RSA response and low
G value than rGO samples reduced below 180 °C. Therefore, the
regulation of the localized sp> carbon configurations/clusters
structure in graphene nanosheets achieved by easy ethanol
solvothermal reduction, shows important effect on the elec-
tronic energy band of GO. Proper energy band gap in rGO
carbon hybrid materials not only enhances nonlinear RSA effi-
ciency but also improves NLO and optical limiting performance.

The closed aperture Z-scan measurements of GO-X and Y-
rGO-6 samples were performed at the same time, as illustrated
in Fig. 10. The nonlinear refraction signal of the GO-X (X = 6, 8,
10 and 12) and 80-rGO-6 samples were not observed under
the test condition of 0.4 J cm > input pulse laser. Other
reduced graphene oxide samples exhibit gradually increased
valley-peak patterns from 100-rGO-6 to 180-rGO-6, demon-
strating that the nonlinear refraction is the positive sign and the
samples possess self-focusing nonlinear behavior. The effective
refractive index n, are calculated to be +1.87 x 10" m*> W for
100-rGO-6, +7.32 x 10°Y m? W' for 120-1GO-6, +6.23 X
10~ m* W for 140-rGO-6, +7.36 x 10~ " m*> W~ for 160-rGO-
6 and +8.40 x 10~ m* W for 180-rGO-6, respectively.

4. Conclusions

A series of graphene oxide (GO-X, X = 6, 8, 10 and 12) and
reduced graphene oxide (Y-rGO-6, Y = 80, 100, 120, 140, 160 and
180) with regulatable sp’/sp® hybrid carbon structure were
prepared by means of ethanol solvothermal treatment at
different reduction temperatures. The results of FT-IR, UV-vis,
solid-state NMR, XPS and Raman spectra confirm that the
small sp> carbon configurations and large sp” carbon clusters
are isolated by the sp® carbon matrix in GO-6 nanosheets. With
the enhancement of the oxidized condition, the residual sp>
carbon configurations in GO-6 transfer to sp* hybrid carbon so
as to reduce the average crystallite carbon size in graphene
nanosheets. Furthermore, a large number of sp> carbon
configurations can be controllable generated under below
180 °C ethanol solvothermal reduction conditions. These sp”
carbon configurations would further interconnect to form sp”
carbon clusters at reduction temperature of 180 °C. Upon
excitation by a 532 nm laser of 4 ns pulses, the enhanced
nonlinear absorption coefficient 8 of GO-6 than those of the GO-
8, GO-10 and GO-12 reflects that the sp> carbon configurations
dominate nonlinear RSA response. Importantly, the 160-rGO-6
possesses great NLO performance and higher nonlinear
absorption coefficient 8 than GO-6, Y-rGO-6 (Y = 80, 100, 120
and 140) as well as 180-rGO-6, illustrating that the sp® carbon
configurations with TPA and ESA response can improve effi-
ciently nonlinear RSA properties of carbon materials. By
achieving the regulation of the sp® carbon configurations/
clusters in the graphene hybrid carbon system, this work may
provide some insight into the designing of other novel
graphene-based materials with the regulatable structure of
electronic energy band.

This journal is © The Royal Society of Chemistry 2017
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