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ABSTRACT: In the present work we report on the effect of the
size and the degree of oxidation on the third-order nonlinear
optical response and the optical limiting action of water dispersed
graphene oxide (GO) sheets, under 4 ns and 532 and 1064 nm
laser excitation. The results show clearly that both the nonlinear
optical (NLO) third-order susceptibility χ(3) and the optical
limiting (OL) threshold depend importantly on the size of the
GOs, scaling linearly with the lateral size. In addition, it was found
that the similar size but highly oxidized GO samples exhibited
lower NLO response than the less oxidized ones, while their OL
efficiency was found to be slightly affected by the degree of
oxidation, increasing with the increase of the size of the GO sheets.
The OL thresholds of the graphene oxide samples were found to be
very low, comparable to some of the benchmark optical limiting materials. The observed size dependent NLO response of the GOs
seems to be closely connected to the size of the conjugated areas of the graphenic sheets. The findings suggest a straightforward and
efficient way for preparing graphene oxide sheets exhibiting custom-made nonlinear optical properties for specific applications in
optoelectronics and photonics.

■ INTRODUCTION
The discovery of graphene1 and the synthesis of its numerous
different derivatives that followed, had a significant impact on
several scientific fields, ranging from physics and chemistry to
materials science and biology, to mention some of them. Due
to their attractive physicochemical and photophysical proper-
ties, graphene and its derivatives have been also applied within
the scientific areas of photonics,2 optoelectronics,3 and lasers.4

Among the different graphene derivatives synthesized, GO is
probably the most attractive graphene derivative,5 while it is
characterized by facile synthesis and processing, combining
important nonlinear optical response and optoelectronic
features. Furthermore, GO is a key graphene derivative
because it can be prepared in large amounts as a fine
dispersion of single or few-layered flakes, it is particularly
hydrophilic and thus readily dispersible in water, which is a
very convenient solvent.6,7 The polar nature and pH-
dependent surface charge of GO add to its ability to produce
fine aqueous dispersions,7,8 a property which renders it an even
more attractive system, considering the various health and
environmental safety issues often arising during the use of
nanomaterials. In addition, the presence of hydroxyl, epoxy,
phenolic, and carboxyl functionalities significantly expand its
chemistry for further derivatization.9,10 This rich chemistry of
GO has been extensively exploited as a powerful tool among
other things for modulating in a controllable way its NLO
response.11 Even though graphene dispersions exhibit stronger

NLO response and more efficient OL action than GO
dispersions,12 GO’s properties can be tuned effectively through
the degree of oxidation.13 Such features increase the
applicability of GO due to easier handling, processing, and
integration in hybrid materials and devices.
Tuning the NLO response has been a subject of great

importance toward specific applications based on laser light−
matter interactions.2 Several approaches have been examined,
as for example by varying the stacking of multiple monolayers,4

doping in graphene14 and exploiting interference phenom-
ena.15 Changing GO’s chemistry to control NLO properties is
undoubtedly a valuable feature of this material. Nevertheless, if
this could be achieved by changing the size only, it could
provide a direct entryway for integration of materials with
different NLO response in devices, without having to change
the handling and the processing parameters, or the
accompanying components (i.e., compatible supports), as for
instance in the fabrication procedures of fiber lasers.4

Importantly, combined size and chemically modified/con-
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trolled NLO response could further boost the desired
properties and widen even more the tunability window. It is
noteworthy that size features drastically influence a wide range
of other properties of graphene oxide lamellae. For instance,
the liquid crystalline behavior of GO, the composition
dependence of which is determined by the shape anisotropy
of particles.16 In another example, Gonca̧lves et al. reported
that the breakdown of GO flakes into nanoparticles resulted in
the change of the edge structure which resulted in the
modification of its optoelectronic properties.17 Finally, the size-
tunability of the aggregation behavior of GO in aqueous
electrolyte solutions has also been highlighted recently.8

In the present work, we report some recent experimental
results concerning the effects of the size and the degree of
oxidation on the third order NLO response and the OL action
of some GO sheets dispersed in water having different sizes.
Although the influence of the degree of oxidation of GOs on
their NLO response has been also studied previously,13 it is, to
the best of our knowledge, the first time that detailed
experimental evidence is presented concerning the size-
dependence of these properties. Toward that goal, two
different sets of samples were prepared, each set having a
substantially different degree of oxidation, while each set
comprised of graphene oxide samples having different lateral
size. Then, their NLO properties were investigated using 4 ns
and visible (532 nm) and infrared (1064 nm) laser excitation
conditions, while their optical limiting efficiency was studied
and assessed, and their optical limiting thresholds were
determined. For both cases, the laser beam was focused into
the samples using a 20 cm focal length quartz lens. The spot
radii at the focus was measured using a CCD camera and was
found to be 18 and 30 μm for the 532 and 1064 nm laser
beams respectively (with respective Rayleigh lengths of 1.91
and 2.66 mm). It is among the motivations of the present work
to extend our knowledge on the possible routes allowing to
achieve efficient tuning of the nonlinear optical properties and
the optical limiting efficiency of graphene oxide sheets, in order
to match better specific needs of potential applications in
optoelectronics, photonics, etc.

■ EXPERIMENTAL SECTION

Natural graphite powder (trace metals <100.0 ppm, purity
>99.99%, average particle size <45 μm) was used as received
from Sigma-Aldrich. The graphite powder was oxidized to
produce graphene oxide (GO) by a modified Hummers
method. To oxidize the graphite powder, the method
described by Marcano et al. was followed.18 GO was washed
repeatedly with HCl, deionized (DI) water, and ethanol. The
final wash was done using DI water. The GO suspension was
then filtered using a nylon filter paper with a pore size of ∼0.45
μm. The smaller sized GO sheets (<0.45 μm) were thus
separated from the larger sized GO sheets and collected in the
filtrate. The resulting filtrate containing GO sheets (<0.45 μm)
were sonicated for 2 h in a bath sonicator. The suspension was
then filtered through a nylon filter paper with a pore size of 0.2
μm and the GO having sizes ∼220 nm was collected.19 The
filtrate was further rigorously sonicated using a probe sonicator
for 2 h. The suspension was then centrifuged at 10k rpm for 15
min to collect GO sheets of size ∼120 nm. The remaining
suspension after centrifugal separation was treated with a few
drops of 1 M NaOH and sonicated using a probe sonicator for
3 h. Two different sized (∼50 and ∼80 nm) GO sheets were

then separated from the suspension by repeating the above
procedure.
The surface chemical properties of the materials were

determined with X-ray photoelectron spectroscopy (XPS)
obtained on a PHI VersaProbe II (Physical Electronics)
spectrometer using an Al Kα source (15 kV, 50 W).
Dynamic light scattering (DLS) was performed on aqueous

dispersions of ∼0.1 mg/mL on a Malvern ZetaSizer Nano
instrument. Scattered light was collected at a fixed angle of
173°. The reported hydrodynamic diameters (Dh) are the
mean of three measurements, and each measurement was the
sum of 12 correlograms and fitting procedures. Cumulants
analysis was applied, and the reported average Dh values are z-
average means.
Raman spectra were recorded on a DXR Raman microscope

using the 532 nm excitation line of a diode laser.
The third-order nonlinear optical response of the prepared

graphene oxides was investigated by means of the Z-scan
technique,20 a very popular and powerful technique since,
besides its experimental simplicity being a single beam
technique, it allows the simultaneous determination of the
sign and magnitude of the nonlinear absorption and refraction
of a sample, all from a single measurement. The nonlinear
absorption and refraction of a sample are usually expressed in
terms of the nonlinear absorption coefficient (β) and the
nonlinear refractive index parameter (γ′), which are related to
the imaginary (Imχ(3)) and real (Reχ(3)) parts of the third-
order susceptibility χ(3), respectively.
In more detail, according to the standard Z-scan

experimental procedures, the nonlinear absorption coefficient,
β, and the nonlinear refractive index parameter, γ′, are
determined from the measurement of the sample trans-
mittance, as it moves along the propagation direction of a
focused Gaussian laser beam, thus experiencing variable
intensity. The sample transmittance is measured in two
different ways: (i) by collecting the transmitted laser beam
just after the sample and (ii) by measuring the transmitted
laser beam after it has passed through a small aperture placed
in the far field. The former measurement is the so-called
“open-aperture” (OA) Z-scan while the latter one is known as
“closed-aperture” (CA) Z-scan. From the former Z-scan, the
sign and the magnitude of the nonlinear absorption coefficient
β of the sample can be determined by fitting the OA Z−scan
with the following equation:
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where T is the normalized transmittance, I0 is the peak on-axis
irradiance of the laser beam at the focus, z0 is the Rayleigh
length, and Leff = [1 − exp(−α0L)]/α0, with α0 being the linear
absorption coefficient at the laser wavelength and L denoting
the thickness of the glass cell (i.e., 1 mm here).
The presence of a minimum/maximum at the OA Z-scan

indicates the sign of the nonlinear absorption coefficient β,
corresponding to reverse saturable (RSA, β > 0) or saturable
absorption (SA, β < 0), respectively.
From the CA Z-scan, the nonlinear refractive index

parameter γ′ of the sample can be obtained. A CA Z-scan
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exhibits a prefocal transmittance minimum (valley) followed
by a postfocal maximum (peak) or a prefocal maximum (peak)
followed by a postfocal minimum (valley), indicating positive
or negative γ′ (i.e., Reχ(3)), with the sample behaving as
positive (focusing) or negative (defocusing) lens respectively
when it experiences high enough intensity, i.e., around the

focal plane. In the absence of significant nonlinear absorption,
the nonlinear refractive parameter γ′ can be obtained directly
from the CA Z-scan using the following equation:

γ
λα

π
′ =

−

Δ

−−
−T

I S1 e 0.812 (1 )a L
p v0

0
0.250 (2)

Figure 1. (a) Survey XPS spectra of the low oxidation degree samples: (i) GO2
50, (ii) GO

2
80, (iii) GO

2
120, and (iv) GO2

220, along with (b) the
elemental analysis as obtained from HR-XPS (numbers denote atomic % contents). The spectra ii, iii, and iv in panel a are horizontally shifted for
clarity. All carbon signals were centered at 284.8 eV, as in spectrum (i).

Figure 2. (a) C 1s core level HR-XPS and (b) Raman spectra of the (i) GO2
50, (ii) GO2

80, (iii) GO2
120, and (iv) GO2

220 samples. The
deconvolution of the C 1s HR-XPS spectra suggest the almost identical composition, with similar content of sp2/sp3 carbons (284−285.6 eV) and
carbons bonded to oxygen groups (epoxides, hydroxyls, ethers: 285.6−287.7 eV and carbonyls, carboxyls: 288.2−289.7 eV). The ID/IG intensity
ratios are (i) 1.24, (ii) 1.24, (iii) 1.25, and (iv) 1.22. (c and d) Apparent mean hydrodynamic diameters of the GO2

x and GO1
x sample sets as

aqueous dispersions.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://dx.doi.org/10.1021/acs.jpcc.0c03134
J. Phys. Chem. C 2020, 124, 11265−11273

11267

https://pubs.acs.org/doi/10.1021/acs.jpcc.0c03134?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c03134?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c03134?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c03134?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c03134?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c03134?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c03134?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c03134?fig=fig2&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c03134?ref=pdf


where λ is the laser wavelength, ΔΤp‑v is the difference between
the peak and the valley of the normalized transmittance, S is
the linear transmittance of the aperture (defined as S = 1 −
exp(−2ra2/wa

2), with ra being the radius of the aperture and wa
being the beam radius at the aperture). The quantities α0, I0,
and L are as previously defined.
However, when absorption cannot be neglected, the

nonlinear refractive index parameter γ′ is deduced from the
“divided” Z-scan, resulting from the division of the OA and CA
Z-scans.
From the determined nonlinear absorption coefficient β and

the nonlinear refractive index parameter γ′ the imaginary part
(Imχ(3)) and real part (Reχ(3)) of the third-order nonlinear
susceptibility, χ(3), can be calculated through the following
relations:

χ
π

γ= ′−Re
cn

(esu) 10
480

(cm /W)(3) 6 0
2

2
2

(3)

and

χ
π ω

β= −Im
c n

(esu) 10
96

(cm/W)(3) 7
2

0
2

2 (4)

where ω (in s−1) is the frequency of the laser light.
Then, the magnitude of χ(3) can be easily calculated:

χ χ χ= +Re Im( ) ( ) .(3) (3) 2 (3) 2
(5)

■ RESULTS AND DISCUSSION
Two sets of GO samples having different degree of oxidation
and different lateral sizes were prepared and studied, referred
in the next as GOy

x, where y = 1, 2 denotes the set and x
denotes the apparent lateral size of the GO sheet (in
nanometers). The first set of samples comprised three highly
oxidized GOs, named as GO1

140, GO
1
210, and GO1

380, while
the second set comprised four, less oxidized samples, named as
GO2

50, GO
2
80, GO

2
120, and GO2

220. The higher degree of
oxidation of the GO1

x set was evidenced by the presence of
multiple absorption bands below 400 nm in the corresponding
UV−vis-NIR absorption spectra, as can be seen in Figures S1,
S2 in the Supporting Information. More specifically a band
centered at about 300 nm, originating from the attachment of
carbonyl groups on the graphenic sheets,21−23 is observable
only for the case of the GO1

x set, denoting its higher degree of
oxidation. The corresponding absorption spectra of the GO2

x
samples were lacking this feature, indicating their lower
oxidation degree.13,24 The oxidation degree of the samples
was also confirmed by means of high-resolution X-ray
photoelectron spectroscopy (HR-XPS) which can reveal
more precisely, among other things, the oxygen and sp2

carbon contents. It should be noted, that very similar to the
present GO1

x samples, but more highly oxidized, were also
prepared and analyzed in ref 13. Here, as an example, Figures 1
and 2a present the HR-XPS spectra of the GO2

x samples set.
The comparison of such HR-XPS measurements confirmed the
markedly lower oxygen content and higher sp2 carbon bonding
of the GO2

x samples in comparison to the GO1
x ones. The

practically identical chemical structures of all GO2
x samples

was clearly confirmed by XPS (Figure 1 and Figure 2a) and
Raman spectroscopy (Figure 2b). Nevertheless, as can be seen
from Figure 2a, the sp2/sp3 component of the larger sized
GO2

x appeared at lower binding energies, suggesting a more
extended conjugation. The latter is related to the increase of
the density of states at the Fermi level (i.e., the decrease of the
band gap), shifting the binding energies to lower values.25 The
decrease of the band gap was also reflected by the slight blue
shift of the UV−vis−NIR spectra and the Tauc plots, as will be
discussed later.26,27 The size increase of the conjugated areas
can be correlated to the significant increase of the lateral size of
the flakes, the latter supported by dynamic light scattering
(DLS) measurements shown in Figure 2c,d. It should be
emphasized here that the DLS results, expressed as hydro-
dynamic diameters, do not represent an absolute size of the
flakes in the suspension, but the equivalent size of a sphere
corresponding to the average diffusion coefficient, which is the
measured quantity by DLS. Nevertheless, the results reflect the
magnitude of the size variations of the flakes in the different
GO samples.
The values of the determined NLO parameters of the

studied GO samples, under 4 ns ansd 532 nm laser excitation,
are summarized in Table 1. Their NLO response, under 1064
nm excitation, was found to be negligible. As can be seen, all
GOs exhibited reverse saturable absorption (RSA) correspond-
ing to positive NLO absorption coefficient β (i.e., Imχ(3) > 0)
and negative sign NLO refractive index parameter γ′ (i.e.,
Reχ(3) < 0) suggesting self-defocusing behavior. Concerning
the nonlinear absorption of the present GO samples, as it was
previously reported,13,24 highly oxidized GOs (e.g., GOs with
O/C ratio higher than 0.5) were found exhibiting saturable
absorption (SA) behavior at low enough incident laser
intensities, which, however, was changed to RSA at higher
laser intensities, due to the saturation of the SA response. In
general, it was observed that the highly oxidized samples (i.e.,
those having O/C ratio higher than 0.85) exhibited more
pronounced SA behavior easily observed experimentally, while
lower oxidation GOs exhibited weaker or even insignificant SA
behavior. In the present study, the SA behavior was not
observable even at the lowest laser intensities used (i.e., ∼1.5
MW/cm2), since both GO samples sets had an O/C ratio
lower than 0.5. In fact, as can be seen from Figure 1b, the GO2

x

Table 1. NLO Parameters of the GOy
x Samples under 4 ns and 532 nm Laser Excitationa

GOy
x samplesb β (×10−11 m/W) γ′ (×10−18 m2/W) n2

c (×10−12 esu) |χ(3)| (×10−13 esu)

GO1
140 89.5 ± 10.5 −47.4 ± 10.5 162.6 ± 36.0 68.0 ± 10.0

GO1
210 183.0 ± 21.0 −62.5 ± 4.2 214.4 ± 14.4 108.0 ± 8.0

GO1
380 250.0 ± 8.0 −91.7 ± 8.0 314.5 ± 27.4 158.0 ± 8.0

GO2
50 33.8 ± 6.3 −71.0 ± 15.0 243.5 ± 51.4 81 ± 18

GO2
80 43.0 ± 5.0 −82.5 ± 8.8 283.0 ± 30.2 95 ± 9

GO2
120 100 ± 20 −150 ± 30 514.5 ± 102.9 200 ± 40

GO2
220 213 ± 24 −263 ± 29 902.09 ± 99.5 310 ± 35

aAll values refer to a concentration of 1 mg/mL. by = 1: highly oxidized samples, y = 2: lower oxidized samples; x: mean lateral length. cn2 was
calculated using the relation: n2(esu) = (cn0/40π)γ′ (m2/W).
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samples had an O/C ratio of about 0.25. The more oxidized
GO1

x samples had an O/C ratio of about 0.35. In any case, it
should be clear that both sets of samples studied here exhibited
O/C ratios significantly lower than that of the highly oxidized
GO samples of ref 13.
As can be seen in Table 1, the determined values of the

NLO parameters were found to increase with the lateral
dimension of the GO sheet, thus leading to a similar increase
of the third order nonlinear susceptibility χ(3), which was found
to scale linearly with the lateral size of the graphenic sheet, as
shown in the plots of Figure 3.

In addition to the above, the NLO responses of the different
degree of oxidation GO samples, having however similar lateral
dimensions, were found to be significantly different. So, for
example, the less oxidized GO2

220 sample was found exhibiting
three times higher third order nonlinear susceptibility χ(3)

compared to the more oxidized GO1
210 sample, both having

similar sizes. A similar situation was found to hold for the other
samples as well, confirming the effect of the different oxidation
degree on the NLO response.
Similar conclusions were reached recently in a previous

study,13 where it was also found that the degree of oxidation
has great impact on the NLO response of graphene oxide
samples. However, in that study, the studied GO samples were
highly oxidized and such samples did not exhibit any sizable

NLO refraction, following the general trend we have observed
that very oxidized graphene samples present insignificant NLO
refraction and possess only NLO absorption. In the present
work, since the prepared GO samples are significantly less
oxidized than those of ref 13 (supported also by the results of
the XPS measurements, which, for instance, for the GO2

x
samples show an O/C ratio of about 0.25), they were expected
to present NLO refraction, a situation which was clearly
confirmed experimentally here, as all studied samples exhibited
sizable NLO refraction (see also Table 1). This is nicely
depicted in Figure 4a,b, where the OA and CA Z-scans of
GO2

80 and highly oxidized GO* (taken from ref 13) obtained
under similar experimental conditions, are presented. As can be
seen from the OA Z-scan of the highly oxidized GO*, a slight
increase of the normalized transmittance is observed on either
side of the focal plane, followed by a large dip. This is due to
the saturation of the SA behavior, occurring at lower
intensities, which then switches to RSA behavior at higher
intensities, as was discussed previously. On the other hand, this
phenomenon is absent in the case of GO2

80, since its O/C ratio
is much lower and therefore SA behavior is not occurring.
Regarding the NLO refraction of the two GOs, as can be seen
in Figure 4b, GO2

80 exhibits strong self-defocusing, whereas
the CA Z-scan of the highly oxidized GO is rather flat, as this
last one exhibits negligible NLO refraction. In full agreement
with the above big picture, when comparing the two presently
investigated sets of GOs, it is evident that the less oxidized
GOs (i.e., those of the second set, GO2

x) exhibit far stronger
NLO refraction than the similar sized more oxidized GOs (i.e.,
those of the first set, GO1

x); that is, the GO2
230 sample

exhibited more than a 4-fold increase of its NLO refractive
index parameter γ′ than that of the more oxidized but of
similar size, GO1

210 sample.
Regarding the strength of the observed NLO absorption

observed here, compared to that of the GOs of refs 13 and 24,
it can be easily quantified through the value of the nonlinear
absorption coefficient β. As can be seen from Table 1, the β of
the GOy

xs was found to range from 33.8 × 10−11 up to 250 ×
10−11 m/W. For the case of the fully oxidized GOs of ref 24,
their mean hydrodynamic diameter was found to be 520 ± 100
nm and their β was determined to be ∼110 × 10−11 m/W.
However, the fully oxidized GO of ref 13 possessed a β value of
∼50 × 10−11 m/W, which indicates that its mean hydro-
dynamic diameter should be quite smaller, possibly around 260

Figure 3. Dependence of third-order nonlinear susceptibility χ(3) with
the lateral size of the GOy

x sheets.

Figure 4. (a) OA Z-scans and (b) CA Z-scans of GO2
80 and GO*. The GO* Z-scans are unpublished results of the investigated GOs of ref 13.
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nm. The GO2
220 sample, which has a comparable size to the

GO of ref 13 and is smaller by a factor of 2 than that of ref 24,
exhibited much stronger NLO absorption (β value of 213 ×
10−11 m/W) than both GOs, which is expected, given its much
lower degree of oxidation. This comparison shows that the
degree of oxidation can be efficiently used for modifying the
NLO absorption of graphene oxides.
It should be also added here that there is another interesting

difference between the present GOy
xs and those of refs 13 and

24, which is the lack of NLO response under 1064 nm
excitation. In more detail, it was found that the GOs of refs 13
and 24 presented weak but nonetheless measurable NLO
response under infrared excitation. However, their concen-
trations were as high as 1.3 mg/mL, whereas the concentration
of the present GOy

xs was 0.1−0.2 mg/mL. Thus, even though
the intensities used in the present study (∼250 MW/cm2)
were quite a bit higher than those of refs 13 and 24, the NLO
response of the GOy

xs was found to be negligible under 1064
nm excitation, most probably because of the lower
concentration used.
Another interesting observation concerns the modulation of

the relative strengths of the NLO absorption and NLO
refraction parameters. In fact, it becomes evident from the
inspection of the values of the NLO parameters presented in
Table 1 that the ratio β/γ′ is much larger in the case of the
highly oxidized graphene oxide samples, i.e., the GO1

x set,
whereas the opposite trend was observed for the less oxidized
GO2

x samples set. This finding suggests how efficiently the
oxidation degree can change the NLO properties of the
graphene oxide sheet, allowing not only for the switching
between RSA and SA behavior13,24 but modulating largely the
relative strength of the NLO absorption and refraction in view
of specific applications.
As discussed previously, both the Raman and the XPS

measurements of the graphene oxide samples suggest the
absence of significant composition differences among the
samples belonging to the same set, all of them having very
similar oxidation degree. Therefore, the increase of the third-
order nonlinear susceptibility χ(3) with the lateral size of the
GO sheets cannot be explained in terms of composition
differences but should be rather correlated to some other size-
dependent effects.
Among the most common size-dependent optical phenom-

ena, is the nonlinear scattering. In fact, submicrometer size
entities and nanostructures (as, e.g., carbon nanotubes) are
known to exhibit important nonlinear scattering.28 So, in order
to examine if such contributions are occurring here, scattering
measurements of the GOy

x dispersions were performed, under
identical laser excitation conditions to those employed for the
Z-scan experiments.
Briefly, the scattered light was detected by a sensitive fast

photodiode placed behind the sample, at different angles with
respect to the incident laser beam propagation axis, confirming
the lack of any significant scattering. Therefore, the observed
increase of the third-order nonlinear susceptibility χ(3) of the
GOy

x samples with the lateral size, should be entirely
correlated to some other size dependent property. Here, it is
important to be reminded that the increase of the lateral size
can result in an increased length of the conjugated rings, as
suggested by the shift of the sp2/sp3 component in the C 1s
envelope in the HR-XPS results and as it expected on
geometric grounds and is schematically depicted in Figure 5.
The bottom line is that the change of the length of the

conjugated rings leads to the modification of the GO’s band
gap.26,27 Therefore, taking into account that the band gap of
graphenes determines greatly their electronic and optical
properties23 and also that that the decrease of the band gap
results in a significant enhancement of the NLO response,13,29

this tentative explanation could be a reasonable explanation of
the experimentally observed size dependence of the NLO
response of the GOy

x.
In order to provide some more insight into and confirmation

of the modification of the band gap of the studied GO samples,
the corresponding Tauc plots (Figures S3 and S4) were
constructed, which offer some experimental evidence on the
modification of the band gap of the GO samples with the
lateral size. In fact, the Tauc plots results revealed that the
increase of the size of the GO sheet was followed by an
increase of the band gap, in agreement with the increasing of
the size of the conjugated areas.26 Therefore, based on these
experimental evidence, it can be assumed that the extent of π-
conjugation, as quantified by the amount of sp2 species
arranged in nanodomains, plays a crucial role concerning the
NLO response of the GO sheets.
Comparing the NLO response of samples having similar

oxidation degree (i.e., same set of samples), it becomes also
evident that smaller sized GOs (i.e., having wider band gap)
exhibited lower NLO response. On the other hand, the more
oxidized GOs exhibited lower NLO response, as it results from
the comparison between the more oxidized GO1

140 and GO
1
210

samples with the less oxidized, but similar sizes, GO2
120 and

GO2
220. It is interesting to mention that the oxidation effect

seems to affect mostly the NLO refractive response, leaving the
NLO absorptive response rather unaffected.
As it has been reported previously, all GO samples of the

present study exhibited strong RSA behavior, under 532 nm
laser excitation, as denoted by the large values of the NLO
absorption coefficient β that have been determined and are
presented in Table 1. The observed RSA response can be
understood in terms of two photon or excited state absorption
processes which exhibit favorable absorption cross-section, for
instance larger than that of the ground state and a large enough
lifetime.30,31 A direct consequence of the strong RSA behavior
that has been observed in all of the GOy

x samples is their
remarkable optical limiting action, under 532 nm laser
excitation, which was confirmed experimentally in the present
work as well. All GOs were found to exhibit very important
optical limiting behavior, under visible excitation, which was
also influenced by the size of the graphenic sheets. To facilitate

Figure 5. Size reduction of the conjugated areas as a GO sheet is cut
into smaller fragments is a direct geometrical consequence.
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the comparison between the different size GO samples,
dispersions of similar transmittance, i.e., around 90%, were
prepared, the lowest transmittance being 87% and the highest
at about 94%. Despite the high transmittances of the GOs
dispersions, they were found to exhibit low onset of the optical
limiting threshold (OLtrh), the OLthr being defined as the value
of the input fluence at which the sample transmittance starts to
deviate from its linear transmittance corresponding to the
Beer−Lambert law, ranging between 0.375 and 0.8 J/cm2.
In Figure 6a,b, the dependence of the OLtrh on the size of

the GO sheets is presented. As can be seen, the OL onset
exhibits a linear decrease with the size increase for both sets of
GOs. As a general remark, the best OL action was found for
the GO1

380 sample which had an OLthr of about 0.375 J/cm
2. It

should be emphasized here that, while the OLthr was found to
be strongly size dependent, it appears not being noticeably
affected by the degree of oxidation of the samples. So, while
the increase of the size of the GOs leads to lower OLthr, similar
sized GOs, as for instance the GO2

220 and the GO1
210 samples,

or the GO2
120 and the GO1

140 ones, were found to exhibit
about the same onset of the optical limiting activity. This last,
however, must be expected since the nonlinear absorption
coefficient β was only slightly changed with the degree of
oxidation as well, while it was strongly dependent on the size of
the graphenic sheet.
Comparing the OL action of the present GOs with some

other carbon nanomaterials widely known for their optical
limiting performance, as, e.g., some graphene nanosheets
(GNSs), C60, etc., shows that the GO

y
x samples exhibit at least

similar if not better OL efficiency. In particular, the GNSs and
the C60 are reported to exhibit OLthr of 0.5 and 0.1 J/cm2,
respectively,23,32 while the present GO1

380 and the GO2
220

graphene oxide samples were found to exhibit OLthr of 0.375
and 0.520 J/cm2, respectively. However, it should be
considered that the GO dispersions had linear transmittance
of about 90%, while the GNSs and C60 dispersions had linear
transmittances of about 70% and 50%, respectively, thus much
lower than that of GOs dispersions. In another study, the
optical limiting action of some CdS nanoparticles was
investigated.33 It was found that these CdS nanoparticles
exhibited quite low OLthr, comparable to that of the
investigated GOs here. However, as for the case of GNSs
and C60, the CdS dispersions had a linear transmittance of
about 75%, thus again concluding that the GOs are much more
efficient optical limiters. Another very recent study investigat-

ing the optical limiting action of some Au nanocages and
nanoparticles has reported OLtrh of 1.12 and 1.98 J/cm2,
respectively,34 still quite higher than that of the present GOs.
From these comparisons, with some of the more recent
experimental results, it seems that the GOs of the present study
exhibit efficient optical limiting action, similar if not much
better than some of the reference materials commented above,
some of them being considered as benchmark optical limiting
materials (as e.g., C60).

■ CONCLUSIONS
In conclusion, the present study showed that the nonlinear
optical properties of graphene oxide can be largely tuned by
modifying the degree of oxidation and the size of the graphenic
sheets as well. The controlled variation of these two parameters
was shown to allow for the efficient modulation of the
nonlinear absorption and refraction of the GOs, which were
both found to increase, following the increase of the GOs’
lateral size. Moreover, the modification of the degree of
oxidation was found to alter profoundly the nonlinear
absorptive response of GO, as this last can be switched from
SA to RSA behavior. So, the less oxidized graphenic sheets
exhibit strong RSA behavior, which is of interest for optical
limiting applications. Very interestingly, the onset of the optical
limiting action, OLthr, of the studied GOs was also found to be
efficiently modulated by varying the size and the degree of
oxidation of the samples, attaining very low values, comparable
if not better than that of some of the benchmark materials for
optical limiting applications, making GO a modular platform
for optical limiting applications.
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