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Graphene quantum dots (GQDs) from organic acids
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An environmentally eco-friendly method of synthesis of graphene quantum dots (GQDs) was reported using pyrolysis of
organic acids, viz., tartaric acid and ascorbic acid at 150-160 °C, which produce (GQDs) in the presence of NaOH. The
heating time and effect of different pH on the formation of GQDs have been studied in detail to optimize the reaction
conditions. The UV-visible absorption and normalized fluorescence spectra have been applied to analyze the optical and
luminescent properties of GQDs. The particles size distribution of the GQDs obtained from different organic acids at
different pH has been also determined. The microstructures and surface morphology have been studied by atomic force

microscope (AFM).
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1 Introduction

Due to the unique optical and electronic properties,
water solubility, excellent biocompatibility, low
toxicity, and robust chemical inertness' >, graphene
quantum dots (GQDs) has emerged as new carbon-
based nanomaterial for wide applications in many
field"®. The number of scientific publications’ on
GQDs increases exponentially since 2006, and such
explosion of interests are primarily due to their
several merits including simple synthesis, low cost,
and excellent biocompatibility. More than half of
these research findings were established upon their
photo-luminescent properties. In fact, the colorful
photoluminescence, high photo-stability, and low
toxicity of GQDs enable them strong competitors and
potential alternatives to those heavy metal-based
semiconductors currently in use'*"°.

Currently, numerous top-down and bottom-up
preparation methods are the focus of attention, but the
top down approaches such as laser ablation',
electrochemical synthesis'®, arc discharge' involve a
non-selective exfoliation process, and therefore may
require toxic reagents and special equipments.
Similarly, the bottom-up methods need several steps,
strong acids and post treatments with surface
passivating agents in order to improve their water
solubility and luminescence property. Besides, most
of these methods are time consuming and include
the optimization of the hydrothermal treatment,
temperature control and object selection. Sometimes,
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their photo-luminescence intensity was too weak to be
available for the naked eye, thereby limiting the
bioimaging and other optical applications.

In continuation of our earlier work®®, we have used
eco-friendly method of pyrolysis of two organic
acids, viz., tartaric and ascorbic acids, at 150-160 °C,
followed by addition of trace amount of NaOH.
During the synthesis, reproducibility is critically
important for the potentially technological applications
of GQDs. Hence, the effect of different pH on the
formation of GQDs in presence of NaOH was studied
in detail. This method required the optimization of the
heating time as well as the pH of the solutions
because the effect of heating time generally influences
the degree of pyrolysis and carbonization of the
organic acids, which finally influences the fluorescence
intensity associated with the produced GQDs. The
UV-visible absorption and normalized fluorescence
spectra were applied to analyze the optical and
luminescent properties of GQDs. The particles size
distribution of the GQDs obtained from these
organic acids at different pH was also determined by
dynamic light scattering. The surface morphology
and microstructures were studied by atomic force
microscope (AFM).

2 Materials and Methods

Tartaric acid, ascorbic acid and sodium hydroxide
were purchased from E Merck. Double distilled water
was used throughout the experiment. The absorption
spectra of GQDs obtained in each case was
characterized by UV—Vis spectrophotometer (Shimadzu
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1800). The steady-state photoluminescence spectra
were measured using florescence spectrophotometer
(Perkin Elmer LS 55). The particle size distribution
analysis was carried out using dynamic light
scattering (DLS: Nanotrac wave W3222). The nano-
morphology of GQDs was studied by atomic force
microscopy (AFM, multimodeVS8).

2.1 Pyrolysis of tartaric acid to prepare graphene quantum
dots

Weighed amount of tartaric acid was heated and
melted at around 150-160 °C, which then converted
the colorless transparent solution into deep orange
color within 35-40 min. 1.5 M solution of NaOH was
added drop wise in the melted dense solution of
tartaric acid at room temperature, to prepare the
solutions of different pH ranging from 8 to 12. The
effect of different pH on the yield and size of the
graphene quantum dots (GQDs) was studied in detail.
The probable mechanism of formation of GQDs from
tartaric acid has been shown in the Scheme 1.

2.2 Pyrolysis of ascorbic acid to prepare graphene quantum
dots (GQDs)

In a similar way, weighed amount of ascorbic
acid was heated at around 150-160 °C, which then
converted the solution into deep orange color within
50 min. 1.5 M solution of NaOH was added drop wise
in the melted dense solution of ascorbic acid at room
temperature, to prepare the solutions of different pH
ranging from 8 to 12. The effect of different pH on
the yield and size of the (GQDs) was studied in detail.
The probable mechanism of temperature which then
converted the solution into deep orange color within
50 min. 1.5 M solution of NaOH was added drop
wise in the melted dense solution of ascorbic acid at
room temperature, to prepare the solutions of different
pH ranging from 8 to 12. The effect of different pH
on the yield and size of the graphene quantum
dots (GQDs) was studied in detail. The probable
mechanism of formation of GQDs from ascorbic acid
has been shown in the Scheme 2.

3 Results and Discussion

The plausible mechanism of the formation of
GQDs from the organic acids viz., tartaric acid and
ascorbic acid was explained in the Scheme 1. The
tartaric and ascorbic acids when heated at their
melting temperature decomposes and the hydronium
ion formed from the acid, acted as a catalyst in
subsequent decomposition reaction stages. The
significant path in mechanism was that the

condensation and cyclo-addition followed by the
formation of aromatization and aromatic clusters.
During the pyrolysis, adjacent dehydrated tartaric or
ascorbic acid molecules reacted with each other to
form GQDs, and the functional groups, such as -OH, -
CH2-, -COOH, etc, located at the edge of each GQDs
act as a passivation layer at the surface. This layer
facilitates the uniform grouping of the sp2 clusters
in the GQD structure, and these clusters are more or
less isolated within the sp3 matrix; such structural
adjustments enhance the luminescence of the GQDs.
The formation of GQDs was not observed when pure
tartaric acid or ascorbic acid was used, which
indicated that NaOH acted as a catalyst for the
formation of GQDs in each case. Observed at 340 nm

""é\I&k‘ Tartaric acid molecules

l Melting of Tartaric acid and

Tartaric acid GQD’s

Scheme 1 — Probable mechanism of formation of GQDs from
tartaric acid.
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l Melting of Ascorbic acid and

Ascorbic acid

Scheme 2 — Probable mechanism of formation of GQDs from
ascorbic acid.
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(Fig. 1(b)). The UV-Vis spectra clearly indicated that
on increasing the pH, the intensity of absorption peaks
decreased. At pH 8, the absorption peak was found to
be more intense and after this pH, the intensity of the
peaks decreased up to 12. The GQDs prepared from
tartaric acid typically showed two absorption maxima
at 340 and 360 nm in case of entire pH range, with a
tail extending to the visible range (Fig. 1 (a and b)).
It can be attributed to the non-uniform size
distribution of GQDs in presence of NaOH. The UV-
Vis absorption may be attributed to some absorption
shoulders for the n- n* transition of the C=C bonds, n-
w* transition of C=0 bonds and/or others. The spectra
clearly indicated that on increasing the pH, the
absorption peaks become broader which suggested the
increase of distribution of particle size along with the
pH. At pH 8, the absorption peak was found to be
more intense but after this pH, the intensity of the
peaks decreased up to 12. In case of ascorbic acid
also, the UV-Vis spectra showed two absorption
maxima at 310 and 340 nm at pH 8 and pH 9, which
again can be attributed to the non-uniform size
distribution of GQDs in presence of NaOH at these
pH range. However, in case of pH 10-12, only
one absorption maxima were observed at 340 nm
(Fig. 1 (b)). The UV-Vis spectra clearly indicated
that on increasing the pH, the intensity of absorption
peaks decreased. At pH 8, the absorption peak was
found to be more intense and after this pH, the
intensity of the peaks decreased up to 12.

One of the most attractive features of GQDs, from
application-focused on and ultimate perceptions,
is their fluorescence. The prerequisite for surface
passivation is only partly tacit but appears to be
related to the synthetic method. However, more and
more cases have arisen with Aex independent
emission position, which may be ascribed to their
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Fig. 1 — (a) UV-Visible spectra of GQDs prepared from tartaric acid at different pH and (b) UV-Visible spectra of GQDs prepared from

ascorbic acid at different pH.
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uniform size and surface chemistry. Our experimental
results were displayed that the intensity of the
fluorescence decreased with the increase of pH
(Fig. 2). Captivatingly, in case of fluorescence also,
the intensity of the peaks was found to be decreased
from neutral to basic medium. The quantum yield of
the GQDs was calculated using tryptophan as reported
in previous literature®'. The obtained quantum yield of
ascorbic acid was found to be more than the tartaric
acid, 2.5 % and 1.8 %, respectively.

The particle size distribution of the GQDs prepared
from tartaric acid was carried out at 25 °C using dynamic
light scattering (DLS). Figure 3 shows the particle
size distribution of the solutions of different pH at
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room temperature. It was found that at pH 8, 90 % of
particles were having the size around 1.3 nm. In case
of pH 9, 80 % of the GQDs were found to be around
1.5 nm in size. On further increasing the pH from 10
to 12, the size of the particles drastically increased
above 100 nm. The average particle size was found to
be around 120 nm. It may be ascribed to the fact that
in case of lower pH, the presence of hydroxyl groups
mired the accumulation of the nanoparticles. On
increasing the pH, the increasing number of hydroxyl
groups may have got stick with the nanoparticles and
hence resulted in the increase of the size. Thus, the
pH of the solution of tartaric acid played an important
role for the synthesis of GQDs with size below 5 nm.
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Fig. 2 — (a) Fluorescence curve of GQDs prepared from tartaric acid at different pH and (b) Fluorescence curve of GQDs prepared from

ascorbic acid at different pH.
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Fig. 3 — Particle size distribution curve of GQDs prepared from tartaric acid at different pH.



132

The particle size distribution of the GQDs prepared
from ascorbic acid was carried out at 25 °C using
dynamic light scattering (DLS). Figure 4 shows the
particle size distribution of the solutions of different
pH at room temperature. It was found that at pH 8, 60
% of the particles were found to be around 1 nm
whereas in case of pH 9, 70 % of the GQDs were
found to be around 1.5 nm in size. Here also, the size
of the particles increased drastically, i.e., became
more than 100 nm from pH 10 to 12. The average
particle size was found to be around 500 nm. The
same explanation was applicable here also that on
increasing the pH, the increasing number of hydroxyl
groups get adhered with the nanoparticles and
hence resulted in the increase of the size of the
nanoparticles.

The FTIR spectra of GQDs synthesized from
tartaric acid exhibited several peaks related to the
oxygen functional groups, viz., 3350 cm’ (O-H
stretching vibration), 1741 cm” (C=O stretching
vibration) and 1620 cm™ (aromatic C=C vibrations).
The peak intensities were found to be weak which
indicated that the hydroxyl and the carboxylic groups
present in the tartaric acid condensed and polymerized
to form GQDs (Fig. 5).

The FTIR spectra of GQDs from ascorbic acid
showed the presence of different oxygen containing
peaks at 3425 cm™ (O-H stretching vibration), 1720
cm” (C=O stretching vibration) along with 1237 cm™
(C-O-C bond) and 1615 cm’ (aromatic C=C
vibrations). The FTIR also confirmed that only
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hydroxyl and carboxyl groups were involved in the
condensation and polymerization reactions but the C-
O-C bonds were found intact as they were present in
their precursor (Fig. 6).

The AFM showed the topographic images of
well-dispersed GQDs prepared at pH 8 from
tartaric acid (Fig. 7 (a and b)). It confirmed the
formation of spherical shaped GQDs, where the
particle sizes were below 5 nm at this pH. Figure 7 (¢
and d) showed the topographic images of well-
dispersed GQDs prepared at pH 8 from ascorbic acid.
Thus, it can be concluded that the pH of the solution
played an important role for the formation of GQDs
using organic acids, viz., tartaric and ascorbic acids in
presence of NaOH.
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Fig. 5— FTIR spectra of GQDs prepared from tartaric acid at pH 8
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Fig. 4 — Particle size distribution curve of GQDs prepared from ascorbic acid at different pH.
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Fig. 6 — FTIR spectra of GQDs prepared from ascorbic acid at pH 8.

Fig. 7 — (a and b) AFM image of GQDs prepared from tartaric acid and ascorbic acid at pH 8; (¢ and d) AFM 3-D image of GQDs

prepared from tartaric acid and ascorbic acid at pH 8.

4 Conclusions

In this paper, pyrolysis of tartaric acid and
ascorbic acid was carried out at their melting
temperatures, which decomposes and the hydronium
ion formed from the acids, acted as catalyst in
subsequent decomposition reaction stages. The
formation of GQDs was not observed when pure
tartaric acid or ascorbic acid was used, which
indicated that NaOH acted as a catalyst for the
formation of GQDs in each case. In case of
tartaric acid, the UV-Vis spectra clearly indicated

that on increasing the pH, the absorption peaks
become broader, suggesting the increase of
distribution of particle size along with the pH.
Similar results were observed in case of ascorbic
acid. The intensity of the fluorescence was also
found to follow the same trend and decreased
with the increase of pH. It was observed that at pH 8§,
90 % of the particles have the size of around 1.3 nm
in case of tartaric acid whereas in case of ascorbic
acid, 70 % of the GQDs were found to be around
1.5 nm in size at pH 9. In both the organic acids, size
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of the particles increased drastically, i.e., became
more than 100 nm from pH 10 to 12. The AFM
images confirmed the formation of spherical shaped
GQDs. Thus, the pH plays a vital role for the formation
of GQDs from tartaric acid and ascorbic acid in the
presence of different organic acids. Further, it is also
possible to control the formation of the GQDs by
careful selection of carbon source and base.
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