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In this study graphene oxide (GO) is synthesized by using Hummer’s method. Low dimension graphene quantum dot nanoparticles
(GQDs) are synthesized using pulse laser irradiation. Fourier transform-infrared spectroscopy (FTIR), ultraviolet-visible (UV-Vis)
spectroscopy and photoluminescence (PL) analysis are applied to study the GQDs characteristic. Scanning electron microscopy illustrates
the morphologies of GQDs and RGQDs. The results show that the solution’s pH has an effect on the size and bandgap of GQD. We
introduce a suitable method to construct GQDs with great bandgap control, indicating a bright horizon for investigating graphene’s

potential applications in transparent electronics, transistors, sensors, and energy harvesters. The successful attainment is size control by

changing pH of solution and low cost synthesis process.
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INTRODUCTION

Graphene has been widely used as transparent
conductive electrodes in solar cells, light-emitting diodes
(LEDs) and touch panels [1]. A new graphene type, GQD
(single-layer graphene with finite size) has appeared in
theoretical studies and it has been given high interest owing
to its excellent chemical and physical properties [2,3].
GQDs have unique electron transportation properties, low
cytotoxicity, and excellent biocompatibility. In addition,
GQDs contain an exceptional phenomenon associated with
effects [4]. These

characteristics result in broad applications in various fields,

quantum confinement and edge

such as photovoltaics [5,6]. In this line, GQDs have been
identified as a cost-competitive, environmentally friendly,
and stable photoactive material in various applications.
Considering the low-dimension of GQDs, they exhibit
effective photocarrier generation and separation at metal
oxide interface compared to graphene layers. This might
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cause a reduction in the charge recombination rate [7].
While the electronic and optical properties of GQDs have
been rarely investigated, quantum-confined systems have
been studies by some research groups [8,9]. Simultaneously,
in opposition to the zero-bandgap of graphene, GQDs
possess a tunable bandgap due to the quantum confinement
and edge effects [10]. Two methods have been reported to
control the GQDs bandgaps. In one case, the GQDs were
rapidly purified using cross-flow ultrafiltration to separate
them by size via variation of the membrane pore size
[11,12]. The emission wavelengths of the purified GQDs
depend on their sizes, in accord with the quantum
confinement effect [4] on their functionalities and defects.
In the second approach, instead of using ultrafiltration, they
engineer the bandgaps of the GQDs. In ultrafiltration, the
reaction temperature of the oxidation process is controlled.
Consequently, size of GQDs depend on the temperature
which has fluorescence in the visible range. The higher the
temperature, the smaller the GQDs, emphasizing the facility
with which the domain sizes could be controllable through
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oxidative cutting [13]. Bandgap could be reached by
changing the etching duration, and the oxygen component
ratio in the GQDs could be also controlled by changing the
etching duration to achieve the highest intensity of the
bandgap [14]. The tunable bandgap of GQDs is related to
both the size effect and functionality effect [15].

One of the most important properties used to classify the
optical response of a quantum dot system is whether it has a
direct or indirect bandgap. In dots with direct gaps, the
electron and hole wave functions are both confined within
the dot and are both derived from the I' states of Brillouin
zone center. Dots with indirect bandgaps can be indirect in
real space. In this case, the electrons and holes are localized
in different regions of the nanostructure, where the states are
from different k points in the Brillouin zone [16]. On
moving from a bulk system to a dot system, the level
ordering can be completely changed by the effects of
quantum confinement and strain. Quantum confinement
drives electron levels up in energy and hole levels down in
energy and strain can drive levels either up or down in
energy depending on the sign of the deformation potential.
If the lowest electron level in the barrier is below that of the
dot, then electrons may localize in the barrier, generating a
system that is indirect in real space. Similarly, if the highest
hole level in the barrier is above that of the dot, then holes
may localize in the barrier, again creating a system that is
indirect in real space [16]. In this paper, we have
synthesized GQDs with controlled bandgaps using a variety
of pH under laser irradiation. The samples were analyzed by
Fourier transform infrared spectroscopy, UV-Vis, scanning
electron microscopy and photoluminescence.

EXPERIMENTAL DETAILS

All materials for the experiment were purchased from
Merck Company. Go was synthesized by using Hummer’s
method. The detail can be found in our previous report [17].
GO powder was dissolved in DI water with concentration of
0.2 wt%. Then, ammonia solution and H,O, were added to
the GO
Scientific Instrument Co.). Then stirred 15 min to produce

suspension to tune pH (Shanghai Precision

homogenous solution. The resulted solution was transferred
into a 100 ml Teflon-lined stainless-steel autoclave and
heated to 150 °C for 5 h. After being cooled down to room
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temperature, the obtained solution filtered by PTFE
membrane (millipore, pore size: 100 nm). The process was
repeated four times with various pH = 5, 9, 11, 13 and the
samples named GQD-5, GQD-9, GQD-11, GQD-13,
respectively.

Then, 8 ml GQDs solution with various PH were
exposed to ND:YAG pulsed laser system (Quantel, Briliant
b class4 with 532 nm wavelength, 5 ns pulse duration, 10
Hz repetition rate, 0.3 W power, and 40 mJ maximum pulse
energy in 7 mm beam diameter)for 5 min. The fabricated
samples were tagged RGQD-5, RGQD-9, RGQD-11 and
RGQD-13. Ultimately eight different GQDs and RGQDs
were synthesized, which are shown in Table 1.

Morphologies and structures of GQDs were investigated
by Fourier transform infrared (FTIR) spectroscopy (jasco
FTIR-410) and scanning electron microscopy (SEM,
VEGA/TESCAN-XMU). Dynamic light scattering (DLS,
Malvern Instruments MAL1008078) was applied to study
the size of GQD. PL and UV-Vis spectra were measured by
a fluorescence spectrometer (PL, perkinelmer LS 45) and
UV-Vis spectrophotometer (Lambda 750).

RESULTS AND DISCUSSION

In order to characterize the functionalization of GO and
GQDs in the frequency range for stretching and bending
modes, FTIR spectra were used (Fig. 1). GO and GQDs
both displayed the aromatic of C=C (1572 cm™), stretching
vibrations of C=0 (1732 ¢cm™"), and C-O-C (2326 cm™) [18,
19]. Functionalized groups were on the edges O-H (3396
em™) and (1418 cm™), C-H (2789 c¢m™) [20]. The small
peak was observed at 2900 cm™, such features are not easily
detected as the size of the GQDs grows. This is associated
with declining abundance of edge C-H stretching as the
GQDs grow in size [13]. However, the O-H stretching
vibration of GO was deteriorated compared to that of
GQDs. Vibrations of C-O-H at 1230 cm™ in the GQDs
spectrum [18], also appeared. The structure of the GO is
split less at the surface in comparison with the border. In
addition to active peaks the functionalization group C-O-
OH at 1410 cm’' can be observed for the GQDs.

Figures 2 and 3 show the UV-Vis absorption spectra of
GQDs and RGQDs synthesized at pH = 5, 9, 11 and 13.
RGQD and GQD absorptions are increased both at the
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Table 1. Eight Different GQDs and RGQDs Samples

Sample  GQD-5 GQD-9 GQD-11 GQD-13 RGQD-5 RGQD-9 RGQD-11  RGQD-13
Laser Off Off Off Off On On On On
pH 5 9 11 13 5 9 11 13
110
| |
100 - :
N T W
S 90
5
8 80
g GQDs
£ 704
c
©
F 60-
50 -
O-H
40 . T - T . - . T - - . —
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (1/cm)

Fig. 1. FTIR spectra of GO and GQDs.

ultraviolet and visible regions of the spectrum. The high
absorbance was observed at UV region which is associated
with the 7-m* transition of aromatic sp> domains in GQDs
and RGQDs [2]. The visible light absorption is originated
from the excitation between ¢ and m orbital to the lowest
unoccupied molecular orbital [21]. RGQDs compared to
GQDs show higher and broader absorption spectrum with a
steady change up to 700 nm. This indicates the existence of
band tail by defect states.

The bandgap is determined by using the relation:

A(hv-E,)"
a="" el
hv

(1)
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where hv is the photon energy, Eg the optical bandgap, a is
absorption coefficient and A is the constant related to the
effective masses associated with the valence and conduction
bands. The n = 1/2 and n = 2 are for allowed direct and
indirect transitions, respectively.

There are several physical factors dominating the
bandgap of GQDs in terms of being direct or indirect. The
initial level ordering in the bulk material from which the dot
is obtained is as follows: the size of the quantum dot, the
GQDs fabrication method, growth technique, strain changes
and quantum confinement affecting the type and amount of
the GQDs bandgap. Different values of GQDs’ bandgap
have been reported in several studies. Senlin Diao et al.
have reported optical bandgaps to be ~3.60 eV, ~2.93 eV,
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Fig. 3. Absorption spectra of the RGQDs at various pHs.

240

700



(ahv)’

(tx}?\{)lfz

pH Effect on the Size of Graphene Quantum dot Synthesized/Phys. Chem. Res., Vol. 6, No. 2, 237-250, June 2018.

GQD
_______ p|-|:
== pH:
P p|-|:11
————— = pH=13

=
N P T A |

(ahv)’

2 25 3 35
hv

4 45 7

RGQD

2 25 3 35 4 45
hv

Fig. 4. Direct bandgaps of GQDs and RGQDs.

GQD

b= Lo oo by v o by by

(ohv)"”?

25 3 35

hv

4 45 5

RGQD

—_———————— pH=5
- — — - pH=9

pH=11
—mumim pDH=13

25 3 35 4 45
hv

Fig. 5. Indirect bandgaps of GQDs and RGQDs.

241

5



Aghelifar & Kimiagar/Phys. Chem. Res., Vol. 6, No. 2, 237-250, June 2018.

Table 2. Calculated Bandgaps for the GQDs and RGQDs

pH 5 9 11 13
GQD bandgap (eV) 29 2.6 2.5 2.2
RGQD bandgap (eV) 3.1 2.7 2.6 2.3
and ~2.27 eV for various sizes [22]. To further understand influenced by several mechanisms including surface

the bandgaps, both direct and indirect bandgaps were
calculated and the results can be seen in Figs. 4 and 5,
respectively. It is obvious that direct bandgap is in the range
of 3.5 up to 4.5 eV, in consistent with the results of PL and
UV analyses. Accordingly, bandgap should be in the range
of 2.5 up to 3.5, in consistent with indirect bandgap
calculation. The calculated bandgaps are shown in Table 2.
In fact, the bandgap of GQDs is strongly influenced by
the size of GQDs owing to the quantum confinement effect.
Ritter et al. [23] and Lu et al. [24] demonstrated the size
dependence of the GQDs'
demonstrated that the bandgap of the GQDs increases as the
of the GQDs [2]
have reported that the PL emission is blue shifted by

bandgap. These authors

size decreases. Peng et al
decreasing the size and increasing the bandgap of GQDs.
In order to estimate the size of GQDs, DLS analysis was
applied. Figures 6 and 7 show DLS of GQDs before and
after laser irradiation. The results are indicated in Table 3
which is compatible with bandgap calculation (Table 2).
After laser irradiation the size of RGQDs is clearly reduced.
This reduction for higher pH is more than that for lower pH.
Figure 8 indicates the SEM image of dried (without using
vacuumed conditions) GQDs. Different sizes of GQDs with
closed pores on the surface are distributed. GQDs are
agglomerated while drying the droplets on glass. The
average aggregate size expands when pH is enhanced from
5 to 13. The change in size-distribution as well as in shape
of the aggregates of the condensate implied a powerful
effect of solvent pH on the structure of aggregates. Surface
characteristics affect agglomeration in dispersions, and the
nanoparticle hydrodynamic size distributions could be
modified by a small transformation of particle surface
charge [25]. The hydrodynamic size can be altered by

changing the solution pH. The charge on the surface is

242

ionization, ion adsorption, and lattice ion dissolution. It was
found that when nanoparticles are dispersed in liquids, their
hydrodynamic size is often bigger than the initial particle
size. The agglomeration nature of nanoparticles under
different pH of solution is apparent form SEM images (Fig.
8) [ 26]. After laser irradiation and reduction of GQDs the
size of RGQDs are smaller than that of GQDs and less
aggregation occurs (Fig. 9).

Figures 10 and 11 show the photoluminescence (PL)
spectra (340 nm excitation wavelength) of the aqueous
solution of GQDs and RGQDs, respectively. A broad and
strong emission peak at 445 and 440 nm related to GQDs
and RGQDs is seen due to quantum confinement of GQDs.
This blue-shift in maximum is associate to the wider
bandgap and smaller size after laser irradiation [13]. It
confirms the findings of previous works describing the
luminescence mechanism of GQDs [13]. The PL spectrum
guarantees the visible light bandgap of GQDs and RGQDs.
The visible light activity of GQDs was tested with optical
absorbance spectra, which clearly reveals that the band edge
falls above 300 nm (Figs. 2 and 3).

Our knowledge and understanding of the PL properties
of GQDs are still insufficient; other possible mechanisms
have been proposed, such as size effect, surface
it
challenging to clearly determine the source of pure GQDs,

modification and oxidation. However, has been

since many defect states including functional groups
carrying oxygen still exist in GQDs and RGQDs with
structural deformation. PL behavior changes from GQDs to
RGQDs. Previous reports support that defect state emission
(surface energy traps) and intrinsic state emission (electron-
hole recombination, quantum size effect/zig-zag sites) make
a contribution to fluorescence synchronously [27-31]. Zhu
et al. have explained that initial green luminescent GQDs
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Table 3. DLS Results for GQDs and RGQDs

pH 5 9 11 13
GQD (nm) 13 38 68 92
RGQD (nm) 10 30 55 74
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Fig. 8. SEM image of GQDs at different pHs.
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Fig. 9. SEM image of RGQDs at different pHs.

have two emission peaks, one is around 440 nm (blue
emission) and the other one is at 516 nm (green emission).
The blue emission is related to electron-hole recombination
or quantum size effect/zig-zag effect (intrinsic state
emission), while the green emission is because of surface
defects (defect state emission) [32]. The initial epoxy and
induce  non-radiative

carboxylic groups always
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recombination of localized electron-hole pairs and hold
back pristine emission. The surface modification leads to
the fact that intrinsic state emission plays a major role in PL
behaviors. On the other hand, carbonyl and epoxy were
transformed into -OH groups in RGQDs, helping suppress
non-radiative process and further improve integrity of @
conjugated system as an electron donator (also reduced the
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defects). Generally, both modification and reduction can
adjust GQDs surface chemistry groups and alter the
fluorescence color from green to blue. Also, reasonably
RGQDs have larger bandgap than that of GQDs, because of
suppression in non-radiative process as well as enriched
electron density originated from -OH groups [32].

Some of research groups declared that the luminescence
of GQDs was amplified by increasing sp’ domains and
electron-donating groups in GQDs through photochemical
the procedure [33,34].
Comparison of Figs. 10 and 11 illustrates a fall in peak

reduction and hydrothermal
intensity after reduction of GQDs using laser irradiation
which is probably due to surface modification and oxidation
[35]. In a work performed by Rourke et al., they reported
that the oxidation residual is responsible for the emission of
GO [36].

Besides the change in PL wavelength, the overall PL
was significantly intensified by increasing the pH. Pan et al.
reported that PL of GQDs is intense at pH = 13, but
significantly suppressed at pH = 5 [31,37]. Protonation and
deprotonation of the functional groups are controlled by
solvent pH, which will vary the charge and orientation of
the functional groups and consequently GQDs’ PL. At
higher and lower pH, protonation and deprotonation
increase degree of charge separation leading to a stronger
dipole moment in the molecule. For pH > 10, emission
starts from higher energy levels created by the complete
ionization of -COOH and -OH groups [38].

At acidic pH, the electron donating nature of -COOH
groups on the surface is more, because the possibility of the
formation of -COO- is less. Accordingly, the -COOH group
on the surface recedes the electrons from conduction band
and hinder electron-hole recombination, so when the pH
changes from 5 to 13, the fluorescence intensity enhances
[39].
deprotonated (-COO-) by increasing the pH and the electron

The carboxylic group on the surface becomes

rejection efficiency reduces. Therefore, the electron-hole
recombination is possible and the fluorescence enhances,
which means the fluorescence quenching by decreasing pH
from 13 to 5. Accordingly, when the pH increases from pH
= 5 (acidic) to pH = 13 (basic), the ratio of -COOH to
-COO- decreases. This is the reason for decreasing the
intensity of fluorescence when pH = 13 is reduced to pH =
5, whereas the fluorescence intensity enhances by increasing
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pH [39]. Wang et al. have reported that the GQDs PL
intensity changes in alkaline, neutral and acidic conditions,
due to the aggregation of the GQDs [40]. Zhu et al. have
figured out that the surface state/molecular state (molecular
groups) are forcefully affected by the low and high pH [41].
In addition, the pH- dependence of PL behavior has been
reported, indicating various PL mechanisms in different
GQDs [31,32,37,42,43].

These results clearly demonstrated that the PL emission
of GQDs can be tuned by the charge transfer between the
functional groups and GQDs. The electron-withdrawing or
electron-donating behavior of the functional groups can tune
the bandgap of the GQDs and describe the PL peak shifts.
Therefore, the charge distribution between the GQDs and
the functional groups tunes and identifies the change of the
bandgap in GQDs. This behavior concerns to the charge
redistribution resulting from functionalization. Increasing
the electron density can cause the reducing bandgap of
GQDs which is similar to increasing the size of the GQDs
[44].

Unfortunately, no single theory can easily define all the
behaviors of GQDs. Usually GQDs are synthesized via
various approaches, leading to diverse chemical structures
of GQDs with different sizes and chemical compositions.
Therefore, no reason with a deterministic feature can
explain PL variations.

CONCLUSIONS

In summary, GQDs have been produced successfully by
hydrothermal approach. FTIR proved fabrication of the
GQDs. Pulse laser was implemented to adjust the bandgap
and size of GQDs. The effect of important parameters such
as pH on the bandgap and size of GQDs was investigated. It
was observed that tuning the bandgap and size of GQDs
could be achieved by changing the GQDs’ pH. It was
revealed that by raising the pH, agglomeration is improved
leading to larger sizes. Absorption was enhanced via
increasing pH. RGQDs showed higher absorption in
comparison with GQDs. In order to study the change in
bandgap, UV analysis was applied which was an evidence
to the fact that the bandgap can be tuned. Increasing the
bandgap was observed via calculating indirect bandgap of
RGQDs. After laser irradiation, wider bandgap and hence
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smaller GQDs size were obtained. Based on DLS, the size
of GQDs is decreased after laser irradiation and increased
by pH enhancement. SEM images displayed expansion in
GQDs size due to pH growing and smaller size for RGQDs.
The blue-shift in PL spectrum confirmed indirect bandgap
calculation and declined in size of RGQDs.

The PL results were considerably affected by the nature
of the functional groups on the surface. Due to the
Protonation and deprotonation properties of functional
groups, the electron transfer may take place to adjust the
fluorescence intensity. The charge transfer between GQDs
and functional groups can tune the GQDs bandgap, and
consequently the PL emission due to the changing electron
density in the GQDs.

This research suggests a simple, efficient and optimal
method for the PL tuning of GQDs and a possible
mechanism  for changing the bandgap through
functionalization.

This synthesis process of the GQDs and RGQDs leads
to produce materials that will be beneficial for future
field of

applications where size and band structures are important.

graphene-based optoelectronic in a wide
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