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Facile one-step fabrication of upconversion
fluorescence carbon quantum dots anchored on

graphene with enhanced nonlinear optical

responses
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A novel nanocomposite hybrid, carbon quantum dots (CQD)/graphene oxide (GO), which combines the
favorable optical properties of both its components, is synthesized by a facile one-step electrochemical

method. Transmission electron

microscopy, Raman spectroscopy, UV-vis spectroscopy, and

fluorescence studies show that the CQDs uniformly attach on the GO surface, which enables highly
efficient energy transfer between CQDs and GO. The nonlinear optical and optical limiting (OL)
performances are investigated by the open-aperture Z-scan technique in the nanosecond regime using
a laser with a wavelength of 532 nm. The as-prepared CQD/GO composite offers a significantly
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improved OL performance compared with GO because of the charge/energy transfer process between

the CQDs and GO. The main contributors to the enhanced OL effect in the CQD/GO hybrid are
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1. Introduction

Since the appearance of the first operational laser in 1960, new
and improved laser technology for both civilian and military
purposes has continued to be at the forefront of research
worldwide, owing to the coherent, monochromatic, and single-
directional properties of laser light. However, the potential
damage caused by lasers to the human eye and to precise optical
instruments has become increasingly apparent, greatly stimu-
lating the development of laser protection materials. Much
effort has been invested into research into smart materials and
processes over the past decades in an attempt to afford some
measure of protection from laser beams. Optical limiting (OL),
an important application of nonlinear optics (NLO), useful for
the protection of the human eye, optical elements, and optical
sensors from intense laser pulses, is of great interest to private
industry, law enforcement, and the military. A good optical
limiter is a material that allows optical radiation to pass
through at low fluences but suppresses the transmitted inten-
sity as the laser fluence increases. Materials with this property
can be useful to fabricate devices for pulse shaping,' passive
mode locking,> and eye protection against powerful lasers.?
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a combination of nonlinear scattering and increased nonlinear absorption resulting from efficient
charge/energy transfer at the CQD/GO interface.

Extensive research has been performed on optical limiters in
the past 20 years, and the strong OL properties of a wide range
of materials have been intensively studied, from organic dyes
(phthalocyanine, porphyrin, fullerene),*® carbon nanomaterials
(carbon black, carbon nanotubes, graphene)'*™** to noble metal
nanoparticles (NPs)'**® and quantum dots.'*?* Typically, the
occurrence of OL effects in materials arises from three main
classes of mechanisms: nonlinear absorption (NLA), nonlinear
scattering (NLS), and nonlinear refraction (NLR).

Despite significant progress in the past decade in the
development of NLO nanomaterials and their nonlinear inter-
action with light, no one individual OL material can effectively
fulfill all the requirements of ideal OL materials, including
broadband effectiveness, rapid limiting response, low limiting
threshold, and high damage threshold. Therefore, there is still
an urgent need for highly NLO-responsive components. Of
particular interest are hybrid nanomaterials, which offer a new
and convenient basis for novel NLO components that interact
strongly with ultrafast laser pulses.”**®* Compared with their
individual constituents, hybrid nanomaterials often exhibit
enhanced NLO effects and/or flexible processability,***® result-
ing from the unique structures and synergistic coupling effects
between the constituents.

Recently, graphene and its derivatives have been shown to be
ideal substrates to synthesize multicomponent materials
because of their large 2D aromatic surfaces, especially when the
surfaces are functionalized with oxygen-containing groups,
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such as hydroxyl and epoxide moieties. These groups can act as
reactive sites for chemical modification using recognized
carbon surface chemistry.*®3" To date, graphene-based
composites have been successfully synthesized from inorganic
nanostructures, organic crystals, polymers, metal-organic
frameworks, biomaterials, and carbon nanotubes, and have
been intensively explored in applications such as batteries,
supercapacitors, fuel cells, photovoltaic devices, photocatalysis,
sensing platforms, and Raman enhancement.”**' Most impor-
tantly, because of their ultrafast carrier dynamics and good
incident-light absorption capabilities, nanocomposites based
on graphene and its derivatives have become the benchmark for
broadband optical limiters, outperforming their single-
component equivalents.>*?® Particularly, recent results indi-
cate that such nanocomposites show improved NLO or OL
properties compared with those of the individual components.
As a result, great progress has been achieved in the loading of
single materials, including metal NPs, metal oxide NPs,
quantum dots, phthalocyanines, and porphyrins, onto gra-
phene surfaces to obtain composites for NLO and OL
applications.”*>*

At the same time, carbon quantum dots (CQDs) have
emerged as a particularly interesting carbon nanomaterial.
These have drawn considerable attention owing to their unique
properties, including excellent chemical and photostability,
biocompatibility, easy functionalization, and upconversion of
photoluminescence. These features have been applied in fields
such as bioimaging, solar light harvesting, chemical and
biochemical analysis, photocatalysis, and optoelectronics.****
Notably, CQDs have recently been shown to exhibit excellent
NLO and OL responses*** and exhibit considerable third-order
NLO responses comparable to Cgy, a well-known form of
molecular carbon with proven NLO properties. However, to the
best of our knowledge, although some groups reported the
preparation of CQD/GO hybrid,* no studies reported the NLO
and OL performances of nanocomposites of CQDs and gra-
phene oxide (GO). This design strategy could potentially
generate superior OL performance by combining the advan-
tages of both carbon-based nanomaterials, thus enabling
development of multifunctional carbon-based OL materials and
providing new insight into the development of novel nano-
architectures with versatile properties.

In the present work, a nanohybrid with ultrafine and well-
dispersed CQDs supported on GO nanosheets, which
combines the favorable optical properties of CQDs and gra-
phene phases, is synthesized by a one-step electrochemical
method. Electrochemistry allows control over the product's
electronic states via adjusting the external power source to
change the Fermi energy level of the electrode material's
surface. For the first time, we report a facile and rapid approach
to the synthesis of ultrafine and well-dispersed CQDs decorated
on GO nanosheets at a graphite electrode under aqueous solu-
tion. Transmission electron microscopy (TEM), atom force
microscopy (AFM), Raman spectroscopy, ultraviolet-visible (UV-
vis) absorption spectroscopy, and photoluminescence (PL)
spectroscopy were used to elucidate the surface morphologies,
structures, and linear optical properties of the obtained CQD/
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GO nanohybrids. The NLO and OL performance of CQD/GO
were characterized by the Z-scan technique using 532 nm
laser pulses with a pulse duration of 4 ns. The CQD/GO hybrids
showed stronger NLO and OL effects for nanosecond laser
pulses at 532 nm than did the individual GO. The possible
mechanisms are also discussed.

2. Experimental
2.1 Synthesis of the CQD/GO hybrid nanostructures

The CQD/GO nanocomposites were synthesized by a facile
electrochemical method. Typically, a graphite rod (99.99%, Alfa
Aesar Co. Ltd.) was inserted into ultrapure water as the anode
(18.4 MQ em ™", 500 mL), which was placed parallel to another
graphite rod as the counter-electrode with a separation of
5.0 cm. Static potentials of 30 V were applied to the two elec-
trodes using a direct current (DC) power supply. After contin-
uous stirring for 120 h, the CQD/GO hybrid was obtained, the
anode graphite rod became corroded, and a solution appeared
gradually in the reactor. The solution was centrifuged to remove
the precipitated graphite oxide and graphite particles, and
filtered and dialyzed with a cellulose ester membrane bag
[MD77 (8000 - 14 000)]. The solution was dialyzed and finally
concentrated to be characterized. For comparison, GO was
prepared by oxidizing natural graphite powder via the modified
Hummers method.* Individual CQDs were prepared by
hydrothermal synthesis using heparin sodium as a raw mate-
rial. A 40 mL portion of 0.0275 ¢ mL ™" sodium heparin solution
was added to a 50 mL stainless-steel autoclave and reacted in an
oven for 12 h at 140 °C. The reacted black mixture was filtered
and the filtrate was centrifuged at 10 000 rpm for 10 min at
23 °C. After vacuum filtration (filter membrane: 0.22 um) and
dialysis (MWCO = 3500/8000) a light brown supernatant was
obtained. The dialyzed solution was then dried in a drying air
oven for 48 h (60 °C) to obtain a concentrated CQD solution. The
solution was further dried to obtain the CQD powder.

2.2 Characterization

The morphology of the CQD/GO hybrids was investigated by
TEM (JEM-2010, accelerating voltage 200 kV). The samples were
ultrasonicated in ethanol to ensure dispersion. A drop of the
dispersed sample was left to dry on a commercial carbon-coated
Cu TEM grid. AFM measurements were performed on
a Dimension Icon (Bruker Nano) AFM. About 0.5 pL CQD/GO
solution was spotted onto a cleaned silicon wafer and dried in
a vacuum oven (~12 h, 50 °C). Samples were imaged in air by
tapping-mode AFM on a Nanoscope Vcontroller with HAR1-200-
10 tips (silicon cantilever, Bruker AFM Probes). The tip-surface
interaction was minimized by optimizing the scan set point.
Raman spectra of the CQD/GO hybrid composites were ob-
tained using a Raman spectrometer (Renishaw Invia) at
ambient temperature with an excitation wavelength of
514.4 nm. UV-vis spectra were recorded using a UV-vis spec-
trophotometer (UV-2600). The absorption behavior of the CQD/
GO suspensions was measured in quartz cells with a path length
of 10 mm. The fluorescence properties of the samples were

n
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measured with an FM-4 fluorescence spectrometer (HORIBA
Jobin Yvon, France).

2.3 Z-scan measurements

The NLO and OL behavior of the CQD/GO hybrids was investi-
gated by the open-aperture (OA) Z-scan technique.” The exci-
tation light source was a Nd:YAG laser (Brio 640, Quantel, Les
Ulis, France) with a repetition rate of 1 Hz. The laser pulses
(period 4 ns, wavelength 532 nm) were split into two beams by
a mirror. The pulse energies at the front and back of the
samples were monitored using energy detectors (PE25, Ophir
Optronics Solutions Ltd., Jerusalem, Israel). The beam waist at
the focus is 14.5 um, and thus the Rayleigh length is 1.24 mm.
The energy of a single pulse was 120 pJ and the peak intensity at
the focus calculated to be 8.53 GW cm ™. All of the measure-
ments were performed at room temperature. The samples were
dispersed in ethanol and added to 1 mm-thick glass cuvettes.
The cuvettes were mounted on a computer-controlled trans-
lation stage that shifted the samples along the z axis. An error of
+5% in the transmittance data has been observed during the
measurement of far field transmittance by the detector.

3. Results and discussion
3.1 Morphology and structure characterization

The success of the one-step electrochemical strategy to produce
CQD/GO hybrids was confirmed by the TEM images. The
representative TEM images in Fig. 1 show the synthesized
samples of CQD/GO hybrid. As shown in Fig. 1(a) and (b), the
ultrafine and uniform CQDs with sizes of approximately 5 nm
were homogeneously anchored on a two-dimensional GO sheet.
As revealed in the HRTEM images (Fig. 1(c) and (d)), the lattice
spacings of graphene and CQDs are about 3.41 and 2.08 A,
respectively, corresponding to the (002) plane of crystalline
graphite and (100) spacing of single carbon dots. To obtain
more insight into the size of the CQDs on the surface of GO,
AFM images were recorded. Fig. 1(e) and (f) confirms the
dispersed graphene to be wrinkled sheets with an average
height of 6.24 nm, implying that the average size of the
anchoring CQDs is also approximately 6.24 nm. The TEM
results clearly confirmed that the CQD/GO hybrid was
successfully synthesized using a facile electrochemical method.

The formation mechanism of CQD/GO hybrids is worth
further exploring. The composites were synthesized through
a mild, one-step electrochemical approach, in which only pure
water is used as the electrolyte and graphite rods as both anode
and cathode. Graphite is a layered crystal formed by the stack-
ing of carbon hexagonal symmetry planes. The carbon atoms
are covalently bonded to each other in each layer, while the
layers are combined through van der Waals forces. Therefore, it
can be imagined that judicious cutting of a graphite honeycomb
layer into ultra small particles can lead to tiny fragments of
graphite, yielding CQDs and/or graphene. During constant
voltage electrolysis, cations (H') and anions (OH™) of the elec-
trolyte move toward the cathode and the anode, respectively.
Under an electric field, ions would enter the graphite sheets to
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increase the spacing between the graphite layers, thus weak-
ening the interaction force between the layers. With the elec-
trolysis reaction processed, the graphite on the cathode
electrode is continuously corroded, and the surface of the
electrode expanded obviously. It also can be seen that some
colored materials were shed on the surface of the electrode, and
the stripped graphite layers (including CQDs, GO, and graphite
sheet) appeared in the electrolyte. The resulted solution was
centrifuged to remove the precipitated graphite oxide and
graphite particles, and filtered and dialyzed with a cellulose
ester membrane bag to obtain CQD/GO hybrid.

Raman spectroscopy is an effective method to characterize
carbon-based materials. Raman spectra contain information on
the chemical environment of the sp> and sp® carbon atoms in
graphite, diamond, fullerene, carbon nanotubes, graphene, and
other carbon materials, and allow their structural features to be
characterized. Fig. 2 indicates the Raman spectra of GO and the
CQD/GO hybrid, illustrating the influence of the decorating
CQDs on the structure of GO. The spectra of the graphene-based
nanostructures contain two characteristic peaks in the range
500 to 3500 cm ™', termed the G band and D band, respectively.
The D band is a breathing mode of the x-point phonon with A,
symmetry. This peak mainly originates from lattice defects,
such as vacancies, edge crimping, and sp’-hybridized carbon
atoms linked to the oxygen-containing groups. The G band is
associated with the E,, phonons of the sp*hybridized carbon
atoms. The broad and symmetrical 2D band in the region of
2700-3100 cm ™' indicates that the CQD/GO is highly oxidized
and consists of only a few layers. Generally, the intensity ratio of
the D peak to the G peak (Ip/Ig) is used as an indicator of the
level of functionalization. The Ip/Ig ratios for GO and CQD/GO
are 1.05 and 1.09, respectively. The negligible change of the
ratio indicates the restoration of the original sp® network on the
surface of GO after the introduction of CQDs.

3.2 Linear optical properties

The linear optical properties of the CQD/GO composite nano-
structure were studied by UV-vis and PL spectroscopy. The UV-
vis absorption spectra of the GO and CQD/GO hybrid in
aqueous solution are presented in Fig. 3. As can be seen, GO
displays one well-defined absorption peak at around 230 nm
and a shoulder centered at 300 nm. The former is attributed to
the * — 7* transition of aromatic C=C bonds, resulting from
the highly conjugated aromatic structure, while the latter can be
ascribed to the n — =* transition of C=0 bonds. After the
assembly of CQDs on the GO, the characteristic absorption of
GO became even weaker and broader as a result of an inter-
particle coupling effect. Meanwhile, the absorption peak at
230 nm has slightly narrowed down in case of CQD/GO
composite probably due to the fact that attaching with CQDs
inhibits the ® — w* transition of aromatic C=C bonds. The
absorption spectrum of CQD/GO did not show any new
absorption characteristics, indicating that no charge diffusion
or electronic interaction occurred between the CQDs and GO in
their ground state. In addition, the C-O and C=O0 bonds indi-
cate the presence of a large number of oxygen-containing
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Fig. 1 (a) and (b) TEM images of CQD/GO. (c) and (d) HRTEM images of CQD/GO. (e) AFM image of CQD/GO on a silicon substrate. (f) The
corresponding height-profile along the line in (e).

groups (such as hydroxyl, carboxyl, carbonyl, and epoxy) on the The PL data in Fig. 4(a) show that the GO emitted a broad band
GO and CQD/GO hybrid. centered at around 430 nm. Because of the wide size distribu-

To further explore their linear optical properties, the GO, tion of sp> domains in GO, which calculated to be 4.19 nm from
CQDs and CQD/GO hybrids were studied by PL spectroscopy. Raman data,*” the corresponding band gaps also cover a wide

10270 | RSC Adv,, 2018, 8, 10267-10276 This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Raman spectra of GO and CQD/GO hybrid.

1.5
—GO

124 ----CQD/GO
B
o 0.9+
[0]
o
=
[
o
5 0.6
172}
Qo
<

0.3 1

0.0 T T T T T

200 300 400 500 600 700 800
Wavelength (nm)
Fig. 3 UV-vis spectra of GO and CQD/GO in aqueous solution.

size range, leading to a wide PL emission spectrum from visible
to near infrared. Upon excitation at 340 nm, the CQDs exhibit
one broad and strong emission band at around 450 nm
(Fig. 4(a)). This is caused by both an intrinsic band gap,
resulting from confined sp® conjugation in the core of the
CQDs, and extrinsic fluorescence, resulting from a surface state
that can be excited either directly or by energy transfer from an
intrinsic band. It is clear that the characteristic emission of the
CQDs between 350 and 650 nm was dramatically reduced after
attachment to the GO, suggesting a strong PL quenching effect
in the CQD/GO hybrid. Previous studies found that GO likewise
possesses a similar quenching efficiency against inorganic QDs
and fluorescent dyes.*”” In the current study, energy transfer is
one of the possible mechanisms for PL quenching in the CQDs.
It is known that PL emission originating in CQDs can be
effectively quenched by both electron donors and acceptors.
Therefore, the observation of quenching here indicates that
efficient charge/energy transfer occurs at the CQD/GO interface.
The transferred energy is accepted by GO, which therefore
displays enhanced PL intensity. In addition, the emission band
is slightly red-shifted in the CQD/GO hybrid, which results from
an increase in surface defects on the GO surface after

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 (a) PL spectra (Aex = 320 nm) of CQDs, GO and CQD/GO in

aqueous solution at room temperature. (b) PL spectra of CQD/GO
hybrid at different excitation wavelengths.

modification by the attachment of CQDs. The excitation-
dependent emission, ie., PL maximum of CQDs has been
widely reported to red-shift as the excitation wavelength
increases.*»** Interestingly, the PL emission in the CQD/GO
hybrid also displayed such excitation-wavelength-dependent
PL behavior, as shown in Fig. 4(b). The efficient charge/energy
transfer from the CQDs to the GO highlights the potential for
CQD/GO to behave as an effective light conversion device.

3.3 Nonlinear optical performance

Carbon-based materials, including fullerenes, carbon nano-
tubes, graphene, and carbon black nanoparticles, often exhibit
strong NLO properties, which has led to pronounced interest in
these materials with regard to the realization of NLO devices,
such as optical limiters. In addition, based on the results dis-
cussed above, an improved NLO and OL effect should be ex-
pected from the CQD/GO hybrid, compared with that of GO,
because of the charge/energy transfer between the decorated
species and substrate GO. The OA Z-scan technique was
employed in the present study to investigate the NLO and OL
responses in the nanosecond regime at 532 nm. The sample
concentrations were adjusted to obtain a uniform linear trans-
mittance of 80% at 532 nm in 1 mm-thick cells using a UV-vis

RSC Adv., 2018, 8, 10267-10276 | 10271
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spectrometer to ensure equivalent absorbance. The OL effects of
the samples, manifested by plotting the normalized trans-
mittance versus the input energy density, were calculated from
the OA Z-scan measurements, as illustrated in Fig. 5. The OL
property of pure aqueous was also measured at the same
conditions to clarify the solvent contribution. In the pure
aqueous, we has not observed an OL effect at 532 nm, the major
contribution of OL arises from the CQD, GO, and CQD/GO
hybrid. All of the samples present a similar trend, that is, the
transmittance remains constant at low input fluence and then
decreases as the fluence increases beyond a threshold value.
This is a typical feature of OL materials, indicating that all three
samples are potential OL candidates. The OL threshold (defined
as the input fluence at which the transmittance falls to 50% of
the linear transmittance) was determined to be larger than 3 J
cm ™ ? for CQDs and GO, 2.15 ] em ™ > for CQD/GO, respectively.
This shows that the anchored CQDs helped to enhance the OL
performance of GO by lowering the OL threshold, which verifies
the superior performance of the composite system.

Several mechanisms have been found to be responsible for
the OL behavior of different materials, specifically, NLA (two-
photon absorption (2TA), free-carrier absorption, and reverse
saturable absorption), NLS, and NLR. CQDs exhibit similar
properties to other species of quantum dots. Therefore, the
origins of their NLO response can be assumed to be similar to
those of their inorganic counterparts. For QDs, the generally
accepted underlying OL mechanisms are two-photon and/or
multiphoton absorption for pico- to femtosecond laser pulses
and free-carrier absorption and/or NLS for nanosecond laser
pulses.'®"33738 By the closed-aperture Z-scan techniques, which
can conveniently and effectively distinguish between NLA and
NLR, it was confirmed that NLR made no contribution to the
observed NLO and OL behavior of the CQD/GO hybrid in
response to nanosecond laser irradiation in our experiments.
To separate the contributions of NLA and NLS, we used a Z-scan
setup following Joudrier and Rao***® and the results are shown
in Fig. 6. The intensity variation along the beam propagation

0.8

0.7+

Normalized transmittance

= CQDs
061 o GO
4 CQD/GO
0.5
04 S— S —
0.01 0.1 1

Input fluence (J/cmz)

Fig. 5 Normalized transmittance OL curves of GO and CQD/GO
samples in agueous solution at 532 nm. The linear transmittance of
each sample was individually adjusted to 80%.
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direction z in a medium having a third-order nonlinearity is
described as dI/dz = —aol — a,l?, where «, is the linear
absorption coefficient, and «, is the total nonlinear extinction
coefficient. The coefficient «, is a sum of contributions from
both NLA () and NLS (ays): ap = as + apg. The position-
dependent transmittance (the “Z-scan curve”) is given by:*!

1.10

1.05
8 1.00
{ =
5 |
E 0.95-
(72}
&
£ 0.90
°
3 |
= 0.85-
£ |
[}
Z 0807 w NLA+NLS
e NLA
0.75
v T ¥ T T v T y T ¥
-60 -40 20 0 20 40 60
Z (mm)
1.2 (b)
1.1
[0]
e
ko] 1.0
£ ]
2 09
o ]
B 0.8+
N
= |
£ 0.7
2 = NLA+NLS
06- e NLA
0.5 T T T T T T T T
60 -40 20 0 20 40 60
Z (mm)
1.1
1.0
[0}
(]
| =
£ 09+
£
7]
§ 0.8
o
[0}
N 0.7 1
©
£
o _
z %6 = NLA+NLS
e NLA
0.5
T T T T T T T T T T T
-60 -40 -20 0 20 40 60

Z (mm)

Fig.6 OA Z-scan curves of (a) CQDs, (b) GO and (c) CQD/GO samples
in aqueous solution at 532 nm. The linear transmittance of each
sample was individually adjusted to 80%.
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where z is the sample position with respect to the focus and
q(z) = auloLi[1 + (Z/Z,)?], with I, being the peak intensity at the
focal point. L is the effective length of the sample, given by
[1 — exp(aol)/ato], where I is the sample length, and Z, = 7w,/
is the Rayleigh range, where w, is the beam waist radius at the
focus and 2 is the wavelength of the light. The value for «, is
obtained by fitting the 7(z) equation to the experimental data. In
the context of our experiment, i.e., the Z-scan in Fig. 6, curve (b)
gives a,, and curve (a) is fitted with «a,,. The error incorporated
during the fitting of the experimental points with eqn (1), has
been estimated are included in the values of a,, ay,, and asg.
Thus, the values of a,, aya, and a,g were calculated to be 0.99 +
0.05,0.81 + 0.04, and 0.18 & 0.01 for the CQDs; 1.68 + 0.08, 1.59
+0.08, and 0.09 + 0.01 for GO; and 2.16 =+ 0.11, 1.59 + 0.08, and
0.57 £ 0.03 (x10~'" em W) for the CQD/GO hybrid. It is clear
that except for NLA, NLS makes a contribution to the total
extinction in the GO and CQD/GO hybrid.

The enhanced NLO and OL performances of the CQD/GO
hybrid can be further understood in terms of a process by
which laser pulses promote electron and/or energy transfer
from the electron donor, i.e., ultra-small CQDs, to the electron
acceptor, GO. The origins of the observed OL behaviors of the
CQDs can be attributed to free carriers. The electrons from the
valence band can be excited to the intermediate states of the
linear absorption tail through inter-band transitions, leading to
the generation of a large number of free carriers when excited by
laser pulses. These free carriers can be further excited to higher
levels in the conduction band by absorbing photons (intra-band
transitions), giving rise to NLA. Meanwhile, GO, possessing
a highly delocalized conjugated structure and superior elec-
trical conductivity, can efficiently transfer the photo-generated
free carriers, which suppresses the charge recombination and
produces a charge-separated excited state, leading to the
enhanced NLO and OL response in the CQD/GO hybrid.

In addition, the enhancement of NLS also contributed to the
improved OL activities in CQD/GO hybrid. Generally, NLS may
play the most important role in the OL behavior of nano-
materials. Thermal induced NLS scattering centers consist of
two origins: the formation and growth of solvent bubbles and
the formation and expansion of microplasmas. The former
takes place at the lower incident energy fluence, while the latter
takes place at higher fluence. Although nanoscale particles
cannot effectively scatter the laser beam according to the Mie
scattering theory because of the small size of the scattering
centers, the NLS of the CQD/GO hybrid clearly outperforms
those of the GO sample, indicating the enhanced NLS induces
by the anchoring CQDs. When irradiated by ns laser pulses,
light absorption by CQDs and GO induces a enhanced
temperature in the nanostructures, which leads to formation of
rapidly expanding microplasmas. Formation and rapid expan-
sion of these microplasmas then transfers thermal energy to the
surrounding medium, forming solvent microbubbles. When
the size of the bubbles increases to the magnitude of the inci-
dent light wavelength, the bubble clouds effectively scatter the
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incident beam, realizing reduction of transmission. These
microplasmas and microbubbles strongly scatter light from the
transmitted beam direction, leading to a decrease in the
measured transmitted light energy and OL effects occur.
Therefore, it is very interesting that despite the smaller contri-
bution from NLS, the OL effect of CQD/GO hybrid was larger
than that of the GO at the same linear transmittance at 532 nm.

Recently, the NLO and OL actions of graphene and graphene-
based hybrids, including graphene, GO, metal/metal oxide-GO,
semiconductor QD-GO, and hexagonal boron nitride nano-
sheets—graphene oxide (hBN-GO) nanocomposites, etc., have
attracted considerable attention and increasing efforts have
been attempted to explore their application in nonlinear optics
field.*”->> For example, enhanced two photon absorption prop-
erties of GO-Ag nanocomposite in comparison to those of GO
under the excitation of a ns pulsed visible laser radiation of
532 nm wavelength were reported, and the extracted values of 2
PA 8 for GO-Ag is 45.4 cm GW ™" at a intensity of 0.2 GM cm ™ >.*
For graphene-ZnO, the 2 TA coefficient (8 is calculated to be
—78.6 x 10 ° cm GW ™' at 18.7 GW ¢cm ™ > by 1030 nm and 340 fs
laser exciting.®® The obtained @ values of CuO/functionalized
hydrogen exfoliated graphene (f-HEG) hybrids with linear
transmittance of 70% are of the order of 107" m W~ while
irradiated using 5 ns duration laser pulse at 532 nm.** Mean-
while, the 2 TA coefficient 8 of hexagonal boron nitride nano-
sheets—graphene oxide (BNNS—GO) heterostructure (0.1 mg
mL ") is 14.3 cm GW ™' at 532 nm laser excitation.*> The above
results strongly suggested that the calculated nonlinear absorp-
tion coefficient of materials significantly depends on the
measured conditions in the different labs, such as wavelength
and pulse duration of excited laser, excited intensity,
concentrations/linear transmittance of samples, and solvent, etc.

Despite of such confused situation, to explore the practical
application of CQD/GO hybrid, it is helpful to compare the NLO
and OL activities of CQD/GO hybrid with some of the reported
work carried out under the similar measured condition with our
group. It may be noted that the ns OL limiting threshold values
of the CQD/GO hybrid is better than those of reported graphene-
based nanostructures like graphene oxide nanosheets (>3 J
ecm™?),*® CuO/f-HEG hybrids (4.35 ] cm™?),** GO-Ag composites
(6.4 J cm?)* and comparable to benchmark materials like C60
(2 J em™?)*® and carbon black (2.2 J cm?),®* making CQD/GO
hybrid attractive candidate for applications in eye and sensor
protection from hazardous laser radiation. Furthermore, in
Feng's study, they investigated the NLO properties and OL
action of various GO nanostructures and among them graphene
oxide nanosheets (GONs) and graphene oxide nanoribbons
(GONRs), using 8 ns, 532 and 1064 nm laser pulses, the
nonlinear absorption coefficient 8 of GONs has been deter-
mined to be 0.29 x 107 ** and 0.12 x 10~ "> em W™ for visible
and infrared laser pulses, respectively, while the corresponding
values for GONRs were found to be 1.09 x 10~ and 1.40 x
10" cm W .*° The nonlinear extinction coefficient of CQD/
GO hybrid in the ns excitation regime improves two orders of
magnitude as compared to Feng's reports. Such improvement
nonlinear behavior strongly suggests that CQD/GO hybrids are
highly promising for building photonic logic devices.
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4. Conclusion

In summary, we have developed a one-step facile electro-
chemical method to synthesize novel CQD/GO nanocomposites
that combine the advantages of both CQDs and GO. Based on
the results obtained using TEM, Raman spectroscopy, and UV-
vis spectroscopy, uniform decoration of CQDs on the two-
dimensional GO surface was achieved. The linear optical
properties of the as-prepared CQD/GO hybrid were studied by
UV-vis absorption and PL spectroscopy. In this hybrid nano-
structure, the luminescence of photoexcited CQDs is signifi-
cantly quenched, possibly by a charge/energy transfer process
from the CQDs to the GO, resulting in enhanced blue fluores-
cence from the GO. The NLO and OL performances were
investigated by the open-aperture Z-scan technique in the
nanosecond regime using a laser with a wavelength of 532 nm.
The as-prepared CQD/GO composite offers a significantly
improved OL performance compared with either GO or CQDs
because of the charge/energy transfer process between the
CQDs and GO. In addition, the OL threshold of CQD/GO hybrid
is better than those of reported graphene-based nanostructures
like GONs, CuO/f-HEG hybrids, GO-Ag composites and
comparable to benchmark materials like C60 and carbon black
and the value of § improves two orders of magnitude as
compared to GONs and GONRs. The main contributors to the
enhanced OL effect in the CQD/GO hybrid are a combination of
nonlinear scattering and increased nonlinear absorption
resulting from efficient charge/energy transfer at the CQD/GO
interface.
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