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In this study, graphene oxide (GO), graphene oxide quantum dots
(GOQD) and graphene quantum dots (GQD) were synthesized by
Hummers, hydrothermal and the calcination in argon methods,
respectively. Then structure of the samples were characterized by X-
ray diffraction, Fourier-transform infrared and Raman
spectroscopies and their particle size distribution were investigated
by dynamic light scattering. Afterward electrical and photoelectric
properties of the samples were studied by electrical conductivity
meter and diffuse reflectance and photoluminescence
spectroscopies. Finally, the photoelectrochemical sensors were
designed to detect dopamine (DA) based on GO, GOQD and GQD
modified glassy carbon electrodes (GCE). The results showed that
the sample of GO has graphene plates with widest particle size
distribution (about 1.3 to 5.7 um) and the highest electrical
conductivity (287.9 uS/cm). On the other, the sample of GQD has
narrowest particle size distribution (about 5.3 to 12.8 nm) and the
lowest electrical conductivity (165.1 uS/cm). The samples of GOQD
and GQD have light absorption throughout range of visible
wavelength and therefore have photoelectric behavior better than
GO. As aresult, in DA detection sensors, the photo response of the
GCEs modified with GOQD and GQD is 4 times higher than that of
GO modified GCE.

1-Introduction

and formation of functional groups and

Graphene, with special properties such as high
mechanical flexibility, high specific surface
area, unrivaled optical properties, great
electrical conductivity and high mobility of
charge carriers, has been one of the topics
studied materials in recent years [1-3]. Since
single layer graphene has a zero band gap and so
it doesn't have any photoelectric activity.
Therefore, with expanding the number of layers
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structural defects in graphene, (by formation of
graphene oxide or quantization of graphene), it
generates a band gap and provides photoelectric
activity [4-6]. In some researches, graphene
oxide and graphene quantum dots have been
used to replace graphene to improve electrical
and photoelectric properties [7-9]. Graphene
quantum dots demonstrates the features of
graphene and carbon quantum  dots
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simultaneously, hence due to its small size and
change in band gap, has photoluminescence and
semiconductivity properties, and compared to
other quantum dots, such as PbS(Se) and
CdS(Se), has much less toxicity and much better
stability [9-11].

On the other hand, dopamine (DA)
determination is substantial, because it as a
neurotransmitter has a significant role in
diseases such as Parkinson's, schizophrenia and
depression [12]. In recent vyears, different
sensors have been designed based on modified
electrodes to detect DA [13-14].

In this research, the GO, GOQD and GQD were
synthesized and characterized. It is anticipated
that all three samples could be useful as
electrode modifiers in the photoelectrochemical
sensors for determination of dopamine due to
their specific electrical and photoelectric
properties. Therefore, the performance of
modified glassy carbon electrodes with
graphene products was compared and evaluated.

2- Experimental procedure

2-1- Materials and equipment

Graphite fine powder extra pure (>99.5%), nitric
acid (63%), hydrochloric acid (37%), sulfuric
acid (98%), potassium permanganate powder
(>99%), hydrogen peroxide (30%) and N-
dimethylformamide (DMF) (>99.8%) were
purchased from  Merck®. The X-ray
diffraction(XRD) was used with Cu K, radiation
(A=0.15418 nm) at a scan rate of 0.05 20s™,
(Philips PW3040). Fourier transform infrared
spectra (FTIR) were recorded by a FTIR
spectrophotometer. (Jasco 6300) and Raman
spectra were acquired using a Raman
spectrophotometer (FT-Raman 960 with the
exciting line at 633 nm of a diode Laser). The
particle size distribution of the samples was
measured using dynamic light scattering (DLS;
Vasco/Corduan technology). Electrical
conductivity of samples was investigated by a
conductivity meter (Lutron CD-4303) and
Ultraviolet-visible light diffuse reflectance
spectra (DRS) were performed using a UV-Vis
spectrophotometer (Jasco V-670).
Photoluminescence (PL) measurements were
applied on a fluorescence spectrophotometer
(Scino FS-2) using excitation wavelength (Aex)
of 400 nm, and the emission spectrum was

scanned over a wavelength range of 300-900
nm.

2-2- Synthesis of graphene oxide, graphene
oxide quantum dots and graphene quantum
dots

The preparation of graphene oxide was applied
using a new method based on the Hammers
method [15-16]. For this purpose, 0.5 g of
graphite powder was first stirred with sulfuric
acid and nitric acid (at a ratio of 3to 1) for 1 day
by magnetic stirrer. Then mixture was washed
with deionized water and dried in air for 2 days.
Then 0.25 g of dried powder and sulfuric acid
(15 mL) were placed on a magnetic stirrer in an
ice bath at less than 20 °C and then potassium
permanganate powder was added to the mixture.
After 1 day, deionized water and hydrogen
peroxide were added at a ratio of 3 to 1 to the
previous compound. Next, the mixture was
washed with hydrochloric acid and deionized
water several times. Finally, the GO
nanoplatelets were prepared after the samples
was dried in air for 2 days.

Graphene oxide quantum dots were also
fabricated by the hydrothermal method [17], for
the synthesis of GOQD, 0.5 g the synthesized
GO powder and 5 ml DMF were dissolved into
50 ml deionized water in an ultrasonic bath for 1
hour. Then the suspension was transferred to a
100 ml teflon-sealed autoclave container and
heated to 200 °C for 12 hours. Next the product
was filtered through a 0.22 mm microporous
membrane. Finally, the brown suspension was
dried in air for 2-3 days and GOQD powder was
synthesized.

For the synthesis of graphene quantum dots, the
synthesized GOQD powder was calcined and
reduced in argon atmosphere in 500 °C for 1
hour to eventually the dark brown powder of
GQD was synthesized [17].

2-3- Fabrication of the photoelectrochemical
electrodes

In the next step, to design the
photoelectrochemical sensors, a glassy carbon
electrode (GCE) was polished by using with 0.3
and 0.05 um alumina powder and then rinsed by
sonication in ethanol and deionized water for 5
min. 10 mg the powder (GO, GOQD, GQD)
dispersed in 5 ml ethanol and deionized water
and then 10 pL of the suspension was coated
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onto the GCE surface and dried at room
temperature to construction of the GO/GCE,
GOQD/GCE and GQD/GCE. The modified
GCE was rinsed with water several times prior
to use.

2-4- Photoelectrochemical measurements
The photoelectrochemical measurements were
performed using PARSTAT 2273
potentiostat/galvanostat and recorded by a
conventional tree-electrode system where a
GCE, 3 mm in diameter, was used as working
electrode, an Ag/AgCI (saturated KCI solution)
as a reference and Pt wire as a counter electrode.
The photoelectrochemical responses of the
modified electrodes were performed in 0.1 M
PBS at 0.0 V vs. OCP, under irradiation of a 360
W halogen lamp (GX 6.35 Osram®) within
visible wavelength range.

3- Results and discussion

3-1- Characterization of the graphene
samples

Figure 1 shows the XRD patterns of GO, GOQD
and GQD powders. According to the results the
GO contains (001) graphene oxide planes in
about 10-degree range and the GOQD and GQD
show the broad peak of (002) graphene planes in
about 25-degree range [16, 18], the width and
the peak shift in these samples is related to the
quantization of graphene plates, the disorder and
the presence of many functional groups in
GOQD and GQD samples [19-20]. The lower
peak width of the GQD compared to the GOQD
is due to the calcination at high temperature and
the crystallite growth of GQD. The average
crystallite sizes calculated by using Scherrer
equation [21-22], is shown in Table 1.
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Fig 1. XRD patterns of the GO, GOQD and GQD samples.

Table 1. Crystalline properties of the GO, GOQD and GQD samples.

20
Sample (degree)
GO 10.4
GOQD | 221
GQD 26.2

crystallite | FWHM
size (4) | (degree)
78 1.01
6 13.02
16 5.01

The results of FTIR spectroscopy of the samples
in Figure 2 also show that the samples have
functional groups such as the hydroxyl,

carboxyl, carbonyl and epoxy and alkoxy
stretching [8, 23-24]. Among the samples, the
GOQD sample has the highest diversity and
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amount of functional groups due to its
quantization and hydrothermal synthesis. On the
other hand, the GQD sample has the lowest
diversity of functional groups due to calcination,
reduction in high temperature and eliminate the

—Gr —GO

% Transmittance

1200 1600 2000

—GOQD

2400

67

most of carbonyl and hydroxyl groups [25-26].
As well as the hydroxyl peak (a board absorption
from 3000 to 3700 due to the O-H stretching
vibration of the adsorbed water [27].) in this
sample has been drastically reduced.
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Fig. 2. FTIR spectroscopy of the GO, GOQD and GQD samples.
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Fig. 3. Raman spectroscopy of the GO, GOQD and GQD samples.

Based on Figure 3 and the results of Raman
spectra of the GO, GOQD and GQD samples,
two peaks appear at 1290 and 1590 cm™ and are
associated with D and G bands, respectively.
The D band is related to the edge distortion,
defects in graphene or graphene edges and the
formation of sp® hybridized domains, and the G
band is corresponding to the first-order
scattering of the Ezy mode of sp? carbon domains
[28-29]. The increase in the intensity of the D to
G band intensity ratio (lo/lg) indicates an
increase in the amount of the disordered phase

in the graphene samples [29-30]. Raman spectra
of the samples showed that the Ip/Ig ratio of the
GO, GOQD and GQD samples are 1.18, 1.29
and 1.06, respectively. The increase in the Ip/lg
ratio of the GOQD compared to the GO is due to
the quantization of graphene and the presence of
more and more diverse functional groups on the
surface and edges of the GOQD [19, 30]. On the
other hand, the decrease in the Ip/lg ratio of the
GQD compared to the other samples is due to its
calcination at high temperature in argon
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atmosphere and the elimination of a number of
functional groups [19].

Based on the particle size analysis results by
DLS in Figure 4 and Table 2, the GO sample has
graphene plates with widest particle size
distribution (1.3 to 5.7 um). On the other, the
guantization of graphene plates in the GQD
sample is confirmed and this sample has
narrowest particle size and the smallest size of
particle about 5.3 to 12.8 nm.

3-2- Investigation of the electrical and
photoelectric behavior of the graphene
samples

Diffuse reflectance spectroscopy results and
calculated Kubelka-Munk function, to estimate
band gap of the samples [16, 31], are presented

in Figure 5a-b and Table 3. The results show that
all three samples have the absorption edge
throughout range of visible wavelength. The
GQD sample has two absorption edges in the
UV and visible ranges, while the GOQD and GO
samples only have one broad absorption edge in
the visible range. On the other hand, the GOQD
sample relative to the other samples has higher
light absorption in the visible range. The
calculated band gaps of the samples by Kubelka-
Munk function are summarized in Table 3. As
can be seen, the band gaps as about 0.2 and 1.4
eV were estimated for GO and GOQD,
respectively, and also GQD has two bandgaps
0.2 and 4.05 eV due to having two light
absorption edges, which is related to the
guantum dot size variation in the GQD sample.
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Fig. 4. DLS of the GO, GOQD and GQD samples.

Table 2. Crystalline properties of the GO, GOQD and GQD samples.

Particle size Average
Sample distribution particle size
(nm) (nm)
GO =~ 1307 - 5740 3005.46
GOQD | =543-2076 802.14
GQD ~53-128 7.86
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Fig. 5. (a) DRS, (b) Band gap determination of the GO, GOQD and GQD samples.

Table 3. Values of band gap and electrical conductivity of the GO, GOQD and GQD samples.

Electrical
conductivity
(uS/cm)

=287.9

=227.8

Band gap
Sample (eV)
GO ~0.2
GOQD =14
~0.2,
GQD 4.05

=165.1

Based on Figure 6, photoluminescence
spectroscopy results show, all of the samples
exhibit blue, green and red photoluminescence
emission peaks at 470, 540 and 830 nm,
respectively. In fact, single layer graphene has
zero band gap, however, structures of the GO,
GOQD and GQD have the band gap which is
due to synthesis method, formation of
functionalized groups and formation of multi
layers graphene [4-6], demonstrated in Figures 2
and 5b. There are similar reports in the literature,
as well [32-34]. That might be the main reason
why the samples showed photoluminescence
activity. In addition, one could observe that
photoluminescence emissions of the GOQD and
GQD samples are lower than GO sample. But
the point to note is that, the band gap of the GO
is smaller than the other two, and so the number
of photo excited electron-hole pair in it is higher,
but it seems the decrease in the
photoluminescence emissions of the GOQD and
GQD samples occurred due to the quantization
of graphene and the trapping of excited electrons
by functional groups of the sample and the
trapping of excited electrons by functional
groups of the samples, that has caused

postponement in the recombination rate of
photo-induced charge carriers [35-36].
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Fig. 6. PL spectra of the GO, GOQD and GQD
samples.

According to Table 3, the electrical
conductivities of the GO, GOQD and GQD are
287.9, 227.8 and 165.1 (uS/cm), respectively.
The GO sample exhibits highest electrical
conductivity. In the GOQD and GQD samples,
the electrical conductivity is reduced due to the
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quantization of graphene plates and the breaking
of carbon-carbon bonds.

4- Discussion of the photoelectrochemical
Sensors

The photoelectrochemical responses of GCE
and GQD/GCE in the presence and absence of
dopamine were investigated in 0.1 M PBS, pH:
7.4 under visible irradiation and are shown in
Figure 7. The photocurrent generated by the
GCE is approximately unremarkable. But the
photocurrent response of GQD/GCE has been
dramatically increased by the addition of DA.
Generally, light irradiation induces photo-
excited electron-hole pair in the GQD which
also recombines a significant part of charge
carriers. The electrons then transfer to the
electrode. Presence of the DA, as an electron
donor, lead to occupy the holes in the valence
band of the GQD and prevent recombination of
the electron-hole pair. And it causes to increase
the number of electrons transmitted during this
process [37-38]. In general, the presence of DA
increases the number of effectual charge carriers
and the photocurrent.

0.2

0.1

photocurrent (nA)

OFF

0.05
GCE \ GCE

The photoelectrochemical responses of other
modified electrodes were recorded and
compared with GCE in Figure 8. Under visible
light irradiation (at 0.0 V vs. OCP) different
photocurrent responses are observed for
modified electrodes. The  photocurrent
generated by the GCE is approximately
ignorable. The GO/GCE exhibits photocurrent
response due to the small band gap of the GO (=
0.2 eV) and excitation of electron-hole pair and
the high electrical conductivity of the GO
sample (287.9 uS/cm). But the GOQD/GCE and
GQD/GCE have higher photocurrent response
than GO/GCE (more than 4 times). The
observed behaviour in GQD is due to excitation
of electron-hole pair under irradiation of visible
light in GQD, in addition to electron trapping
and preventing the electron-hole pair
recombination due to structural defects and
surface functional groups on the GQD sample
(according to Figures 2 and 3). Furthermore, the
increase of photocurrent response recorded by
GOQD/GCE compared to GQD/GCE can be
due to higher electrical conductivity and more
amount of functional groups of the GOQD than
the GQD (according to Table 3).

GQD/GCE

GQD/GCE

o B bem em em bn E e s s e e W

1 2

Time

Fig. 7. The photocurrent intensity of the GCE and GQD/GCE in 0.1 M PBS (pH: 7.4) without (1) and with (2)
50 uM DA.
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Fig. 8. The photocurrent response of GCE, GO/GCE, GOQD/GCE and GQD/GCE in 0.1 M PBS (pH: 7.4)
containing 50 uM DA.

5- Conclusions

In this research, the graphene oxide (GO),
graphene oxide quantum dots (GOQD) and
graphene  quantum dots (GQD) were
synthesized and characterized. The results show
that the GO has graphene plates with particle
size distribution about 1 to 6 um, and the GQD
is quantized and has particle size distribution
about 5.3 to 12.8 nm. The samples have the light
absorption and the widths of absorption edge in
the whole of visible light wavelengths. So the
specimens have small band gaps in the visible
range. In addition, the photoluminescence
emission of the GOQD and the GQD are about
60% lower than that of the GO, due to the
trapping of excited electron-hole pair by the
diverse functional groups of the GOQD and
GQD and and decrease of the charge carrier
recombination rate. On the other hand,
photoelectrochemical  responses  of  the
dopamine detection sensors based on GO/GCE,
GOQD/GCE and GQD/GCE were investigated
and compared. Modified electrodes have shown
a better photo response to dopamine detection
than GCE due to the electrical conductivity and
photoelectric properties of graphene modifiers.
Based on the investigations, PEC response of
GOQD/GCE is more than 4 times of PEC
response of GO/GCE due to the structural
defects and surface functional groups on the

GOQD sample as electron trapping and
preventing the electron-hole pair recombination.
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