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Abstract

Graphene quantum dots (GQDs) have garnered immense interest in recent
years due to their unique optical, electrical, and chemical properties, mak-
ing them promising candidates for various applications in optoelectronics,
bioimaging, and sensing. However, enhancing the control over the size,
surface chemistry, and optical properties of GQDs remains a significant
challenge. In this study, a novel recipe was proposed to successfully syn-
thesize various GQDs via a typical solvothermal process, which has proven
to be a versatile and scalable approach. In addition to the main ingredient
- graphene oxide suspension, dimethylformamide (DMF) and hydrogen
peroxide serving as a cutting agent were added to the reaction mixture.
This synthesis method was found to be more promising than the reference
one in which DMF was replaced by double distilled water. Through sys-
tematic experimentation, we demonstrated that the addition of DMF ena-
bles the successful GQD production over a wider range of reaction times;
hence, the UV absorption band and photoluminescence properties of GQDs
can be better adjusted. The dependence of photoluminescence on the exci-
tation wavelength was observed in the as-prepared materials as they were
excited with a range of wavelengths from 360 to 480 nm. The obtained
insights not only advance our understanding of GQD synthesis but also
open up avenues for tailoring their properties for specific applications.

Key findings

o A solvothermal process to obtain GQDs was applied successfully.
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e For samples prepared without DMF, the viable range of reaction time is remarkably narrow.

e For GQDs synthesized with DMF, there are many remarkable effects of solvothermal time on their optical behaviours.

© 2023, the Authors. This article is published in open access under the terms and conditions of
the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The extraordinary structural, optical, and electronic char-
acteristics of graphene have garnered significant interest
from the scientific and technological community [1, 2]. Nev-
ertheless, the absence of an optical bandgap in graphene
hinders the luminescence ability, consequently impeding
the advancement of new technologies that rely on this prop-
erty [3]. This promoted many works aiming to adjust the
band gap of graphene-based structures through many ap-
proaches including the formation of edge defects or modifi-
cations of the shape and size of the material.

In such a context, graphene-based quantum dots or gra-
phene quantum dots (GQDs), which are nanoscale frag-
ments of graphene, have attracted much attention since
their exclusive fluorescent properties were reported [4].
When material size reaches 10 nm, quantum confinement
and edge effects become dominant, and, consequently,
GQDs not only exhibit excitation wavelength-dependent
fluorescence [5] but also display the chemical and physical
properties distinct from the other carbon-based materials
like carbon dots, carbon nanotubes, fullerene, and gra-
phene [6, 7]. Besides, this new type of fluorophores also
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possesses advantageous features, such as good water sol-
ubility, low toxicity, and biocompatibility [8-10]. Some
exceptional characteristics of GQDs, which surpass tradi-
tional semiconductor quantum dots, have sparked interest
in numerous potential applications. These applications in-
clude but are not limited to energy conversion and storage
[11-13], photodetectors [14, 15], sensors [16, 17], bioimag-
ing [18, 19], drug carriers [20, 21], and catalytic processes
[22-24].

However, despite the significant advantages and poten-
tial applications of GQDs, further research is needed to im-
prove their properties to meet specific application de-
mands. In fact, there are still many obstacles that have yet
to be adequately addressed. The first one is the low product
yield of many prevalent methods (mostly less than 10%)
[25], which urges the exploration of new methods. Besides,
intrinsic properties of GQDs, such as band gap, closely cor-
relate with their size, shape, surface modifications and re-
lated parameters [26, 27]. Therefore, another major chal-
lenge is to accurately control such factors to better manip-
ulate GQDs for specific purposes. In order to meet this de-
mand, the details of the fabrication methods are supposed
to play a critical role.

Herein, we present a solvothermal method to produce
GQDs from graphene oxide (GO), hydrogen peroxide and di-
methylformamide (DMF). The reaction conditions were
fixed except for the reaction time. The volume ratio be-
tween GO suspension and DMF was kept at 2:1. To make
comparisons, the same procedures were replicated, but
DMF was replaced by double distilled water (DDW). The pu-
rifying process is straightforward, involving centrifugation,
evaporation and redissolution, and no tedious dialysis pro-
cess was carried out.

2. Materials and Methods

2.1. Materials

Graphite (Gi, with particle size <20 pm) and methylene
blue trihydrate (MB, C16H18CIN3S-3H20) were ordered from
Sigma Aldrich Co. Ltd., USA. Potassium permanganate
(KMnO4) and hydrogen peroxide (H.0.) were purchased
from Duc Giang Chemicals Group JSC, Vietnam. Sulfuric
acid (H=SO4), phosphoric acid (H3PO4), hydrochloric acid
(HC1), and dimethylformamide (DMF, (CH3),NCH) were ob-
tained from Xilong Scientific Co. Ltd., China. All chemicals
were used without further purification.

2.2. Synthesis of GO

The modified Hummers' method was employed to synthe-
size graphene oxide (GO) from Gi [28, 29]. In short, a solu-
tion comprising 120 mL of H.SO,4 and 13.3 mL of H;PO4 was
added with 1.0 g of pure graphite powder and vigorously
stirred at low temperatures. Following this, 6.0 g of KMnO4
was added to the mixture that was later stirred for 12 h at
50 °C. Subsequently, the mixture was cooled naturally to
room temperature before being slowly treated with 5 mL of
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30% H20- and 166 mL DDW, leading to the color alteration
from brown to yellow. The resulting mixture was initially
centrifuged at 5000 rpm for 10 min. While the supernatant
was removed, the residuals were further washed with 1 M
HCl and DDW several times. Finally, the GO suspension was
obtained after ultrasonication conditions (35 kHz, 180 W)
in an ice bath for 5 h.

2.3. Synthesis of GQDs

Solvothermal treatment was utilized in the synthesis of
GQDs from GO. In a typical procedure, a mixture of 4 mL of
30% hydrogen peroxide and 40 mL of a 0.4 mg/mL aqueous
suspension of GO was prepared, followed by the addition of
20 mL of DMF (for Qia, Q2a, Q3a, or DDW for Qo0). After
stirring for 15 min, the resulting brownish mixture was
transferred to a Teflon-lined stainless-steel autoclave. Sub-
sequently, the autoclave was placed in an oven at 170 °C
and heated for A min (A = 90 for Qia; A = 110 for Q2a;
A = 130 for Q3a). Afterwards, the autoclave was naturally
cooled to room temperature. The mixture was then centri-
fuged at 12000 rpm for 10 min to get rid of the black sedi-
ment before the pale yellow supernatant underwent vac-
uum evaporation before the residue was re-dissolved in
DDW to gain GQD dispersion.

In order to make systematic comparisons, different
GQDs were prepared via an identical procedure, but 20 mL
of DMF was replaced by 20 ml of double distilled water. As
a result, GQDs Qib, Q2b and Q3b were obtained after the
heating stage of 90, 110, and 130 min, respectively.

2.4. Characterization

X-ray diffraction (XRD) patterns were acquired by using a
D2 Phaser (Bruker) with Cu Ka radiation (A = 1.5406 A). Ra-
man measurements were performed using a Horiba XploRA
ONE spectrometer
A = 632.8 nm was employed as the excitation source. Fou-

in which a laser source with
rier transform infrared spectroscopy (FTIR) spectra rang-
ing from 500 to 4000 cm™* were obtained by using a Plati-
num ATR Alpha II spectrometer (Bruker, Germany). Ultra-
violet-visible (UV-Vis) spectra were obtained using a
STECH 754N UV-Vis spectrophotometer, while photolumi-
nescence (PL) spectra were recorded at room temperature
in aqueous solutions using a Cary Eclipse Fluorescence

Spectrometer (Agilent Technologies, Inc., USA).

3. Results and Discussion

3.1. Visible results of samples

Many differences between the two GQD series of GQDs can
be observed easily with the naked eye. Regarding Q1b, the
solution became transparent right after the centrifuge step.
Then, a 365 nm UV lamp was used to illuminate the concen-
trated solution of Q1b in a quartz cuvette, and nearly no lu-
minescence signal was witnessed. This means that such an
experiment was unsuccessful, and almost no GQD was cre-
ated.
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According to a previous report [30], such a result can be
attributed to insufficient reaction time. In such a case, the
cutting process might not reach the threshold where a con-
siderable proportion of GO sheets could turn into GQDs,
which explains the facts that the supernatant of Q1b in cen-
trifuge tubes was transparent and the PL phenomenon did
not take place under a 365 nm UV source. By contrast, a
colourless solution of Q3b was revealed right after the heat-
ing stage. It was highly possible that most GQDs in this sam-
ple were destroyed as the solvothermal reaction was ceased
too late, which was confirmed by the fact that such a col-
ourless solution showed no PL under a 365 nm UV light.

Among the 3 configurations, only Q2b was found prom-
ising, since this solution emitted green light under the ex-
citation of a 365 nm light. After the cooling step, the Teflon
liner of Q2b was opened, and the mixture inside was brown-
ish yellow. Although a small amount of sediment was re-
moved by centrifugation, the final product of Q2b retained
this colour (Figure 1), and it was less transparent than Q1ia,
Q2a or Q3a. These visual effects closely correlate with anal-
ysis results shown in the following sections. Although the
detailed synthesis conditions in this work are relatively dif-
ferent from reported works utilizing the same chemicals,
the observations show many similarities [30, 31], confirm-
ing the viability of the proposed method.

In terms of experiments involving the usage of DMF, the
outcomes were obviously different. Q1ia, Q2a, and Q3a solu-
tions possessed a pale yellow colour (Figure 1) after the pu-
rifying process and exhibited varying colours when they
were exposed under a UV lamp with a wavelength of
365 nm. Such optical properties will be discussed thor-
oughly below.

3.2. Structural analysis

XRD is a standard method used to confirm the formation of
GQDs derived from GO. As can be seen in Figure 2, there are
apparent differences between the XRD patterns of GQD
samples, GO and initial graphite powder. The XRD pattern
for graphite powder exhibited two characteristic peaks cen-
tered at ~26.7° and ~54.8° corresponding to the (002) and
(004) planes, respectively. Based on the classic Bragg’s
equation, doo2 0f 0.33 nm could be calculated. At the same
time, the XRD pattern of GO presented the characteristic
(001) peak at ~10.95°, meaning that the average space be-
tween the planes was expanded to about 0.81 nm due to the
oxidation process. These characteristics agree with the pre-
vious reports [32, 33]. By contrast, there was a prominent
peak with 20 of approximately 24.1° in the XRD pattern of
Q2b, corresponding to the (002) plane with a d-spacing of
0.37 nm. Besides, there was a small peak at around 14.2° in
this XRD pattern representing residual GO and explaining
the brownish yellow color of the suspension. The XRD pat-
terns of Q1a, Q2a and Q3a also depicted a similar peak with
a minor shift to about 23.9°. Such alterations of diffraction
peaks between GO and GQDs helped confirm the formation
of targeted materials. Additionally, the restoration of the
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hexagonal honeycomb lattice after reduction was clearly
evident in the proximity of (002) peaks in GQDs to that of
raw graphite powder (20 = 26.6°) [34]. However, the d-
spacing values of GQDs are still larger than that of graphite
indicating the presence of oxygen-containing functional
groups. In addition, the average sp® domain size of such
GQDs can be estimated via the Debye-Scherrer formula:

094
" PBcos®’

(1)

where D (nm) is the average sp> domain size of the synthe-
sized GQDs, A (nm) is the wavelength of X-ray, 6 (rad or
degree) is the diffraction angle, and B (rad) is the full width
at half maximum (FWHM). According to this equation, the
average sp? domain size of GO is around 5 nm, whereas that
of GQDs is about 1 nm, which implies that graphene sheets

Q2b
e

in GQDs were cut into the nanoscale GQDs.
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Figure 1 Digital pictures of GQD samples.
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Figure 2 XRD patterns of graphite, prepared GO and GQDs.
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Figure 3 depicts the FTIR spectra of GQD samples prov-
ing the presence of many similar functional groups. The
strong band associated with the stretching vibration of the
-OH group emerged at ~3430 cm™ for Q2b, while less in-
tensive bands at 3380 cm™ related to O-H bonds were ob-
served in the other FTIR spectra. The signals for the absorp-
tion of C-H stretching vibrations were located at 3174 and
3293 cm™ for Q2b and the other samples, respectively. The
presence of -C=0 groups was confirmed by the absorption
peaks at 1758 cm™ (for Q2b) and 1718 cm™ (for the other
ones) [35]. The C=C bonds of the aromatic rings could be
assigned to the bands at 1625-1655 cm™, whereas the bands
centered at 1315 and 1385 cm™ were attributed to the vibra-
tion of C-O bonds [36]. It was reasonable to expect the ap-
pearance of -COOH and -OH groups, as quantum dots were
obtained by separating sp? domains of GO into nanoscale
structures. Besides, the peak centered at 827 cm™ only ap-
peared in FTIR spectra of Q2b and could be ascribed to bond
deformation in epoxy groups (C-0-C) [37, 38]. In addition,
a weak band whose position varied between 1247-1253 cm™
for Q1a, Q2a and Q3a might arise due to the absorption of
C-N bonds. As temperature rises higher than boiling point
(153 °C), DMF can partially decay to form carbon monoxide
and dimethylamine (NH(CHj3)2) [39], and such a nitrogen-
contained substance might interact with graphene lattice to
produce C-N bonds [40].

Raman spectroscopy was applied as it plays a crucial
role in evaluating the structural features of graphene-based
materials. The distinctive information about D and G bands
is mainly used for analytical purposes. D band is linked to
disorder and defects in the hexagonal lattice, while G band
originates from the vibrations of sp? carbon atoms [41]. The
intensity ratio between D and G bands (Ip/Ic ratio) can be
calculated to estimate the degree of disorder [42]. In Figure
4, Raman spectra of GQDs are presented with two promi-
nent peaks observed in all samples. Table 1 summarizes the
positions of peaks corresponding to D band and G band as
well as the ratio of In/Ic for each Raman spectrum.

In general, D band was found between 1344 and 1362 cm™,
while G band appeared at about 1585-1602 cm™. Interest-
ingly, Q2b showed the highest value of Ip/Is (1.11). At the
same time, the remaining samples involving DMF in the
synthesis process resulted in smaller Ip/Ic figures which
slightly reduced (from 1.07 to 0.97) as the reaction time
rose from 90 to 130 min. This result suggests that the in-
creasing solvothermal period facilitated the reduction pro-
cess leading to a decline in the sp3 hybridized proportion of
carbon-to-carbon bonds and carbon-to-oxygen bonds re-
lated to epoxy and hydroxyl groups [43]. It can be explained
by the fact that the longer the solvothermal period, the
more carbon monoxide, a reducing agent, is generated by
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with DDW in a quartz cuvette, which was later used for UV-
Vis absorption analysis and exposed to 365 nm UV irradia-
tion to take photographs (Figure 5).
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Figure 3 FTIR spectra of GQDs.
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Figure 4 Raman spectra of GQDs.
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Scheme 1 Illustration of DMF decomposition reaction.

Table 1 Positions of D and G bands in Raman spectra of the synthe-
sized GQDs and the ratio between I, and I;.

Sample D band (cm™) G band (cm™) In/Ig
the decomposition of DMF.

Qia 1355 1595 1.07
3.3. Optical behaviours of GQDs Q2a 1348 1602 1.00
In order to acquire initial information about the fluores- Q3a 1344 1594 0-97
. . . . Q2b 1362 1585 1.11

cence properties of GQDs, their suspensions were diluted
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Suspensions of Q2b and Qia exhibited green colors, while
those of Q2a and Q3a emitted bright blue light.

Light absorption properties of GQD samples are shown
in Figure 6. Q1a exhibited a broad absorption band in the
ultraviolet region, with the center at around 239 nm. The
absorption peaks of Q2a and Q3a were narrower and cen-
tered at nearly the same position, approximately 237 nm,
and that of Q2b was situated at 233 nm. These peaks corre-
late with the m — m* transition caused by the presence of
sp? hybridized carbons [44]. Besides, a small shoulder peak
was observed at around 326 nm in the UV-Vis spectrum of
Q1a, whereas such a feature appeared at about 317 nm in
the spectra of Q2a and Q3a and was less obvious in that of
Q2b. The absorption tail at 300-800 nm refers to the
n — m* transition associated with the existence of oxygen
functional groups in GQDs [44].

PL characteristics of GQDs, the primary concern of most
related optoelectronic applications, were measured by uti-
lizing numerous excitation wavelengths from 360 to
480 nm (Figure 7). Table 2 demonstrates the PL band and
emission energy of prepared GQDs for each excitation
wavelength. For Qia, Q2a and Q3a, their suspensions
showed excitation-dependent PL emission in aqueous solu-
tion. There were shifts of the PL peaks to longer wave-
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Figure 5 Digital pictures of GQD samples dispered in a quarzt cu-
vette used to measure UV-Vis spectra: under white neon light (left)
and 365 nm UV light (right).
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Figure 7 PL spectra of GQDs excited by different wavelengths ranging from 360 to 480 nm.
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Table 2 Emission peaks of PL spectra and respective emission energy.
Excitation Excitation Emission peak (nm) Emission energy (eV)
wavelength
(nm) energy (eV) Qia Q2a Q3a Q2b Qia Q2a Q3a Q2b
360 3.44 490 453 442 511 2.53 2.74 2.81 2.43
380 3.26 498 462 455 521 2.49 2.68 2.72 2.38
400 3.10 505 474 467 521 2.46 2.62 2.65 2.38
420 2.95 512 488 482 521 2.42 2.54 2.57 2.38
440 2.82 518 503 501 519 2.39 2.46 2.47 2.39
460 2.70 532 518 517 532 2.33 2.39 2.40 2.33
480 2.58 546 532 532 532 2.27 2.33 2.33 2.33

The PL spectra of QDi1a and Q3a exhibited the strongest
peak at 505 and 467 nm, respectively, whereas the most in-
tensive peak in the PL spectra for Q2a was centered at
488 nm, corresponding to the 400 nm excitation wave-
length. The PL spectra of Q2b, which were recorded in sim-
ilar conditions, displayed the highest intensity with an ex-
citation wavelength of 360 nm. As for the excitation wave-
length of 360 nm, the PL spectrum of Q2b showed a shoul-
der peak at 458 nm. Even though such a peak was less no-
ticeable in the other spectra, its presence implies that Q2b
suspension may contain a higher amount of impurities com-
pared to the other samples. Although such emission peaks
tended to move from ~511 to ~532 nm as excitation energy
reduced, the regularity of peak shift and emission seems in-
consistent. According to previous studies, the blue and
green emissions that GQDs behave originate from size con-
finement, edge defects and functional groups of GQDs [8,
45, 46]. Therefore, the asymmetry of the PL spectrum for
the synthesized GQDs could be explained as the overall con-
sequence of the factors mentioned above. In terms of Qia
and Q2b, the presence of oxygen functional groups (C-O,
C=0, and O-C=0) on their surfaces could be assigned to
green luminescence [47], whereas armchair edges seemed
to be the cause of blue luminescence in Q2a and Q3a sam-
ples having the lower amount of oxidation [44]. The above
results once again confirmed the vital role of synthesis pa-
rameters in the optical behaviors of produced materials.

4. Limitations

In this study, a hydrogen peroxide solution was added to
dramatically reduce the reaction time compared with pro-
cedures not using cutting agents [34, 48], while the appear-
ance of DMF brings about undeniable benefits. However,
this also raises an issue as such solvents have high boiling
points (above 150 °C), making removing their residues
more time- and energy-consuming. Besides, the purity can
be further improved by centrifuging GQD suspensions with
higher angular velocity to remove the remaining GO com-
pletely. It would be more efficient to apply an advanced cen-
trifuge where the rotating speed can reach 15000 rpm or
more in a cooled atmosphere. This can not only allow the
separation of smaller and lighter GO pieces but also prevent
the plastic containers from melting or distorting. Moreover,
further effort should be made to precisely calculate the
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quantum yields of the synthesized GQDs, which allows a
deeper comprehension of their behavior as well as more
reasonable comparisons with the previous studies.

5. Conclusions

We suggested a solvothermal procedure involving DMF and
hydrogen peroxide to produce GQDs from GO and success-
fully confirmed its viability. Such nanoparticles exhibited
blue to green fluorescence under irradiation with a 365 nm
UV light. The FTIR spectra of synthesized GQDs indicated
the presence of many functional groups, including hy-
droxyl, carbonyl, epoxy, and carboxyl. The addition of DMF
resulted in obvious differences in the synthesis parameters
and properties of GQDs, as compared to the reference sam-
ples. The enlargement of viable heating time is especially
important. As for Qia, Q2a and Q3a, nitrogen atoms might
chemically link to the graphene lattice, which was con-
firmed by the appearance of the C-N band at around 1247-
1253 cm™'. When the reaction time rose, the UV absorption
band of such GQDs tended to shrink, and their PL emission
bands shifted from green to blue region of light (from
around 505 to 467 nm for 400 nm excitation wavelength).
When each GQD suspension was excited by different wave-
lengths from 360 to 480 nm, it revealed the most substan-
tial PL emission peak with an excitation wavelength of 380
or 400 nm, and the intensities of emission peaks with larger
excitation wavelengths fell noticeably. Owing to the DMF
addition, these alterations of material properties were ob-
tained simply by extending the heating period by 20 or 40
min, which implies the possibility of more precise tailoring
of the GQD characteristics for specific applications, espe-
cially ones in optoelectronics.
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