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ABSTRACT

This research explores how different solvents affect the synthesis and optical properties of carbon quantum dots (CQDs) using a
solvothermal method. Previous studies on emission-related applications have emphasized the optical and electrical properties, but
there has been little focus on how the choice of solvent affects electrocatalytic applications. The findings demonstrate that the choice
of solvent significantly influences the crystallinity, particle size, functional groups, and both absorption and photoluminescence
spectra, leading to variations in the band gaps. CQDs-DI had the smallest particles at 3.6 + 0.6 nm with a polycrystalline structure,
CQDs-Glycerol had moderate-sized particles at 6.7 + 0.6 nm with an amorphous structure, while CQDs-DMF produced the largest
particles at 15.1 + 2.0 nm. FTIR and UV-Vis tests confirmed different functional groups, with CQDs-DMF showing amide groups. The
presence of amide groups in CQDs-DMF led to hydrophobic properties, supported by an additional peak in the UV-Vis spectrum at
450 nm, caused by the surface state of C=N. Additionally, TRPL characterization showed that CQDs-Glycerol had the fastest lifetime
decay, at 2.3 ns, other than CQDs-DI at 4.73 ns and CQDs-DMF at 5.58 ns. This study demonstrate that DI and glycerol solvent are
efficient solvents for synthesizing CQDs as electrocatalysts due to their hydrophilic nature and crystallinity.

Keywords: Carbon quantum dots (CQDs), Solvothermal, Electrocatalyst, Hydrophobic/hydrophilic functional group

1. INTRODUCTION

Exploring hydrogen energy as a replacement for fossil fuels
is widely recognized as a promising and sustainable
solution to meet the growing demand for clean, renewable,
and environmentally friendly energy sources [1].
Electrochemical water splitting has emerged as a key
approach for producing hydrogen, as it efficiently breaks
down water molecules into hydrogen and oxygen through
electrocatalysis. This process involves two half-cell
reactions: the Oxygen Evolution Reaction (OER) at the
anode, where water is oxidized to generate oxygen, and the
Hydrogen Evolution Reaction (HER) at the cathode, where
hydrogen is produced through the reduction of protons
[2,3]. Currently, noble metals such as platinum (Pt),
ruthenium oxide (RuO.), and iridium oxide (IrO,) are
widely utilized as electrocatalysts for these reactions due to
their excellent catalytic performance and stability.
However, the scarcity and high cost of these materials
present significant barriers to large-scale implementation,
thereby driving the search for alternative, cost-effective,
and earth-abundant catalysts [4, 5].

In this context, carbon-based materials have emerged as
highly promising candidates to enhance the electrocatalytic
efficiency of both HER and OER processes [6]. Among these,
carbon dots (CDs) have attracted considerable attention
due to their unique physicochemical properties, which
include nanoscale dimensions, high conductivity, tunable
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electronic characteristics, and abundant surface functional
groups. CDs are generally classified into three main types:
carbon nanodots (CNDs), graphene quantum dots (GQDs),
and carbon quantum dots (CQDs), with CQDs being the most
widely investigated due to their hybrid sp?/sp® carbon
structure [6-8]. CQDs are quasi-spherical nanostructures
typically smaller than 10 nm, comprising a carbon core
surrounded by surface functional groups such as hydroxyl
(-OH), carboxyl (-COOH), amine (-NH;), and others. These
functional groups not only enhance the solubility and
dispersion of CQDs in aqueous and non-aqueous systems
but also play a crucial role in modulating their
hydrophilicity, charge transport, and interaction with other
materials [9-11]. The hydrophilic nature of CQDs,
influenced by the presence of polar functional groups [12],
allows for better interaction with water molecules during
electrocatalytic processes, facilitating efficient electron
transfer and improving reaction kinetics. Furthermore,
these functional groups provide active sites for catalytic
reactions, significantly enhancing their electrocatalytic
activity.

The combination of quantum confinement effects and
surface functionalities endows CQDs with several notable
advantages, including a large surface area for abundant
active reaction sites, efficient charge transfer capabilities,
and excellent conductivity. These features make CQDs
highly suitable for HER and OER, where rapid electron
transfer and stable catalytic activity are essential [8, 13].



Additionally, the incorporation of heteroatoms such as
nitrogen (N), sulfur (S), phosphorus (P), and boron (B) into
the CQD structure significantly influences their
electrochemical properties by inducing intramolecular
charge redistribution [14, 15]. Doped heteroatoms alter the
electronic characteristics of the carbon matrix, creating
localized active sites that improve the adsorption and
desorption of reactive intermediates during HER and OER
processes. Furthermore, heteroatom doping enhances the
hydrophilicity of CQDs, promoting better contact with the
electrolyte and improving their catalytic efficiency.

Recent studies have demonstrated the exceptional catalytic
capabilities of CQDs when integrated with transition metals
and their compounds. For instance, in 2019, Feng et al
synthesized carbon dots (CDs) via a hydrothermal approach
and incorporated them in situ with cobalt (Co)
nanoparticles and Coz0, nanostructures. The resulting
electrocatalyst exhibited remarkable HER activity,
achieving overpotentials of 137 mV and 134 mV ata current
density of 10 mA/cm? in acidic and alkaline environments,
respectively. The study highlighted the role of CDs in
controlling the bonding structure between nitrogen-doped
carbon (N-C) and Co nanoparticles, as well as facilitating
synergistic interactions between the components [16].
Similarly, Song et al. (2020) prepared nitrogen-doped CDs
through pyrolysis under an argon atmosphere and
incorporated them into molybdenum phosphide (MoP),
forming MoP/CD composites. The incorporation of nitrogen
altered the electronic structure at the active sites,
enhancing the HER performance by promoting better
hydrogen adsorption, which led to an overpotential of just
70 mV in a 1.0 M potassium hydroxide (KOH) electrolyte at
10 mA/cm? [17]. More recently, Dang et al (2022)
synthesized nitrogen- and sulphur-co-doped carbon dots
(NSCDs) using a plasma-induced method and integrated
them with MoS,/graphene nanosheets to form an NSCD-
MoS,/graphene composite. The combination of zero-
dimensional NSCDs with two-dimensional MoS,/graphene
created a high density of edge-active sites, significantly
enhancing charge transport and reducing the Tafel slope to
53 mV/dec while achieving a low overpotential of 98 mV at
10 mA/cm? [18].

Despite  substantial progress in enhancing the
electrocatalytic performance of CQDs through surface
modification and heteroatom doping, further research is
needed to understand the role of synthesis parameters in
determining their optical, electrical, and chemical
properties. It has been well-documented in emission-
related applications that factors such as reaction time,
temperature, and solvent choice have a significant impact
on the structural and functional characteristics of CQDs,
GQDs, and CNDs. For example, Rajender et al (2019)
demonstrated that solvents like dimethylformamide (DMF)
and dimethyl sulfoxide (DMSO) strongly influence the
photoluminescence (PL) spectra of GQDs, primarily by
altering surface defect states [19]. Similarly, Tian et al
synthesized multi-coloured CDs using citric acid and urea
under various solvents and observed that the band gap and
optical properties of CDs were affected by the dehydration
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and carbonization processes, which were solvent-
dependent [7]. While these studies provide insights into the
optical behaviour of carbon dots, a notable research gap
exists regarding the influence of solvents in the
solvothermal synthesis of CQDs, GQDs, and CNDs for
electrocatalytic applications.

Based on the above discussion, it is imperative to
investigate the impact of different solvents used in the one-
pot solvothermal synthesis of CQDs on their structural,
electronic, and catalytic properties, as well as their
hydrophilicity and overall performance in electrochemical
and photoelectrochemical water splitting applications. In
this study, CQDs were synthesized from citric acid and urea
under hydrothermal/solvothermal conditions using three
different solvents: deionized water, glycerol, and
dimethylformamide (DMF). The choice of solvent
significantly influenced the crystallinity, optical properties,
and catalytic behaviour of the CQDs. Specifically, CQDs
synthesized with DMF (CQDs-DMF) exhibited higher
crystallinity and red emission in the PL spectra, whereas
those synthesized with deionized water (CQDs-DI) and
glycerol  (CQDs-Glycerol) displayed polycrystalline
structures with blue-emission PL spectra. By investigating
the correlation between synthesis parameters, surface
functional  groups, hydrophilicity, and catalytic
performance, this study aims to provide a deeper
understanding of the role of CQDs in electrocatalytic water
splitting for hydrogen production.

2. EXPERIMENTAL SECTION

Citric acid (C¢HgO7, 99.5%) and urea (CH4N,0, 99%) were
purchased from Sigma-Aldrich. N, N-dimethylformamide
(DMF, (CH3)>NC(O)H, 99.8%) was obtained from Loba
Chemie, while glycerol (C¢HgO3s, 85%) was purchased from
Merck. Deionized (DI) water was used throughout the
experiment. A Teflon stainless-steel autoclave was used for
hydrothermal/solvothermal reaction.

2.1. Synthesis of CQDs

CQDs were synthesized via a one-pot hydrothermal/
solvothermal method as reported [7] at 160°C for 4 hours,
as illustrated in Figure 1. In this process, 3 g of citric acid
and 1 g of urea were dissolved in 10 mL of three different
solvents (DI water, glycerol, and DMF). The mixture was
heated in an autoclave at 160°C for 4 hours, followed by
natural cooling to room temperature. The resulting solution
was filtered using a 0.22 pum syringe filter and centrifuged
at 10,000 rpm for 20 minutes to remove any large
unreacted particles. The solutions were labelled as CQDs-DI,
CQDs-Glycerol, and CQDs-DMF, and stored at 4°C for further
characterization.

2.2. Material Characterization

High-resolution  transmission electron microscopy
(HRTEM) and FESEM analysis were performed using a
TECNAI G2 20 S-TWIN, FEI operated at an accelerating
voltage of 200 kV to confirm the morphology and size of the
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Figure 1. Illustration scheme of synthesized the CQDs using three
different solvents (DI, Glycerol, and DMF)

nanoparticles. UV-Vis measurement was carried out using
Thermo Scientific UV-Vis spectrophotometer. Photo-

luminescence (PL) measurements were performed on an
FLS920 Edinburgh instrument with excitation at 325 nm.
Thermo Fisher Scientific Nicolet iS50 was used for Fourier
transform infrared (FTIR) spectroscopy.

3. RESULTS AND DISCUSSION
3.1. Morphological and Structural Analysis of CQDs

The particle sizes and morphological features of CQDs
synthesized with DI water, glycerol, and DMF were analyzed
via HRTEM images, lattice fringes, and histogram particle
distribution, as shown in Figure 2. Figures 2(a-c) show the
TEM imager CQDs-DI, Figures 2(d-f) correspond to CQDs-
Glycerol, and Figures 2(g-i) refer to CQDs-DMF. The results
indicate significant variations in both the particle size and
crystallinity of CQDs based on the solvent used during
synthesis. The significant differences in particle size and
crystallinity observed among CQDs-DI, CQDs-Glycerol, and
CQDs-DMF can be attributed to the solvent properties,
particularly their polarity, viscosity, and role in the
carbonization process [7].

CQDs synthesized with DI water as shown in Figure 2(a-b),
leading to the formation of smaller CQDs with moderately
crystalline structures. The moderate polarity of water
supports nucleation but does not favour rapid growth,
resulting in the smallest average particle size at 3.6 + 0.6 nm
(Figure 2(c)) among the three. CQDs-DI samples show clear
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Figure 2. HRTEM images of (a-b) CQDs-DI, (d-e) CQDs-Glycerol, and (g-h) CQDs-DMF. Histogram distribution of the particle size of
(c) CQDs-DI, (f) CQDs-Glycerol, and (i) CQDs-DMF
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polycrystalline lattice fringes with well-defined and
organized patterns. These fringes suggest that CQDs-DI
exhibit moderate crystallinity. These fringes suggest that
CQDs-DI exhibit moderate crystallinity with interplanar
spacing values was 0.24 nm [20-22].

In contrast, CQDs synthesized in glycerol (Figure 2(d-e)),
its high viscosity and lower polarity likely slow the rate of
nucleation and carbonization [7,23] , leading to the
formation of larger CQDs at 6.7 £ 0.6 nm (Figure 2(f)).
However, the slow carbonization process may also result in
structural disorder, as evidenced by the amorphous lattice
fringes in Figure 2(e). This suggests that while glycerol
allows for the growth of larger CQDs, it does not favour the
development of highly crystalline structures due to
insufficient energy for the alignment of carbon atoms into
well-defined lattice planes. The interplanar spacing of
CQDs-Glycerol using FFT was measured to be 0.25 nm.

On the other hand, CQDs synthesized in DMF (Figure 2(g-
h)) provide that DMF an aprotic and highly polar solvent,
provides a more favourable environment for carbonization.
Aprotic solvents like DMF, are known to enhance
dehydration reactions during the synthesis process,
thereby accelerating the conversion of precursors into
carbon nuclei and promoting controlled particle growth
[24]. The enhanced carbonization efficiency of DMF not only
results in larger CQDs (15.1 + 2.0 nm) but also contributes
to their higher degree of crystallinity, as seen in the sharp
lattice fringes in Figure 2(h). The interplanar spacing values
of CQDs-DMF, determined via FFT patterns using Image]
software, were measured to be 0.24 nm. These values are
consistent with the interlayer spacing of graphitic carbon,
further confirming the crystalline nature of CQDs-DMF [25].

The formation mechanism of carbon quantum dots involves
the thermal decomposition of citric acid and urea into small
organic molecules, followed by polymerization and
carbonization processes. During this process, carbon nuclei
form and gradually grow into carbon cores, while functional
groups such as hydroxyl, carboxyl, and amine groups attach
to the CQD surface. The role of the solvent is critical in
controlling the nucleation and growth rates of CQDs
[22, 26].

3.2. Optical Properties of CQDs

Figure 3(a) displays the UV-Vis absorption spectra of the
synthesized  CQDs, highlighting  distinct  optical
characteristics based on the solvent used during synthesis.
For CQDs-DI and CQDs-Glycerol, strong absorption bands
appear in the 200-280 nm and 280-400 nm regions. These
bands are attributed to m-m* transitions of C=C bonds and
n-m* transitions associated with C=0 and C=N bonds,
respectively, as reported in previous studies [18, 33-35].
Interestingly, CQDs-DMF exhibit a weak shoulder peak at
454 nm, which is explained by surface state transitions.
These transitions arise from electron lone pairs interacting
with n-m* transitions, specifically involving C=0 and C=N
functionalities located at the edges of the carbon structure.
Additionally, the extended absorption tail in the visible
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Figure 3. (a) UV-Vis absorbance of CQDs. (b) Illustration diagram
energy of CQDs. (c) Tauc plot of CQDs

range for CQDs-DMF is linked to lower-energy surface
states introduced by functional groups, such as amino
groups [24, 36-38]. Notably, the absorption peak beyond
400 nm is absent in CQDs-DI and CQDs-Glycerol, indicating
a distinct solvent-dependent optical response.

Figure 3(b) provides a schematic representation of the
electronic transitions (n-m* and m-m*), showcasing the
excitation of electrons from the highest occupied molecular
orbital (HOMO) to the lowest unoccupied molecular orbital
(LUMO). The UV-Vis data suggest that these transitions are
most favourable in the synthesized CQDs, correlating with
their unique optical properties [33]. Figure 3(c) presents
the Tauc plots derived from the UV-Vis spectra, which are
used to calculate the band gap energy (Eg) of the CQDs. The
band gap was determined using the Tauc relation for direct
band gap transitions [34]:
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ahv = C(hv — Ep)" (1)

where «a represents the absorption coefficient as
determined by Beer-Lambert's law, C is a constant, Eg is the
band gap energy, and n is 1/2 for direct band gap transitions
[34]. By extending the linear portion of the Tauc plot to the
energy axis, the Eg for CQDs-DI, CQDs-Glycerol, and CQDs-
DMF were found to be 3.32¢eV, 3.28¢eV, and 3.26 eV,
respectively. These findings reveal that smaller carbon dot
sizes correspond to larger band gaps, directly impacting
their electronic and photoelectronic behaviour [24].

Figure 4(a) illustrates the appearance of CQD solutions
under ambient and UV light (365 nm). Under ambient light,
CQDs-DI, CQDs-Glycerol, and CQDs-DMF emit green, yellow,
and blue colours, respectively. However, under UV light, the
emissions shift, with CQDs-DI and CQDs-Glycerol showing
blue-green fluorescence, while CQDs-DMF exhibit a red
emission.

Figure 4(b) shows the photoluminescence (PL) spectra of
the CQDs at an excitation wavelength of 325 nm. The
emission peaks are observed at approximately 469 nm for
CQDs-DI, 479 nm for CQDs-Glycerol, and 573 nm for CQDs-
DMF. This shift in PL emission suggests a strong correlation
between the particle size, shape, and surface chemistry of
the CQDs, consistent with previous reports [18].

Time-resolved photoluminescence (TRPL) measurements,
also depicted in Figure 4(c), were analysed using a tri-
exponential decay model. This analysis revealed multiple
radiative and non-radiative recombination pathways in the
CQDs. The lifetimes and their respective contributions are
summarized in Table 1. These lifetimes are attributed to the
recombination of electrons at edge sites and functional
group defects in the CQDs [14, 18, 30, 40]. The average
decay times (7,,) for CQDs-DI, CQDs-Glycerol, and CQDs-
DMF were 4.73 ns, 2.39 ns, and 5.58 ns, respectively. These
differences in decay lifetimes highlight how the choice of
solvent influences the surface state characteristics of the
CQDs [41]. The shorter lifetime of CQDs-Glycerol compared
to CQDs-DI and CQDs-DMF suggests a reduced
recombination rate, more efficient electron-hole separation,
and longer-lived photogenerated electrons [42]. This
property is particularly beneficial for applications such as
electrochemical water splitting, where prolonged charge
separation enhances catalytic performance [18].

In contrast, the longer lifetime observed in CQDs-DMF
reflects the influence of surface states that trap charge
carriers, thereby delaying recombination. While this could
be beneficial for applications requiring long-lived excited
states, such as luminescent imaging, it may limit the
efficiency of photocatalytic processes.

3.3. Surface Composition of CQDs
The surface functional groups and core structure of CQDs

were identified using FTIR spectroscopy. Figure5
highlights the vibrational modes observed in the spectra.

The broad peak in the range of ~3000-3800 cm™ indicates
the presence of hydroxyl (C-OH/OH) and amine (NH;)
groups, located both on the in-plane structure and at the
edge sites of the CQDs. These functional groups are
significant, as they enhance the hydrophilicity of the CQDs,
facilitating their dispersibility in polar solvents such as
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Figure 4. (a) CQDs solution under daylight (top) and UV light
365 nm (bottom). (b) Normalized PL spectra of CQDs.
(c) TRPL spectra of CQDs
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Table 1. Parameter of the TRPL data for carrier lifetime of the CQDs using three different solvents: DI Water, Glycerol, and DMF

Carrier lifetime (7 in ns) and amplitude (B)
Std Std Std Std Std Std
Solvent T1 dev B1 dev T2 dev B2 dev T3 dev B3 dev Tav
T1 B1 T2 B: T3 B3

DI 0.26 0.01 0.58 0.02 3.41 0.09 0.28 0.01 6.66 1.04 0.15 0.15 4.73

Glycerol | 0.20 0.01 0.59 0.02 2.28 0.09 0.25 0.01 4.69 0.44 0.3 0.03 2.39

DMF 0.22 0.01 0.26 0.01 7.19 0.25 0.16 0.01 12.01 1.76 0.2 0.02 5.58

i Bile
T =
v =1 BiTL

water. The vibrational band observed at ~2133 cm™ is CQDs-DMF
attributed to the stretching vibrations of 0=C=0 groups
[27-30]. These carbonyl functional groups are typically
found in oxidized carbon materials and are likely to impact :
the CQDs’ ability to interact with other molecules through & |caps.ciyeerol
hydrogen bonding or dipole interactions. Meanwhile, the 8
peak at ~1650 cm™, present in all samples, is associated kS
with C=C bonds and overlaps with the amide carbonyl g
stretching vibrations [18, 25]. This indicates the presence of S lcapsor |
unsaturated carbon as well as amide functionalities, both of = - fg’

. . . s . . je] ]
which play a role in defining the electronic and chemical e @
characteristics of the CQDs. The peak around 599 cm™ i3 5
represents C-OH bending vibrations, further confirming the 3 :
presence of hydroxyl groups [31]. Additional vibrational : : : : : :
modes at approximately 1313 cm™ are related to edge 4000 3500 3000 2500 2000 1500 1000 500

oxygen functional groups, including ketones and quinones
[18]. A weak vibrational mode observed at ~1460 cm™ in
CQDs synthesized using DMF is linked to the in-plane
stretching vibrations of sp®-hybridized carbon atoms (C=C)
[6,18,21]. The vibrational mode around ~1045 cm™?!
corresponds to the C-O stretching vibrations, which are
commonly associated with alcohols, ethers, or ester groups
[25,26]. This indicates the presence of oxygenated
functional groups on the surface of the CQDs. Similarly, the
vibrational band around ~1390 cm™ is attributed to C-O
epoxy groups attached to the sp3-hybridized carbon of the
CQDs, further corroborating the oxygen-rich nature of the
material [21].

The presence of nitrogen functional groups, such as amide
N or pyridinic nitrogen, is not sharply evident in the FTIR
spectra of CQDs synthesized with DMF. However, the UV-Vis
data provide supporting evidence, showing an extended
absorption peak in the ~450 nm region. This is attributed to
the surface amide groups, which are unique to nitrogen-
doped CQDs. This observation points to two distinct types
of surface states in the CQDs: (1) oxygenated functional
groups, including C=0 and C-0, found in all samples, and (2)
nitrogenated functional groups, such as C-N-C and C-N-H,
which are specific to nitrogen-doped CQDs synthesized with
DMF [32].

The functional groups present on the surface of CQDs play a
crucial role in determining their hydrophilicity. Hydroxyl
(C-0OH) and carbonyl (C=0) groups are highly hydrophilic,
enabling the CQDs to form hydrogen bonds with water
molecules, thereby enhancing their solubility in aqueous
environments. Conversely, the presence of nitrogenated
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Figure 5. FTIR spectra of CQDs-DI, CQDs-Glycerol and CQDs-DMF

groups, such as pyridinic nitrogen and amide
functionalities, can contribute to a more hydrophobic
nature due to their reduced polarity compared to
oxygenated groups. Epoxy functional groups (C-0) also
contribute to the hydrophobicity, especially when present
in significant quantities [25]. The balance between these
hydrophilic and hydrophobic functional groups determines
the overall dispersibility and interfacial properties of the
CQDs. This variation in surface chemistry directly impacts
their potential applications in aqueous-phase systems,
including bioimaging, drug delivery, and photocatalysis.

4. CONCLUSION

This study successfully synthesized carbon quantum dots
(CQDs) using three different solvents (DI water, glycerol,
and DMF) through the hydrothermal/solvothermal method.
The results showed that the solvent affects the particle size,
crystallinity, and functional groups of CQDs, which in turn
influence their optical and electronic properties. CQDs-DI
had a polycrystalline structure with an average particle size
of 3.6 = 0.6 nm, CQDs-glycerol exhibited a more amorphous
structure with an average particle size of 6.7 + 0.6 nm, and
CQDs-DMF had the largest size, 15.1 + 2.0 nm, with higher
crystallinity. FTIR and UV-Vis measurements confirmed
different functional groups on the CQDs. CQDs-DI and CQDs-
Glycerol showed hydroxyl and carbonyl groups, while
CQDs-DMF showed the presence of amide groups. The
appearance of amide and epoxy groups in CQDs-DMF led to



Rayanisaputri et al. / The role of solvents on the optical properties of carbon quantum dots synthesized via solvothermal/hydrothermal method

hydrophobic properties, supported by an additional peak in
the UV-Vis spectrum at 450 nm, caused by the surface state
of C=N. Additionally, TRPL characterization showed that
CQDs-Glycerol had the fastest lifetime decay, at 2.3 ns other
than CQDs-DI at 4.73 ns and CQDs-DMF at 5.58 ns. This
result shows that DI water and glycerol are efficient
solvents for synthesizing CQDs as electrocatalysts due to
their hydrophilic nature and crystallinity.
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