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H I G H L I G H T S

• Graphene oxide (GO) is synthesized via chemical exfoliation of bulk graphite.

• Functionalized GO is incorporated in polymer matrix using a sol-gel process.

• Functionalized GO is significantly better optical limiter than its GO precursor.

• Nonlinear scattering and nonlinear absorption are the mechanisms responsible for optical limiting.

A R T I C L E I N F O

Keywords:
Graphene oxide
Organosiloxane
Sol-gel
Optical limiting
Z-scan

A B S T R A C T

Few-layered graphene oxide is covalently functionalized with (3-Aminopropyl)triethoxysilane and incorporated
into an organosiloxane matrix using a sol-gel technique. Nonlinear optical and optical limiting properties of
functionalized few layered graphene oxide embedded in an organosiloxane matrix (f-GO/sol) are studied in the
nanosecond regime at 527 nm. In a Z-scan study, f-GO/sol samples exhibit superior nonlinear optical and optical
limiting responses in comparison to their graphene oxide precursor due to increased covalent crosslinking of
graphene oxide and organosiloxane molecules. These significant improvements are attributed to the combined
mechanisms of nonlinear absorption and nonlinear scattering, due to graphene-silica nanostructures and ther-
mally-generated microplasmas.

1. Introduction

A practically uncountable number of applications for the laser
across various fields has imposed a great challenge to protect human
eyes and sensitive optical devices ever since its inception in 1960 [1–3].
Thereby it has become crucial to find an ideal optical limiter which
attenuates intense laser beams while readily allowing transmittance for
low-intensity light. Several optical limiting (OL) materials have been
discovered and developed in recent years to meet this challenge, in-
cluding organic dyes (e.g., phthalocyanines [4] and porphyrins [5]),
organometallics, liquid crystals [6], microbiologically-formed tellurium
nanorods [7], inorganic nanostructures [8], and carbon-based materials
(e.g., carbon black [9], fullerenes [10,11] carbon nanotubes [10,12],
and graphene [13,14]). Recently attention has shifted to graphene and
its hybrids due to their excellent nonlinear optical (NLO) properties.

Graphene is a two-dimensional π-conjugated system, exhibiting an
unusual electronic structure with a linear dispersion of electrons. In-
terband optical transitions in graphene are independent over a broad
range of light frequencies and depend only on the fine structure con-
stant [15,16]; this makes graphene an excellent candidate for a
broadband NLO material. However, limited processibilty due to the
hydrophobic nature of graphitic materials is a challenge in the NLO
materials development and research.

Graphene oxide (GO), a chemically exfoliated graphene derivative,
consists of peripherally oxidized graphene sheets [17]. The peripheral
functionalized groups open the possibility of interlinking GO with other
nanoparticles, substrates, or functional groups to form hybrid materials.
These hybrid GO materials have been shown to outperform pristine
graphene in NLO applications [18,19]. Nonlinear scattering (NLS),
nonlinear absorption (NLA), and the formation of a donor-acceptor
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system are vital mechanisms to realize efficient NLO behavior in GO
hybrid materials [20,21].

This paper reports an effective and convenient method to prepare
highly dispersed, functionalized GO in an organosiloxane matrix (f-GO/
sol). GO was prepared by ultrasonication of graphite powder in N-me-
thyl-2-pyrrolidone (NMP), and then was covalently functionalized via
amination reactions of GO with (3-aminopropyl)triethoxysilane
(APTES). Peripheral carboxylic acid groups of GO in an NMP environ-
ment react with the primary amine groups of APTES to form eCOeNH
bonds [21–23], which are then reacted (hydrolyzed and poly-
condensed) with organosilane precursors to establish SieO bonding
[24]. The NLO and OL behaviors of GO and f-GO/sol of equal linear
optical transmittance have been studied using a Q-switched nanosecond
pulse laser.

2. Experimental section

2.1. Materials

Graphite powder (< 20 µm, synthetic), N-methyl-2-pyrrolidone
(anhydrous, 99.5%, NMP) and (3-aminopropyl)triethoxysilane (APTES,
99%) were purchased from Sigma-Aldrich and used without further
purification. The precursors to a commercially available organosilane
solution was obtained from Integricote, Inc.

2.2. Preparation of graphene oxide

Solvent-based exfoliation of graphite into graphene oxide was car-
ried out via ultrasonication of graphite in NMP, a highly polar organic
solvent [25,26]. Layers of graphene in graphite are bound together by
Van der Waals forces. The shearing force needed to break these bonds
and hence exfoliate graphite into graphene is delivered by NMP and
ultrasound waves [27]. Specifically, 20 g of graphite powder was added
into 200mL of NMP and the resulting mixture was sonicated for 2 h and
then stirred for 22 h. This process was repeated for 3 days. An aliquot of
the supernatant was used in preparing f-GO/sol samples. The con-
centration of GO in solution was determined to be ∼17mg/mL by
evaporation of solvents.

2.3. Preparation of functionalized graphene/sol

To functionalize GO, 0.30mL of APTES was added to 30mL of GO
suspension and stirred for 48 h. 6mL of the resulting mixture was added
to 100mL of organosilane precursor solution (sol), then stirred and
heated at 50 °C for 5 h. The final mixture was allowed to stir at room
temperature for another 72 h.

2.4. Materials characterization

UV–vis spectra were recorded using an Ocean Optics 2000+
Spectrometer. A quartz cuvette with a path length of 1.0 cm was used
for transmission measurements. The morphology of GO was studied
using a Leo 1525 Field Emission Scanning Electron Microscope. A
Thermo Nicolet NEXUS 670 Fourier Transform Infrared spectrometer
was used to obtain FTIR spectra of sol samples. FTIR spectra of f-GO/sol
samples were taken with a nanoIR2 (Anasys Instruments) atomic force
microscope with simultaneous infrared spectral analysis. AFM topo-
graphy images were also obtained using a nanoIR2 (Anasys
Instruments). Thermogravimetric analysis was performed with a TA
Instruments Q600 SDT thermogravimetric analyzer under an argon
environment. The XPS spectra were obtained using a Physical
Electronics Model 5700 XPS system. The Z-scan setup incorporated a Q-
switched Nd:YLF laser (Coherent Evolution) with a wavelength 527 nm,
delivering a repetition rate of 1 kHz and pulse width of 150 ns. A
standard photodiode power sensor S121C (Si, 400–1100 nm, 500mW,
ThorLabs) was used to measure the laser power. The laser beam was
tightly focused using a 150mm focal length lens, and transmitted light
was collected using a 35mm focal length lens. Z-scan measurements
were carried out at three different single pulse energies; 15, 30, and
60 µJ. A quartz cuvette with a path length of 1.0 cm was placed on a
translational stage allowing sample movement along the z-direction.
Negative z values refer to the position when the sample is in between
the focusing lens and beam focus (z= 0), whereas positive z values
refer to the position when the sample is in between beam focus (z= 0)
and the detector.

3. Results and discussions

Chemically exfoliated GO flakes possess hydroxyl and carboxyl
functional groups bound to peripheral carbon atoms. GO was initially
functionalized with an amino group (APTES) to achieve covalently
bonded GO and APTES via eCOeNHe bonding, followed by hydro-
lyzation and polycondensation of GO-APTES in the presence of sol
precursors. Finally, GO-APTES is covalently connected to the organo-
siloxane matrix through SieO bonding, effectively mitigating agglom-
eration of GO. The synthesis scheme for the covalent grafting of GO in
an organosiloxane matrix is presented in Fig. 1.

Fig. 2a shows digital photographs of GO (left) and f-GO/sol (right),
which exhibited excellent miscibility in the sol. Fig. 2b shows UV–vi-
sible transmission spectra of the two specimens. Matching linear optical
transmittance of ∼22% was maintained for both samples at a wave-
length of 527 nm. The transmission spectrum shows a band at 230 nm
for f-GO/sol and a broader band from 230 nm to 280 nm for GO, which
is the characteristic peak of graphene materials [20,28]. It corresponds
to the π→ π* transition of aromatic CeC bond [21]. A field emission
scanning electron microscope (FESEM) image of GO is presented in

Fig. 1. Schematic diagram for the preparation of GO functionalized with APTES incorporated in an organosiloxane matrix (f-GO/sol).
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Fig. 2c. It exhibits typical graphene flakes with micrometer lateral di-
mensions. The flakes are so thin and transparent that the graphene
flakes underneath are clearly visible.

An atomic force microscopy (AFM) topography image of as-pre-
pared f-GO/sol is shown in Fig. 3a, which clearly shows the formation
of highly dispersed GO platelets having submicron lateral dimensions. It
is well known that single layer graphene on SiO2 has an average
thickness of ∼1 nm [29,30]. Fig. 3(b) presents the height profile of
graphene oxide platelets in f-GO/sol on a SiO2 substrate. The height
profile measurements along the cyan (solid) and the red (dashed) lines
in Fig. 3a confirm the formation of few-layered GO platelets.

Characterization of the functional groups present in the sol com-
ponents was done by FTIR spectroscopic measurements carried out at

different reaction times under isothermal conditions at 40 °C; this data
is presented in Fig. 4a. The characteristic peak at 958 cm−1 indicated
the presence of the SieOeEt stretching mode for an ethoxysilane,
whereas absorption bands in the range 1030–1100 cm−1 are attributed
to SieOeSi stretching. Finally, the absorption band at 1193 cm−1 is
attributed to SieCH2e stretching [31,32]. The sol-gel process for al-
koxysilanes is a continuous chemical reaction that proceeds, at con-
trollable rates, until polymerization via step-growth condensation re-
actions is complete. The chemical composition of sol is only minimally
changed over time, which is verified by analysis of the FTIR data. The
slight increase in peak height illustrates the high yield of functional
groups corresponding to the particular wavenumbers. The FTIR spec-
trum of f-GO/sol presented in Fig. 4b shows characteristic absorption

Fig. 2. (a) Digital photograph of GO and f-GO/sol. (b) UV–visible transmission spectra of GO and f-GO/sol (c) FESEM image of GO flakes.

Fig. 3. (a) AFM topography image of f-GO/sol. (b) Height profile of GO platelets along the cyan (solid) and the red (dashed) lines drawn in Fig. 3a.

Fig. 4. (a) FTIR spectra of sol recorded at different times. (b) FTIR spectrum of f-GO/sol.
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peaks also observed in the same wavenumber range as those present in
the FTIR spectra of the sol. The peak at 946 cm−1 is due to SieOeEt
stretching, the bands in the range 1043–1100 cm−1 are attributed to Si-
O-Si stretching. Similarly, the peak at 1216 cm−1 is assigned to
SieCH2e stretching [32]. Two additional peaks at 1596 cm−1 and
1716 cm−1 are from C]C (graphitic domains) and C]O (carboxylic
acid and carbonyl moieties), respectively [33,34].

X-ray photoelectron spectroscopy (XPS) characterization was car-
ried out to identify the elemental composition of sol and f-GO/sol
samples using a Physical Electronics Model 5700 XPS System. The XPS
survey spectra show major peaks at Si 2s, Si 2p, C 1s, O 1s, and O KLL as
shown in Fig. 5a. The O KLL corresponds to the energy of electron
ejected from the atoms when O 1s state (K shell) is filled by an electron
from L shell in conjunction with the ejection of an electron from an L
shell. Fig. 5a inset presents the elemental composition of silicon,
oxygen, and carbon in sol and f-GO/sol samples. In the sol sample, si-
licon is identified to be 17.96% while oxygen and carbon contents are
44.85% and 37.19% respectively, making the ratio of
Si:O:C=1:2.5:2.1. On the other hand, f-GO/sol sample constitutes
14.95% silicon, 37.21% oxygen, and 47.85% carbon that makes the
ratio of Si:O:C=1:2.5:3.2. It is evident that f-GO/sol contains a high
proportion of carbon atoms in comparison to the sol sample while the
ratio of silicon to oxygen stays the same; this effectively verifies a sig-
nificant graphene presence in the f-GO/sol sample. Furthermore,
Fig. 5b shows the deconvoluted C 1s XPS spectra of sol and f-GO/sol.
The C 1s spectrum of sol contains four peaks at 284.8, 286.3, 287.0, and
288.4 eV corresponding to sp2 hybridized carbon (72.1%), CeO
(14.1%), C]O (11.9%), and OeC]O (1.8%) respectively. Likewise, C
1s spectrum of f-GO/sol also contains four spectra at similar binding

energies, however, the intensities of the peaks are completely different
compared to that of sol. The intensity of sp2 carbon dramatically de-
creases from 72.1 to 36.4%, while the intensity of CeO bond increase
from 14.1 to 44.4%, confirming the presence of significant amount of
graphene oxide in f-GO/sol. The intensity of C]O remains approxi-
mately the same (12.9%), whereas OeC]O increases to 6.3% sig-
nifying the formation of additional carboxyl bonds [35,36].

To understand the thermal stability of the material system, ther-
mogravimetric analysis (TGA) was performed at a heating rate of 20 °C/
min under argon environment, where the decomposition pattern is
presented in Fig. 5c. GO begins to thermally degrade as soon as it is
heated. The initial ∼7% weight loss below 110 °C is attributed to the
removal of absorbed water molecules, followed by a significant weight
loss above 200 °C due to pyrolysis of labile oxygen-containing func-
tional groups. The stability of f-GO/sol gives the clear indication that
most of the oxygen-containing functional groups are functionalized
with APTES. For the f-GO/sol, the first significant weight loss is ob-
served at ∼370 °C, which is attributed to the loss of dopant molecules.
As temperature increases the GO sample continues to lose weight,
yielding only ∼42% char residue at 800 °C. However, the total residual
weights obtained at 800 °C for sol and f-GO/sol are 62% and 70%, re-
spectively. These results indicate that f-GO/sol is more thermally stable
than GO.

An open-aperture Z-scan technique was employed to study the NLO
and OL properties of GO and f-GO/sol [37,38]. Generally, the me-
chanisms responsible for OL is comprised of NLA and NLS [6,38]. NLA
is further divided into two-photon absorption (TPA) and excited state
absorption (ESA), while free-carrier absorption also contributes sig-
nificantly to NLA in the case of semiconductor nanoparticles or metal

Fig. 5. (a) XPS survey scans of sol and f-GO/sol. Inset is the elemental composition (%) of sol and f-GO/sol. (b) Deconvoluted C 1s peaks for sol and f-GO/sol. (c) TGA
thermograms of sol, GO, and f-GO/sol under an argon environment.
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nanocomposites [7]. NLS includes induced scattering centers that can
arise from a number of physical phenomena, for example, the formation
and expansion of thermally-induced solvent bubbles due to thermal
energy transfer between nanoparticles and solvent, ionization of the
nanoparticles themselves, or by thermal alteration of the solvent’s re-
fractive index [7,39]. The open-aperture Z-scan results of GO and f-GO/
sol at mentioned pulse energies are shown in Fig. 6a–c. Both samples
exhibit a symmetric valley of normalized transmittance about the focal
point (z= 0) for all three different input energies, which is indicative of
strong optical nonlinearity. However, no nonlinearity was observed for
sol samples. The data at all three energies clearly show deeper valleys
for the f-GO/sol than the GO alone, and verifies that the functionali-
zation significantly enhances graphene’s NLO properties. The normal-
ized transmittance at 60 µJ reduces to ∼0.15 at the focal point for f-
GO/sol, while GO, having the same linear transmittance, exhibits a
decrease to only ∼0.75. The effective NLA coefficients, β, calculated
from Z-scan results as a function of on-axis peak intensity, and the
normalized transmittance versus laser input fluence are presented in
Fig. 6d, e respectively. With an increase in input fluence, the normal-
ized transmittance in f-GO/sol decreases more rapidly than in com-
parison to GO. A significant decrease in transmittance occurs at∼2.9 J/
cm2 for f-GO/sol, which is much lower than ∼7.2 J/cm2 for GO. At the
maximum input fluence (22.4 J/cm2) tested, the transmittance of GO
reduces to 30% while about 80% reduction is observed in f-GO/sol. The
outstanding OL performance of f-GO/sol is mainly due to much im-
proved NLS and NLA phenomena as compared to GO [18,21,40–42].
Furthermore, the Z-scan measurements carried out with a 532 nm
continuous wave laser (at an average power matching that of pulsed
laser) produce a flat Z-scan profile. This verifies that the optical non-
linearity observed with nanosecond laser pulses is entirely due to op-
tical nonlinear effects rather than thermal effects [43].

One of the most common nonlinear phenomena in nanomaterials,
particularly graphitic, is NLS. Scattering from nanomaterials can greatly
reduce the light intensity via dispersion into larger spatial dimensions,

however, nanomaterials alone cannot effectively scatter the beam.
Formation and growth of scattering centers from thermally induced
solvent-bubbles and microplasmas, with sizes on the order of the in-
cident wavelength, aid in the scattering process [7,8]. The scattering
mechanism within f-GO/sol is primarily polymer bubble formation that
occurs as a result of microplasma formation [44]. The possible me-
chanisms involved in the formation of nonlinear scattering centers in f-
GO/sol include: (1) The absorption of incident photon energy by GO
platelets that transfer the generated thermal energy to the surrounding
organosiloxane host matrix, resulting in the formation and growth of
gas bubbles, with GO as a nucleus, due to the large pressure difference
across the vapor-solution interface. At the point when the dimension of
gas bubble matches the wavelength of the incident photon, the incident
beam is effectively scattered by bubble clouds, resulting in significant
reduction in optical transmission. (2) The direct ionization of GO by the
highly intense laser beam results in the formation of microplasmas in
the host organosiloxane polymer matrix. The rapid growth of those
microplasmas results in the establishment of scattering centers, fol-
lowed by the significant attenuation of the intensity of the incident
beam. On the other hand, NLA arises mainly due to TPA and ESA in
graphene-based materials [45,46]. ESA is the dominant mechanism
under resonant and near resonant excitations, whereas TPA dominates
the NLO behavior under non-resonant excitation. Under some resonant
excitation, both ESA and TPA may work synergistically leading to
higher nonlinearities [47,48]. It has been found that the effective NLA
coefficient, β, increases as the intensity of incident light increases in the
case of ESA, while, β, stays almost constant for TPA [48].

To quantify the NLO parameters, we have simulated Z-scan data
using Z-scan theory [7,37,38]. The normalized transmittance as a
function of position, z, is given by

=

+

T
Log q z

q z
(z)

[1 ( )]
( )

e o

o
normalized

(1)

where = +q z q z z( ) /[1 ( / )o 00 0
2, z0 is the diffraction length of the beam,

Fig. 6. Open-aperture Z-scan of GO and f-GO/sol at (a) ∼28MW/cm2 (15 µJ), (b) ∼56MW/cm2 (30 µJ), and (c) ∼113MW/cm2 (60 µJ). (d) The effective nonlinear
absorption coefficient plotted as a function of on-axis peak intensity. (e) Optical limiting responses of GO and f-GO/sol. (f) Schematic representation of open-aperture
Z-scan setup.
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=q z βI L( ) eff00 0 , β is the effective nonlinear absorption coefficient, I0 is
the on-axis peak intensity at the focal point (z=0),

= − −L α l α[1 exp( )]/eff 0 0 is the effective thickness of the sample, α0 is
the linear absorption coefficient, and l is thickness of the sample. The
effective imaginary third-order optical susceptibility Im{χ(3)}, which is
directly related to, β, is given by

=Im χ
n ε cλβ

π
{ }

2
(3) 0

2
0

(2)

where n0 is the linear refractive index of the sample, ε0 is the permit-
tivity of free space, c is the speed of light, and λ is the wavelength of the
incident light. We compare the OL performances of GO and f-GO/sol at
various laser input intensities. Fig. 6d presents the variation in β with
on-axis peak input intensity. A summary of NLO coefficients for GO and
f-GO/sol having the same linear optical transmittance (∼22% T at
527 nm) is presented in Table 1. β, inferred from Z-scan results, for f-
GO/sol are 3, 16, and, 27 times greater than that of GO at 28, 56, and
113MW/cm2, respectively. Clearly β remains relatively constant within
the intensity range tested for GO, which suggests that NLO behavior of
GO is mainly due to NLS and TPA. In contrast, we observed a dramatic
increase in β for f-GO/sol, implying that the origin of its enhanced NLO
performance over GO is dominated by much improved NLS and ESA
phenomena. ESA clearly dominates TPA as input intensity increases in
f-GO/sol, which is confirmed by the increase of β.

4. Conclusions

Successful synthetization of covalently functionalized GO in-
corporated into an organosiloxane matrix (f-GO/sol) with a simple sol-
gel technique has been achieved. The NLO and OL characteristics of GO
and f-GO/sol materials were studied using the Z-scan technique at
527 nm with a 150 ns pulse laser. f-GO/sol exhibits significantly en-
hanced NLO and OL performance in comparison to its precursor, GO,
with matching linear optical transmittance. The superiority in OL per-
formance is attributed to the combined effect of improved NLA due to
graphene-silica nanostructures, and NLS due to thermally-induced sol-
vent bubbles. The excellent OL performance, along with its relatively
simple and cost-effective synthesis, demonstrates that f-GO/sol is a
promising optoelectronic and OL material. In addition, with mild
thermal treatment, this hybrid material can form free-standing/sup-
ported solid films, rendering it an excellent candidate for laser pro-
tection devices.
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