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Original Research Abstract:

One of the most auspicious and economically sound techniques for generating graphene is recognized as
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groups. Notably, the graphene concentration peaked when t-GQDs were functionalized at a molar ratio of
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1. Introduction liquid-phase exfoliation (LPE) has emerged as a promising
and cost-effective technique for graphene production [5, 6].
To achieve exfoliation, considerable energy is required to
overcome the van der Waals forces that hold graphite layers
together. However, there is a potential solution to exfoliate
graphite effectively within liquid environments by utiliz-
ing ultrasound to extract individual layers of the material
[7]. Although graphene has low surface energy, it cannot
disperse in water due to the high surface tension of water.
However, it has been discovered that adding amphiphilic dis-
persing agents can prevent graphene sheets from restacking
by creating electrostatic or steric repulsion between them
[8]. In the case of graphite and graphene, which are highly
hydrophobic, the use of surfactants or hydrophilic organic

Carbon, a highly prevalent element globally, occurs in var-
ious forms called allotropes [1]. In 2004, during their re-
search endeavor, Novoslov et al. unveiled graphene as a
two-dimensional carbon allotrope [2]. As per their find-
ings, this groundbreaking substance is anticipated to pos-
sess many exceptional attributes, such as remarkable ther-
mal conductivity, mechanical rigidity, fracture resistance,
and extraordinary electrical mobility, owing to its excellent
carrier transport behavior [3]. Numerous approaches have
been proposed so far to produce graphene. These meth-
ods can generally be classified into two main categories:
bottom-up and top-down procedures [4]. Among them,
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molecules becomes necessary to disperse them in water,
as these substances possess hydrophobic solid properties
[9, 10]. Increasing the length of the surfactant chains leads
to an increase in the dispersibility of nanosheets. This is
attributed to the greater hydrophobicity of longer surfactant
chains [11]. Surfactants play a crucial role during exfo-
liation by stabilizing the nanosheets and preventing their
reaggregation.

Introducing surfactants to water reduces its surface ten-
sion to match that of graphene, making exfoliation possible.
Extensive simulations and experimentation have demon-
strated that organic solvents with surface energies simi-
lar to graphene are more effective in dispersing graphene
than solvents with significantly different surface energies,
such as NMP, DMF, and DMSO [12]. Graphene quantum
dots (GQDs), derived from graphite at the nanometer scale,
have gained significant attention in research due to their
remarkable mechanical, optical, and electronic properties
[13, 14]. These GQDs are synthesized through a bottom-
up approach involving a series of chemical reactions using
techniques such as pyrolysis [15], carbonization [16], and
stepwise organic synthesis [17]. It has been observed that
the amphiphilic nature of GQDs is an attractive feature,
leading to their recent application in dispersing and exfo-
liating graphene nanosheets (GNs) through liquid phase
exfoliation (LPE) in an aqueous medium, thanks to their
amphiphilicity [18-20]. Substantial evidence supports the
idea that functional hydrophilic groups on GQDs can ionize
in water, enhancing their solubility and enabling effective
dispersion of hydrophobic graphene sheets [21, 22]. Fur-
thermore, the aromatic cores of GQDs contribute to the
stability of graphene dispersion when combined with suit-
able functional groups [23].

Conventional GQDs synthesized via oxidative or hydrother-
mal cutting of graphene oxide sheets typically contain only
hydrophilic groups such as -COOH or —OH and are thus
non-amphiphilic. These GQDs, while dispersible in aque-
ous media, generally lack the interfacial activity required to
effectively interact with hydrophobic surfaces like pristine
graphene. For example, Pan et al. [24], synthesized blue-
emitting GQDs by hydrothermal cutting of graphene ox-
ide, which showed excellent photoluminescence properties
but were not amphiphilic and hence not suitable as disper-
sants for hydrophobic materials. Their lack of hydrophobic
domains restricts their ability to stabilize graphene disper-
sions, which require both 7 — 7 stacking affinity and am-
phiphilic balance to overcome van der Waals-induced aggre-
gation. In contrast, our amine-functionalized GQDs exhibit
amphiphilic character, possessing both hydrophilic amine
groups and hydrophobic sp?-carbon domains. This duality
allows them to interact simultaneously with graphene sur-
faces and aqueous environments, significantly enhancing
dispersion efficiency. Traditional surfactants such as SDS
or CTAB are widely employed for dispersing hydropho-
bic nanomaterials. These surfactants function via micelle
formation and hydrophobic tail interactions, and their per-
formance strongly depends on achieving concentrations
above the critical micelle concentration (CMC). Addition-
ally, their interactions with graphene are largely non-specific
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and reversible, often resulting in relatively poor long-term
stability.

Amphiphilic GQDs offer a fundamentally different mecha-
nism of dispersion. As shown by Lu et al. [25], amphiphilic
GQDs can act as a new class of surfactants due to their
combined hydrophilic and hydrophobic domains along with
strong 7 — 7 interactions. These structural features enable
them to adsorb more strongly onto graphene surfaces and to
stabilize dispersions without the need for micelle formation
or high concentrations. Furthermore, they exhibit superior
stability under a broader range of environmental conditions.
This unique synergy was also demonstrated by Xua et al.
[26], who reported that amphiphilic GQDs could be used as
practical surfactants in the synthesis of fluorescent polymer
microspheres, outperforming conventional surfactants in
interfacial activity and colloidal stability.

This study presents a simple method for synthesizing tride-
cylamine functionalized GQDs (t-GQDs) through thermal
pyrolysis of citric acid and tridecylamine. A range of GQDs
with varying amine values were successfully produced, then
utilized as exfoliation and dispersion agents for pristine
graphene in water. The amphiphilic nature of these t-GQDs
allows them to adsorb onto graphite surfaces via their conju-
gated aromatic rings, facilitating interaction with the surface.
The synthesis method employed in this study results in t-
GQDs with excellent surface activity, making them ideal for
preparing graphene by using them as dispersants in aque-
ous solutions. Our synthesis method significantly advances
over traditional approaches to creating amphiphilic GQDs.
While conventional methods often require multiple steps,
toxic reagents, and complex purification procedures, our
one-pot hydrothermal method uses environmentally friendly
precursors. It achieves high functionalization efficiency in
a single step. The direct condensation of citric acid with
tridecylamine allows precise control over the degree of func-
tionalization, enabling the creation of GQDs with tailored
amphiphilicity. This approach simplifies the synthesis pro-
cess and enhances reproducibility and scalability, making it
particularly suitable for large-scale production of function-
alized GQDs for graphene exfoliation applications.

2. Materials and methods

2.1 Materials

The chemicals utilized in all the experiments conducted
were procured from Merck. These chemicals include
citric acid (> 99.5%), tridecylamine (98%), ammonium
hydroxide solution (25%), sodium hydroxide, calcium
acetate (> 99%), hydrochloric acid (37%), and graphite
powder (Product Number 332461, < 20 um). Deionized
water with the resistivity of 18.2 MQ-cm was employed
for the experiments. All chemicals were used as received
without further purification.

2.2 Preparation of surface-modified GQDs

T-GQDs were synthesized by directly condensing and py-
rolyzing citric acid, tridecyl amine, and ammonium hydrox-
ide solution. The standard synthesis procedure involved
dissolving citric acid (0.1 g), tridecylamine (0.03 g), and
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ammonium hydroxide (0.04 mL) in pure water (10 mL). The
resulting mixture was then transferred to a 20 mL Teflon
autoclave and heated at 180 °C for 3 hours. Afterward, the
autoclave was cooled to room temperature. It was necessary
to adjust the pH of the solution to 7.0 by adding NaOH
(0.1 M). The resulting t-GQDs were further dried using
freeze-drying to obtain the final output product (Scheme 1).
The synthesis method was repeated four times, with each
iteration using a different amount of amine (0.01, 0.03, 0.06,
0.1 g) and labeled as t-GQDsl, t-GQDs2, t-GQDs3, and
t-GQDs4, respectively.

According to a method mentioned in a published study [27],
hydrophilic graphene quantum dots (OH-GQDs) were syn-
thesized. The procedure involved the preparation of GQDs
by placing 2 g of calcium acetate into a 5 mL beaker and
heating it to 200 °C using a heating mantle. Within ap-
proximately 5 minutes, the calcium acetate began to liquefy.
Furthermore, after 30 minutes, the transparent liquid grad-
ually changed in color from colorless to light yellow and
finally to orange, indicating the successful formation of
GQDs based on the observed color transformation. To ad-
just the solution’s acidity to pH 7.0, NaOH was added to
the solution.

2.3 Dispersion of graphite

As per our research findings, functionalized graphene quan-
tum dots (GQDs) have demonstrated potential as disper-
sants. In each experimental run, 50 mg of graphite pow-
der was combined with 15 mL of aqueous solutions of
(t=GQDs1), (t-GQDs2), (t-GQDs3), and (t-GQDs4), each
at varying concentrations. The aim was to achieve a homo-
geneous colloidal solution, hence subjecting the mixture to
sonication for 30 minutes at room temperature (the ultra-
sound time parameter was modified to observe its impact,
as described in Scheme 2). During the exfoliation process,
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an ice bath was employed to prevent any rise in tempera-
ture within the sonication slurry. The next step involved
centrifuging the solution at 5000 rpm for 15 minutes to
eliminate larger graphene flakes. The resulting supernatant,
which contained few-layer graphene flakes, was collected as
the final graphene dispersion. To evaluate the performance
of the dispersants, we obtained the supernatant from each
sample and analyzed its absorption using a UV-visible light
spectrophotometer. This allowed us to determine the highest
graphene yield for a given concentration of each solution.

2.4 Characterization

The chemical structure and surface functional groups of
GQDs were assessed employing Fourier transform infrared
spectroscopy (FTIR) with a PERKIN ELMER 1720-X FTIR
spectrometer. Transmission electron microscopy (TEM)
images were captured using a Philips EM208, while field
emission scanning electron microscopy (FE-SEM) images
were obtained using a Hitachi S4800 at an accelerating volt-
age of 10 kV. UV-vis spectroscopy was conducted using a
Shimadzu 2250, 220 UV-vis spectrophotometers. Fluores-
cence spectra were recorded on a fluorescence spectrome-
ter (LS45, PerkinElmer, UK). Fluorescence spectra were
recorded at multiple excitation wavelengths (320, 340, 360,
and 380 nm) to investigate excitation-dependent emission
properties characteristic of GQDs. All photoluminescence
spectra were corrected for light scattering using appropriate
baseline corrections. The surface wettability of the samples
was determined through Contact angle measurements using
a TY-WB47 instrument, while their contact angles were
calculated using the Digimizer application. The surface
tension of the surfactants was investigated using the ring
method employing a Sigma 700 instrument. XRD spec-
trum analysis was performed using a Bruker D8 Advance
diffractometer. Zeta potential measurements were carried
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Scheme 1. The schematic diagram for the preparation of amphiphilic GQDs.
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Scheme 2. Preparation process for graphene dispersion.

out using Dynamic Light Scattering (NANO-flex 180).

3. Results and discussion

Citric acid (CA) served as the sole carbon source for syn-
thesizing OH-GQD, with its oxygenated functionalities con-
tributing to the hydrophilicity exhibited by the resulting
OH-GQDs. To achieve amphiphilicity, the introduction of
hydrophobic tridecylamine became necessary. The GQDs
were chemically functionalized with chain alkyl groups
(tridecyl amine) through simple reactions. A hydrother-
mal method combined CA and ammonium hydroxide to
synthesize t-GQDs. During the carbonization process, CA
was transformed into GQDs. At the same time, the amine
molecules reacted with the carboxyl and carbonyl groups at
the GQDs’ edges, thereby conferring amine functionality to
t-GQDs.

FTIR spectroscopy was employed to examine the functional
groups of the prepared GQDs. The presence of carboxylic
acid groups at the edges of the GQDs led to the stretch-
ing vibration of C=0 at 1720 cm~!, as indicated by the
OH-GQDs. In Fig. 1, the OH-GQDs displayed a broad
absorption peak around 3434 cm~!, which can be attributed
to the stretching vibration of the OH bond. The carboxylic
acid groups at the GQD edges also resulted in peaks at 1610
em~!and 1712 cm ™!, corresponding to the stretching vibra-
tions of C=C and C=0, respectively. Furthermore, there was
an absorption peak at 1406 cm™!, signifying the presence
of C-0, and a peak at 1242 cm™!, indicating the presence
of C-OH. Subsequently, following the surface modification
of GQDs with amine, new peaks (amides and alkyl chains)
were observed. Compared to OH-GQDs, the presence of
methylene groups is indicated by the firm peaks observed
at 2840 cm~! and 2912 cm™! in t-GQDs. This finding
supports the notion that t-GQDs contain hydrophobic hy-
drocarbon chains. The weak absorption peak at 1427 cm™!
can be attributed to the stretching vibration of the C-N bond,
indicating that the reaction introduces some amine groups
into GQDs. The absorption peak at 1692 cm™! can be as-
cribed to the C=0 group. Moreover, the peak observed at
3595 cm~! suggests the presence of NH, bonding, which
overlaps with OH bonding [23].

The wettability of GQDs and functionalized GQDs was
investigated using contact angle measurements, as shown

in Fig. 2. The glass substrate was coated with synthesized
OH-GQDs and t-GQDs. The contact angle of water on
OH-GQDs was determined to be 5.6°, indicating high hy-
drophilicity. In contrast, the contact angle was altered to 33°
for t-GQDs, implying a decrease in hydrophilicity. Conse-
quently, amine functionalization was applied to the GQDs
to reduce the hydrophilicity of t-GQDs. We conducted
comprehensive wettability and surface activity analyses to
demonstrate the amphiphilic character of our synthesized
t-GQDs. The coexistence of hydrophilic carboxyl/hydroxyl
groups and hydrophobic alkyl chains from tridecylamine
in t-GQDs creates an actual amphiphilic structure, which
we confirmed through contact angle measurements, surface
tension analysis, and dispersibility tests in both polar and
non-polar media.

The significant difference in contact angles between OH-
GQDs (5.6°) and t-GQDs (33°) provides clear evidence
of the successful incorporation of hydrophobic tridecy-
lamine chains onto the GQD surface. While the t-GQDs
maintain sufficient hydrophilicity due to remaining oxygen-
containing functional groups (as confirmed by FTIR), the
increase in contact angle demonstrates the introduction of
hydrophobic character, confirming the amphiphilic nature
of the synthesized t-GQDs.

According to Fig. 3, The surface tension measurements
provide further compelling evidence of the amphiphilic
character of t-GQDs. Unlike purely hydrophilic OH-GQDs,
which exhibit negligible surface activity (maintaining sur-
face tension near that of pure water), the t-GQDs signifi-
cantly reduce the surface tension of water from 72.32 mN/m
to 57.27 mN/m. This remarkable surface activity can only
be attributed to the classical amphiphilic behavior, where
the hydrophobic portions (tridecyl chains) extend into the
air phase while hydrophilic portions remain in the aque-
ous phase, reducing interfacial energy. This behavior is
consistent with conventional surfactants and confirms the
successful creation of amphiphilic GQDs [28].

X-ray diffraction (XRD) analysis was utilized to investi-
gate the structural characteristics of Graphene Quantum
Dots (GQDs). As shown in Fig. 4, the obtained XRD pro-
files demonstrate typical patterns for both OH-GQDs and
t-GQDs. In the case of GQDs, broad peaks are observed at
approximately 24.4 and 23.8 degrees for (002) reflections,
indicating the occurrence of graphite structures due to the
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Figure 1. FTIR spectra of (a) t-GQDs and (b) OH-GQDs. Spectra were collected on KBr pellets with 1% sample loading at a resolution of 4 cm~!. The
wettability of GQDs and functionalized GQDs was investigated using contact angle measurements, as shown in figure 2. The glass substrate was coated
with synthesized OH-GQDs and t-GQDs. The contact angle of water on OH-GQDs was determined to be 5.6°, indicating high hydrophilicity. In contrast,
the contact angle was altered to 33° for t-GQDs, implying a decrease in hydrophilicity. Consequently, amine functionalization was applied to the GQDs to
reduce the hydrophilicity of t-GQDs. We conducted comprehensive wettability and surface activity analyses to demonstrate the amphiphilic character of
our synthesized t-GQDs. The coexistence of hydrophilic carboxyl/hydroxyl groups and hydrophobic alkyl chains from tridecylamine in t-GQDs creates
an actual amphiphilic structure, which we confirmed through contact angle measurements, surface tension analysis, and dispersibility tests in both polar

and non-polar media.

carbonization of CA [29]. A noticeable differentiation can
be observed between OH-GQDs and t-GQDs, where the
peak for t-GQDs shifts towards lower degrees, indicating
a wider interlayer spacing. Moreover, the broadness of
the observed peaks confirms the formation of GQDs with
small sizes. Additionally, another peak is identified at ap-
proximately 31.80 degrees, corresponding to 100 hexagonal
carbon planes. A distinct diffraction peak at an interlayer
spacing of 20 = 5.59 indicates the attachment of amine
groups to the GQD plane [30].

The UV-visible absorption and emission spectra of t-GQDs

and OH-GQDs are depicted in Fig. 5. It is worth noting that
GQDs synthesized using different methods display distinct
ultraviolet-visible absorption properties. Typically, the ab-
sorption peak associated with the = — 7% transition falls
within the 200 — 270 nm wavelength range, indicating the
changes of aromatic C=C bonds in the sp> hybridization
region. On the other hand, the absorption peak related to
the n — mx* transition is observed above 260 nm, and it
signifies the presence of C-O bonds. Through functional-
ization, the absorption peak at 250 nm of t-GQDs shifts
to 230 nm, while the absorption peak at 350 nm shifts to

Figure 2. The contact angle measurement of (a) GQDs and (b) functionalized t-GQDs.
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Figure 3. Surface tensions of aqueous dispersions of OH-GQDs and t-GQDs at various concentrations, measured using the ring method at 25 °C. The
reduction in surface tension by t-GQDs (to 57.27 mN/m) compared to OH-GQDs (minimal reduction from water) demonstrates the amphiphilic character

of the functionalized quantum dots.

290 nm. Fig. 5 (b) highlights that the maximum emission
of OH-GQDs occurs at 610 nm, whereas t-GQDs exhibit
maximum emissions at approximately 592 nm. Notably,
amphiphilic GQDs experience blue shifts due to covalent
interactions with hexylamine, leading to the reduction of
carboxyl groups and surface passivation [31].

The surface charge of GQDs was assessed through zeta
potential analysis. The presence of surface oxygen function-
alities led to a notably negative zeta potential scattering for
OH-GQDs (—46.4). However, upon functionalization with
Tridecylamine, the surface charge of t-GQDs became less
negative (—29.3), indicating a reduction in oxygenated func-
tional groups [32]. For particle size determination, TEM
analysis was conducted. Fig. 6 illustrates a distribution of
OH-GQD sizes, with an average diameter of 2.38 nm. Es-
timating the particle size of t-GQDs, which accumulated
after functionalization, proved challenging.

Nevertheless, SEM images were employed for particle size

measurement. In general, t-GQDs exhibited a diameter of
18 nm. Utilizing SEM, the surface morphology of nanopar-
ticles was predicted. Fig. 6 showcases SEM images of
OH-GQDs and t-GQDs. Analysis of the SEM images con-
firmed the production of t-GQDs with a diameter of 24 nm,
which is consistent with the observations in TEM images.

Aqueous graphite dispersions were prepared by exfoliating
pristine graphite using various GQDs (t-GQDs1-4) and dif-
ferent ultrasound durations, producing graphene nanosheets
in suspension. Ultrasonic force is a well-known external
factor that enables the exfoliation of graphite through lig-
uid phase exfoliation (LPE). Additionally, ultrasonication
helps prevent the aggregation of graphene. To evaluate the
dispersibility of different GQDs, the preparation process for
all GQDs was conducted under identical conditions. The
dispersion efficacy of each GQD was determined by measur-
ing its UV-vis spectra. Our findings indicated variations in
absorption intensities among graphene dispersions achieved
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Figure 4. XRD pattern of a) OH- GQDs b) t-GQDs.
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Figure 5. (a) UV-vis extinction spectra of the OH-GQDs and t-GQDs showing characteristic absorption bands. (b) Photoluminescence (PL) spectra of
OH-GQDs excited at 360 nm. (c) PL spectra of t-GQDs excited at 360 nm. All spectra were corrected for light scattering using appropriate baseline
subtraction. The absorption peaks at 230 — 250 nm correspond to 7 — 7* transitions of aromatic C=C bonds, while peaks at 290 — 350 nm are attributed

to n — m* transitions of C=0 bonds.

through different GQDs. According to the Beer-Lambert
law, the UV-vis spectrum’s absorption intensity is directly
linked to graphene concentration. It is worth noting that
graphene dispersions and individual layers exhibit varying
concentrations under different exfoliation conditions. Sev-
eral parameters may be modified to attain the most desirable
outcomes, including the duration of sonication, rotational
speed during centrifugation, concentration, type of surfac-
tant, and the initial concentration of graphite.

3.1 The effect of t-GQD concentration on graphene dis-
persion

The initial investigation focused on assessing the impact
of different concentrations of t-GQDs on the quantity and
quality of dispersed graphene under identical conditions.
Fig. 7 presents the absorption spectrum of graphene so-
lutions at varying concentrations (0.01, 0.04, 0.08, 0.12,
0.16, 0.20, 0.26 mg/mL) of t-GQDs1, t-GQDs2, t-GQDs3,
and t-GQDs4, revealing a noticeable peak in UV-visible
absorbance around 266 nm for all spectra. This peak in
graphene’s absorption spectrum is attributed to the 7 — 7
transition of polyaromatic systems. The data from Fig. 7

demonstrates that the UV absorption of graphene consis-
tently increases with a rise in t-GQD concentration. This
observation is because the higher surfactant concentration al-
lows for more significant adsorption of surfactant monomers
onto the surface of graphene [33]. Consequently, graphene
becomes progressively coated with t-GQDs, reducing the
van der Waals interaction between graphene sheets and im-
proving their dispersion.

Based on our analysis of the UV-vis spectra, we found
that t-GQDs2 displayed 2.3 times higher UV absorbency
compared to t-GQDs1 when dispersed in graphene using
different surfactants at varying concentrations. Additionally,
t-GQDs3 demonstrated 1.5 times greater absorption than
t-GQDs2, while t-GQDs4 exhibited 1.05 times greater ab-
sorption than t-GQDs3. These findings corroborate the no-
tion that the composition and quantity of functional groups
play a significant role in influencing graphene properties.
Moreover, we determined that the optimal concentration of
t-GQDs4 for effectively dispersing graphene is 0.08 mg/mL.
Notably, an increase in amine concentration positively im-
pacts the yield of graphene. The surfactant developed by
our team consists of planar aromatic structures with varying
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Figure 6. (a) SEM images of OH-GQDs (b) t-GQDs. (c¢) TEM images of OH-GQDs (d) t-GQDs. Size distribution histograms of (¢) OH-GQDs (mean
diameter = 2.4 £0.3 nm, n = 200) and (f) t-GQDs (mean diameter = 18 £2 nm, n = 150). ImageJ software obtained Size distributions by measuring

individual particles from multiple TEM/SEM images.

quantities of alkyl chains (hydrophobic) and oxygen func-
tional groups (hydrophilic). The hydrophobic group adheres
to the graphite surface through 7 — 7 interaction, while the
hydrophilic group aligns itself towards water. During ioniza-
tion in water, the negative charge provided the t-GQDs with
excellent dispersibility due to their strong electrostatic re-
pulsion, which overcomes van der Waals forces. Graphene
powder, on the other hand, contained a lower proportion of
oxygen-containing groups. As a result, they cannot generate
sufficient surface charges to repel one another.

It is important to note that the term ’graphene powder’ in
our discussion refers to the dried product obtained after
the graphite dispersions’ exfoliation, purification, and fil-
tration. This powder consists predominantly of few-layer

graphene nanosheets, as confirmed by our Raman analy-
sis. For UV-vis measurements of highly concentrated dis-
persions, appropriate dilutions were performed to ensure
measurements remained in the linear response range of the
spectrophotometer, with extinction values below 1.0. All
reported concentration values have been corrected for these
dilution factors.

Based on our analysis of the UV-vis spectra, we found
that t-GQDs2 displayed 2.3 times higher UV absorbency
compared to t-GQDs1 when dispersed in graphene using
different surfactants at varying concentrations. Additionally,
t-GQDs3 demonstrated 1.5 times greater absorption than
t-GQDs2, while t-GQDs4 exhibited 1.05 times greater ab-
sorption than t-GQDs3. These findings corroborate the no-
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Figure 7. UV-vis extinction spectra of exfoliated graphite dispersions at different concentrations of surfactant: (a) t-GQDsl, (b) t-GQDs2, (c) t-GQDs3,
(d) t-GQDs4. Samples were diluted when extinction values approached 1.0 to ensure measurements remained in the linear range. Dilution factors were

applied to calculate actual concentration values.

tion that the composition and quantity of functional groups
play a significant role in influencing graphene properties.
Moreover, we determined that the optimal concentration of
t-GQDs4 for effectively dispersing graphene is 0.08 mg/mL.
Notably, an increase in amine concentration positively im-
pacts the yield of graphene. The surfactant developed by
our team consists of planar aromatic structures with varying
quantities of alkyl chains (hydrophobic) and oxygen func-
tional groups (hydrophilic). The hydrophobic group adheres
to the graphite surface through 7 — 7 interaction, while the
hydrophilic group aligns itself towards water. During ioniza-
tion in water, the negative charge provided the t-GQDs with
excellent dispersibility due to their strong electrostatic re-
pulsion, which overcomes van der Waals forces. Graphene
powder, on the other hand, contained a lower proportion of
oxygen-containing groups. As a result, they cannot generate
sufficient surface charges to repel one another.

3.2 The effect of ultrasonic time on graphene dispersion

To explore the ideal conditions for dispersing graphene,
we utilized variations in ultrasonic time to investigate this
phenomenon. A series of experiments ranging from 15
minutes to 120 minutes of sonication time were performed
for this purpose. Analyzing Fig. 5 (d) shows that t-GQDs4
displays the most notable concentration in dispersing. Fur-
thermore, when the t-GQD4 concentration is maintained at
0.08 mg/mL, the exfoliation yield gradually escalates as the
sonication time is extended from 15 to 90 minutes before
reaching a stable state (Fig. 8).

Fig. 8 illustrates the UV-vis spectra of graphene dispersions
with varying ultrasonic times of t-GQD4. However, it is es-
sential to note that absorption values close to 2 indicate that
the limit of 0% transmittance has been reached, leading to
potential saturation of the signal. Therefore, the information

concerning the increase in concentration may be distorted
beyond this point and should be interpreted cautiously.
The stability of graphene dispersions was assessed using
zeta potentials. In an aqueous solution, GQDs absorb onto
a graphene surface. Due to the GQD absorption, the local
graphene domain became negatively charged. It was found
that the zeta potential of the graphene dispersion was mea-
sured to be —40.5 mV, significantly lower than the accepted
value of —25 mV, which ensures colloidal stability. This in-
dicates that the graphene was effectively dispersed in water
without aggregation. To evaluate the quality of graphene
and the level of defects, Raman spectroscopy was employed
by excitation wavelength 532 nm. A Raman spectrum of
graphene typically exhibits three main features: G (1580
cm™1), D (1350 cm™ 1), and 2D (2720 cm™!) peaks, each
representing distinct characteristics. The D band signifies
the presence of defects, and the ID/IG intensity ratio quanti-
fies the extent of these defects. A lower ratio value implies
a superior quality of the graphene’s crystalline structure,
demonstrating higher perfection. The ID/IG ratio of our
graphene specimen is below 0.23. Estimating the number of
graphene layers can be achieved by analyzing 2D peaks in
the Raman spectrum, an accepted method. Previous studies
[34, 35] have shown that as the G peak-to-2D peak intensity
ratio (IG/I2D) increases, the number of graphene layers also
increases. For instance, bilayer graphene has IG/I2D values
ranging from 2.2 to 3.5, while trilayer graphene has values
ranging from 3.5 to 4.5. By referring to Fig. 9, it is evident
that the IG/I2D ratio of the dispersed graphene using t-GQD
is lower than 3.5, suggesting the presence of 2 — 3 graphene
layers.
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3.3 Interaction mechanism between amphiphilic GQDs
and graphite

The exceptional performance of t-GQDs in exfoliating and
stabilizing graphene can be attributed to the unique inter-
action mechanisms between the amphiphilic GQDs and
graphite surfaces. This interaction involves synergistic

160

forces working to overcome the strong van der Waals attrac-
tion between graphene layers. The stabilization mechanism
of tridecylamine-functionalized GQDs (t-GQDs) primarily
involves two key interactions: van der Waals forces and
steric repulsion. The m — 7 interactions between the aro-
matic rings of t-GQDs and the graphene sheets facilitate
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Figure 9. Raman spectroscopy of graphene.
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strong adhesion, preventing the sheets from aggregating.
Additionally, the hydrophobic tridecyl chains extend into
the surrounding solvent, creating a steric barrier that further
inhibits the reaggregation of graphene layers. This strong
adsorption and steric hindrance combination ensures a sta-
ble dispersion of graphene in aqueous media.

The primary interaction mechanism relies on the 7 — 7
stacking between the aromatic domains of t-GQDs and the
sp? hybridized carbon network of graphite. The planar
aromatic structure of the GQD core allows for effective par-
allel alignment with graphene sheets, maximizing orbital
overlap and facilitating strong non-covalent binding. This
7 — 7 interaction is significantly stronger than the simple
hydrophobic interactions observed with conventional sur-
factants, explaining the superior performance of t-GQDs in
graphene exfoliation.

The hydrophobic tridecylamine chains in t-GQDs also play
a crucial role in exfoliation. These chains preferentially
interact with the hydrophobic graphene surface through van
der Waals forces and hydrophobic effects. Our experimental
results demonstrate that increasing the amine content (from
t-GQDs1 to t-GQDs4) enhances graphene dispersion yield,
confirming the importance of these hydrophobic interac-
tions. The optimal performance observed with t-GQDs4
can be attributed to the ideal balance between hydrophobic
and hydrophilic components, which maximizes graphene
binding strength and aqueous solubility.

The hydrophilic carboxyl and hydroxyl groups on t-GQDs
extend into the aqueous medium, creating electrostatic and
steric barriers against reaggregation. The negative charges
on these groups (confirmed by zeta potential measurements
of —40.5 mV) generate strong electrostatic repulsion be-
tween graphene sheets coated with t-GQDs. This dual stabi-
lization mechanism combining strong & — 7 binding with
electrostatic repulsion explains the exceptional stability of
our graphene dispersions compared to those prepared with
conventional surfactants.

Furthermore, the amphiphilic nature of t-GQDs allows them
to effectively reduce the interfacial tension between the hy-
drophobic graphene surface and water, as evidenced by
our surface tension measurements (Fig. 3). This interfacial
activity facilitates the exfoliation process by reducing the
energy barrier for separating graphene layers in aqueous
media.

The concentration-dependent behavior observed in our
experiments (Fig. 7) suggests a progressive adsorption
mechanism, where t-GQDs initially adsorb onto accessi-
ble graphite surfaces, weakening interlayer interactions and
facilitating further exfoliation through sonication. As the
concentration of t-GQDs increases, more complete surface
coverage is achieved, enhancing the stability of exfoliated
graphene sheets through increased electrostatic and steric
repulsion.

4. Conclusion

In essence, our study has successfully demonstrated the
effectiveness of amphiphilic GQDs as a novel surfactant
for graphene dispersion, exhibiting significant advantages
over conventional dispersants. Through a straightforward

Azimi et al.

bottom-up synthesis method, we have successfully mod-
ified OH-GQDs by incorporating hydrophobic Tridecy-
lamine, resulting in amphiphilic GQDs with a unique dual-
stabilization mechanism.

The superior performance of t-GQDs compared to conven-
tional surfactants (SDS) and non-amphiphilic GQDs can be
attributed to their distinctive dual-stabilization mechanism:

1) **r — 7 interactions**: The conjugated aromatic rings
in the basal plane of these GQDs facilitate strong ad-
sorption onto the graphite surface through 7 — 7 in-
teractions, which conventional surfactants like SDS
cannot provide. This strong adsorption prevents the
reaggregation of graphene sheets more effectively than
electrostatic stabilization alone.

2) **Steric and electrostatic stabilization®**: The hy-
drophilic functional groups (carboxyl/hydroxyl) ex-
tend into the aqueous phase, providing electrostatic
repulsion between graphene sheets and steric barriers
against reaggregation. The negative charge (confirmed
by zeta potential measurements of —40.5 mV) ensures
exceptional colloidal stability through strong electro-
static repulsion.

3) **Amphiphilic balance**: The optimized ratio of
hydrophobic tridecylamine to hydrophilic groups in
t-GQDs4 provides the ideal balance for maximum
graphene dispersion, yielding up to 2.7 times higher
graphene concentration than conventional methods.

Our comparative analysis demonstrated that t-GQDs
disperse a significantly higher graphene concentration
(1.9 times more than SDS) with substantially improved
long-term stability (only a 12% reduction in concentration
after 30 days compared to 45% for SDS). These findings
establish amphiphilic GQDs as a superior alternative
to traditional dispersants for graphene exfoliation and
stabilization in aqueous media. This research provides
a foundation for developing more efficient graphene
processing methods using custom-designed amphiphilic
GQDs, potentially enabling industrial-scale production of
high-quality graphene dispersions for various applications.
The significance of this study lies in its demonstration of a
simple, scalable approach to producing amphiphilic GQDs
that significantly outperform conventional surfactants for
graphene production. Unlike previous methods requiring
complex functionalization procedures, our one-pot hy-
drothermal synthesis provides an environmentally friendly
and economically viable pathway to produce efficient
graphene dispersants. The superior performance of t-GQDs
in exfoliating graphite represents an important advancement
toward industrial-scale production of high-quality graphene
dispersions. The insights gained regarding the structural
features that enhance dispersing efficiency could inform
the rational design of next-generation carbon nanomaterial
dispersants. Furthermore, the amphiphilic GQDs developed
here may find applications beyond graphene production,
including stabilizers for other nanomaterials, interfacial
agents in composite materials, or multifunctional platforms
for sensing and bioimaging applications.
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