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Graphical abstract Abstract

Graphene Quantum Dots (GQDs) were used in various fields including coating,
biomedical devices, and sensing. The production of hydrophilic GQDs is indisputable
Air due fto the oxygenated functional groups, which effectively enhance the aqueous

K — Liquid-air solubility. This study investigates the effects of different GQDs concentrations on the

Sk y7 intertace wettability and surface energy of thin film GQDs. The GQDs were initially prepared

, Solid-air using hydrothermal synthesis from different concentrations of sodium hydroxide

‘ A g interface (NaOH) and were deposited onto substrate using drop-casting method to form thin
e flm GQDs. The contact angles were measured through the water droplet to
Contuct point \ evaluate wettability and performed zeta potential analysis to assess colloidal
Solict-liquid stability. Young's Dupré equation was employed to measure the surface energy

interface

through the work of adhesion between test liquid and solid substrate, and FTIR
analysis used to recognize the functional group contributing to the observed frends.
The finding reveals a significant dependence of wettability on GQDs concentration.
Lower concentrations of GQDs (GQDs1 and GQDs2) resulted in a hydrophilic surface
property of contact angles (62.83°, 66.57°). However, higher concentrations of GQDs
(GQDs3 and GQDs4) exhibited enhanced hydrophilicity as reflected by the reduced
contact angles (36.43°, 36.83°) with stronger solid-liquid adhesion, Ws. (131.07 mN/m,
131.37 mN/m). Higher concentrations of GQDs demonstrate good dispersion stability
as evidenced by zeta potential measurement. FTIR analysis highlighted the irregular
inferrelation between the GQDs functional group and their influence on contact
angle and stability. This study offers insights into tailoring GQD thin films for sensing
and surface engineering applications, particularly in controling and enhancing
wettability.

Keywords: Graphene Quantum Dots (GQDs), Wettability, Contact Angle, Zeta
Potential, Fourier Transform Infrared Spectroscopy (FTIR).
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Abstrak

Titik Kuantum Graphene (GQDs) telah digunakan dalam pelbagai bidang, fermasuk
salutan, peranti bioperubatan dan penderiaan. Penghasilan GQDs hidrofilik tidak
dapat dipertikaikan kerana kumpulan berfungsi beroksigen, yang secara berkesan
meningkatkan keterlarutan dalam air. Kajian ini menyiasat kesan kepekatan GQDs
yang berbeza terhadap kebasahan dan tenaga permukaan filem nipis GQDs.
GQDs pada mulanya disediakan menggunakan sintesis hidroterma  daripada
kepekatan natrium hidroksida (NaOH) yang berbeza dan didepositkan ke atas
substrat menggunakan kaedah tuangan ftitisan untuk membentuk filem nipis GQDs.
Sudut sentuhan diukur melalui fitisan air untuk menilai kebasahan dan analisis
potensi zeta dilakukan untuk menilai kestabilan koloid. Persamaan Young-Dupré
digunakan unfuk mengukur tfenaga permukaan melalui kerja lekatan antara cecair
ujian dan substrat pepejal, dan analisis FTIR digunakan untuk mengenali kumpulan
berfungsi yang menyumbang kepada trend yang diperhatikan. Penemuan telah
menunjukkan pergantungan ketara kebasahan pada kepekatan GQDs. Kepekatan
GQDs yang lebih rendah (GQDs1 dan GQDs2) menghasilkan sifat permukaan
hidrofilik dengan sudut sentuh (62.83°, 66.57°). Walau bagaimanapun, kepekatan
GQD yang lebih tinggi (GQDs3 dan GQDs4) menunjukkan hidrofilik yang lebih baik
seperti yang tertera melalui pengurangan sudut sentuh (36.43°, 36.83°) dengan
lekatan pepejal-cecair yang lebih kuat, Ws (131.07 mN/m, 131.37 mN/m).
Kepekatan GQDs yang lebih tinggi menunjukkan kestabilan penyebaran yang baik
seperti yang dibuktfikan oleh pengukuran potensi zeta. Andalisis FTIR memperlihatkan
hubungan yang tfidak teratur antara kumpulan fungsi GQDs dan pengaruhnya
terhadap sudut sentuh serta kestabilan. Kajian ini menawarkan penilaian untuk
menyesuaikan filem nipis GQDs bagi aplikasi penderiaan dan kejuruteraan
permukaan, terutamanya dalam mengawal dan meningkatkan kebasahan.

Kata kunci: Titik Kuantum Grafena (GQDs), Kebasahan, Sudut Sentuh, Potensi Zeta,
Spektroskopi Inframerah Transformasi Fourier (FTIR)

©2026 Penerbit UTM Press. All rights reserved

1.0 INTRODUCTION

In recent years, a rapidly increasing interest in
graphene quantum dots (GQDs) in the scientific and
industrial community has built on earlier enthusiasm
for two-dimensional graphene and three-dimensional
carbon nanotubes. Researchers have already
recognized Graphene Quantum Dots (GQDs) as
hydrophilic. Hydrophilic GQDs with oxygenated
functional groups such as hydroxyl, carboxyl, and
epoxy groups ensure excellent solubility and stability
in water, making them desirable for biological and
environmental applications. Their hydrophilic nature
of GQDs effectively improves the aqueous solution,
simple, high sensitivity and suitable for sensing
material [1], biomedical devices [2], and
incorporation as coatings to enhance performance
in specific applications [3], [4], [5].

The materials division usually conducts the analysis
of solubility in GQDs materials. GQDs that present
solubility in water, lipids, and protfeins possess
hydrophilic  characteristics [6], [/] and are
categorized as organic compounds.  The
hydrophobic nature, alternatively, concentrates on
organic solvents solutions [8] and has its molecules
mainly composed of hydrophobic groups. The
classification of offered GQDs was presented to
achieve an increased and optimized hydrophilic
nature. It has given the diversity and application

potential of GQDs essenfially to explore the
differences, characteristics, performances, and
applications of these particles in diverse areas,
especially in the absorption and removal of
contaminants in water.

Contact angle is a quantitative measure used to
indicate the state of hydrophilic (surface wettability)
or hydrophobic (non-weftability) surface. The angle
symbolized as 6, between the liquid-air and liquid-
solid interfaces at the three-phase contact point
reveals the contact angle measurement that led to
the indicator of hydrophilic and hydrophobic-related
studies.

Liquids often inferact with solid surfaces, and this
physical phenomenon is called wefttability. The
simplest and most convincing evidence for surface
wettability is a change in the shape of liquid droplets
on a solid surface. Droplets on some surfaces
become spherical, while on other surfaces, droplets
spread to a thin layer, as shown in Figure 1.
Measuring the angle, i.e., the contact angle formed
at the periphery of a liquid droplet can provide
helpful information about the surface's wettability.
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Figure 1 Liquid droplet on a solid surface

Surface wettability is one of the important properties
that guide numerous aspects. The information
obtained is crucial in providing an in-depth analysis
through various applications. According to Jinxin T. et
al's (2023) study, this work investigates the factors
influencing the wettability of various plant leaves. The
highlighted factors of the chemical composition,
surface microstructure, hierarchical sfructure, and
growth age were discussed, along with the
contribution of wetting properties and their impacts
on anti-soil properties [?]. At the same time, Chen Z.
and co-workers (2024) focused on the implications of
adsorption energy and surface electrical charge on
contact angle for talc and muscovite mineral surface
wettability with computational simulations [10]. The
findings of this work reveal the hydrophilic and
hydrophobic characteristics of these mineral surfaces
as valuable guidelines. The hydrophilicity affinity and
hydrophobicity resistance of surface characteristics
are reflected by Fourier transform infrared (FTIR)
analysis, which helps to identify the functional group
present on the material surface since the functional
group significantly influences the surface wettability.
Nandi V. et al. (2018) explore the utilization of
attenuated total reflectance Fourier tfransform
infrared spectroscopy (ATR-FTIR) to understand the
wetting fransition on superhydrophobic surfaces [11].
This suggests how FTIR assists in comprehending the
dynamics of wettability changes related to surface
properties. Recent work discusses the different
combustion conditions and film thickness that
influence the wettability behaviors of carbon
nanoparticle coating and the engagement of FTIR to
identify the chemical properties of surfaces. This
research  establishes a cormrelation  between
hydrophilic and hydrophobic interactions [12].

Zeta potential is a crucial measurement for
appreciating surface properties (e.g., chemical
composition, roughness, charge, and wettability) as it
provides insight into the magnitude of the
electrostatic  repulsion or attraction between
particles in a medium. While it does not directly
measure hydrophilic and hydrophobic behaviors, the
zeta potential parameter reflects surface charge,
influencing the wettability and colloidal stability [13],
[14]. Representative + 30 mV to -30 mV of zeta
potential values are recognized as a borderline

between stable and unstable suspensions. A value
nearer to zero is considered less stable and higher
than +/- 30 mV, representing a stable dispersion [15],
[16].

1.1 CONTACT ANGLE MEASUREMENT: SESSILE
DROP METHOD

The contact angle of a liquid on a specific solid
surface is a physical quantity used to elucidate the
magnitude to which liquids wet that surface. The
ability of a substrate to maintain a certain contact
angle dictates whether the surface displays special
wettability performances. The numerical values of a
substrate's contact angle are used to predict and
guide the end-use application of a variety of fluids
on various substrates. These have important practical
applications ranging from materials designs to
industrial procedures that require the formation of
complex wettability patterns.

Various methods are available to determine the
contact angle for the solid flat base, including sessile
drop, trapped bubble, fill table, drop profile, and
Wilhelmy method [17][18]. The classical sessile drop
method uses an optical goniometer, which is the
most used of these methods. The contact angle is a
necessary measurement tool for surface
characterization and is estimated using the sessile
drop method. Two techniques of sessile drop
measurements are available: static contact angle
and dynamic contact angle measurements. The
stafic contact angle is measured when the liquid
droplet does not require any movement from the
measurement steps, and its angle is measured using
image analysis. The dynamic contact angle can be
measured while the droplet is in motion (filting the
surface) to determine the advancing and receding
angles [19].

1.2 STATIC CONTACT ANGLE MEASUREMENT

The static contact angle measurement formed when
a liquid droplet was placed on a solid surface. This
method assesses the surface's wettability and surface
energy, defined as the angle between the tangent
to the solid surface at the three-phase contact point
and the tangent to the liquid-air interface at the
same point [20]. Figure 2 illustrates the contact angle,
0 of the liquid droplet on a solid surface.
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Figure 2 lllustration of a liquid droplet on a solid surface
showing the interfacial at three-phase contact point [20].

The contact angle is a robust index in determining
surface wettability. Wettability refers to extending the
contact angle across the surface materials or solid
surface, which is the degree of contact between a
liquid and a solid. The experimental contact angle
can easily be accessed by dictating the surface's
wettability. The relationship between contact angle
and the wettability nature is generally accepted on
four scales as shown in Table 1 [21].

Table 1: The range of contact angles relative to surface
wettability [21].

Angle of Contact angle, 6 Surface wettability

0°<B<10° Super hydrophilic
10°< 6 < 90° Hydrophilic
90°< B < 150° Hydrophobic

6 > 150° Super hydrophobic

The contact angle exhibits a broad spectrum
covering the range from 0° to 180°. For decades,
solid surfaces were classified as hydrophilic when the
contact angle was less than 90° and as hydrophobic
when the angle was more significant than 90°. For
more complex surfaces, they exhibit super
hydrophilic characteristics, which enhance the
wettability towards water and reduce the contact
angle fo less than 10° with the superhydrophobic
being greater than 150°. Unfil now, it has been
considered that surface wettability is determined by
the infrinsic properties of the material, often dictated
by the chemical composition.

In this study, GQDs formation is from the
oxygenated functional group, which enhances the
aqueous solubility. A base additive of NaOH was
used as a reducing agent to exfoliate GO intfto GQDs.
The use of NaOH was crucial in this process as it
facilitated the exfoliation of GO info GQDs, thereby
influencing their wettability. A varied concentration
of NaOH, and the influence of various GQD solutions
were investigated by gauging the wettability
measured by the contact angle. The stability of
GQDs was examined in relation to surface wettability.

To our knowledge, no reports regarding the variation
in GQD concentrations investigate the contact angle
and wettability. Findings from zeta potential and FTIR
analysis support this study.

2.0 METHODOLOGY

2.1 MATERIALS

GQDs solution was synthesized fromm commercially
available graphene oxide (GO) powder (15-20
sheets, 4-10% edge oxidized) purchased from Sigma
Aldrich. An alkaline additive, sodium hydroxide
(NaOH, reagent grade, 97% purity, powder, product
no. 655104), was purchased as a base catalyst from
Sigma Aldrich to assist the hydrothermal cutting
process. Deionized (DI) water was used throughout
the experimental procedures to maintain the highest
purity standards and minimize contamination.

2.2 GQDs SOLUTION PREPARATION

The supernatant GQDs suspension was synthesized
using commercially available graphene oxide (GO)
powder. The GO powder was first dissolved in DI
water and stired gently for a few minutes until the
GO was uniformly dispersed. The GO colloidal
dispersion was treated with sodium hydroxide
(NaOH), an alkali additive, to synthesize the pure
GQDs without any heteroatom’s integratfion. The
NaOH solution was prepared aside and then mixed
into the GO suspension. Next, the mixture undergoes
a sonication process to ensure uniform mixing. The
composition solution was allowed to cool at room
temperature before being transferred to a Teflon-
lined autoclave and heated at 200 °C for 24 hours.
Upon completion of the hydrothermal treatment
process, the reaction mixture was subjected to high-
speed cenftrifugation to remove larger agglomerates
or any unreacted materials. Eventually, the
supernatant GQDs were filtered and further purified
through dialysis process overnight to eliminate
residual ions. (A. Z. Zulhanip, N.S. M. Hadis, A.F. M.
Rozan, Z. Zulkifli, A. D. Rosli, manuscript submitted).

2.3 GQD THIN FILM PREPARATION

The GQD solutions were prepared at several
concentrations, known as GQDs1, GQDs2, GQDs3,
and GQDs4. Each GQD represented four different
NaOH concentrations, and the synthesized GQDs
underwent a similar procedure shown in Table 2.

Table 2 GQDs representing NaOH concentrations

akloty (&9 Strength
Sample Concentration Concentration descri gﬁon
M) (mg/mL) P
GQDsl 0.1 0.5 Lowest
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GQDs2 0.5 0.5 Moderate
GQDs3 1.0 0.5 High
GQDs4 1.5 0.5 Strongest

A few drops of GQDs were applied to a clean glass
slide via the drop-cast method and left for 48 hours
at room temperature for an incubation process.
Later, the GQDs/glass slide was baked for 10 minutes
at 100 °C to eliminate any residual water and
humidity after cleaning with the DI water. This process
can improve GQDs film adhesion to the glass slide.
Figure 3 illustrates how the prepared GQDs and glass
slide substrate are prepared.

GQDs
Incubated Bake at 100°C
for 48h for 10 minutes Glass slide

GQDs Thin Film

\\\\\\\\\\\\\\\\\\
Glass slide

Figure 3 lllustration of GQDs thin film preparation process

2.4 CHARACTERIZATION AND ANALYSIS

The wettability and surface energy analysis of GQDs
thin films was measured using a contact angle

goniometer, AST/VCA-3000s, as shown in Figure 4. This
wafer surface analysis system utilizes a high-resolution
video camera to capture static images of the
droplets and detfermine tangent lines for contact
angle measurement. The Fourier fransform infrared
(FTIR) Perkin Elmer Spectrum 400 spectroscopy was
used to analyze the surface functional groups of
GQDs thin films, and the zeta potential Zen3600 was
used to gather information on the colloidal stability
and dispersion characteristics of GQDs.

The surface charge and colloidal stability were
measured using the zeta potential of different GQDs
concenfration solutions. 1 mL of each GQD solution
was transferred into the designed cuvette and
looked out to avoid any air bubbles during sample
loading to avoid any interference with the analysis.
The process was performed three times per
concenfration to ensure the measurement's
accuracy was repeated. These methods were
chosen for their ability to provide accurate and
reliable data on the properties of GQDs thin films.

Morphological analysis was conducted via Uliro-
high resolution scanning electron microscopy (UHR-
SEM) images on a Hitachi Regulus 8220 and the
elemental composition using Energy Dispersive X-ray
(EDX). The morphology of individual GQDs were
characterized using Transmission Electron Microscopy
(TEM) images obtained on a Zeiss Libra 120 and the
crystalline structure was analyzed with  X-ray
diffraction (XRD) using the Rigaku Ultima IV system

Figure 4 The contact angle goniometer, AST/VCA-3000s

3.0 RESULTS AND DISCUSSION
3.1 CONTACT ANGLE ANALYSIS

The angle between the droplet and the surface is
recorded as the droplet flattens. The sample is
placed on the stable and horizontal platform during
measurements. A confrolled syringe is used to
disperse a volume of 1.0 yL of DI water onto the

sample. Each droplet volume was carefully
controlled to ensure consistency across all
measurements. After the test liquid is released from
the tube, water spreads and settles on the GQDs/
glass substrate, forming a static contact angle; the
high-resolution image captures it immediately. The
measurement procedure takes place by arranging
the five points (L, R, T, 1, and 2) at the edge of the
droplets, as shown in Figure 5.
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Figure 5 The confact angle measurement of different concentrations (a) GQDs1 (NaOH = 0.1 g/mol), (b) GQDs2 (NaOH = 0.5
g/mol), (c) GQDs3 (NaOH = 1.0 g/mol), (d) GQDs4 (NaOH = 1.5 g/mol).

The images of contact angle measurement for four
GQDs concentrations GQDs1, GQDs2, GQDs3 and
GQDs4 were presented in Figures 5(a), 5(b), 5(c) and
5(d) respectively. Each point must be accurately
arranged, correspond to the outline of the droplet,
and can be tracked by the lines surrounding ifs
shape. The reported contact angle values are based
on three repeats.

Table 3 shows the mean contact angle, and the
standard deviation reflects the measurement for
each GQD concentration.  Various  NaOH
concenfrations affect the wettability of GQDs, which
are characterized by contact angle measurements.
The mean contact angle of each GQD
concenfration appears to be in a group of range 10°
< 0 < 90°, showing the hydrophilic surface wettability.
The GQDs1 (0.1 g/mol) indicated moderate
hydrophilic at a contact angle of 62.83° and
increasing GQDs2 concentration (0.5 g/mol),
suggesting a fendency towards hydrophobicity at
66.57°.  However, further increases in NaOH
concenfration GQDs3 and GQDs4 (1.0 and 1.5 M)
demonstrate the transition to a more hydrophilic
state with lower contact angles of 36.83° and 36.43°,
respectively. From this study, GQDs2 and GQDs4
show the lowest standard deviation, revealing the
most  consistent  wettability among < GQDs
concenftrations. The corresponding contact angle
confirms its robustness as a characteristic property of
the surface [22].

Table 3 GQDs concentrations measurement of mean
contact angle and standard deviation

sample Mean Contact Sigm:.lard
Angle (°) Deviation (°)
GQDsl 62.83 1.86
GQDs2 66.57 1.53
GQDs3 36.83 2.46
GQDs4 36.43 1.44

3.2 SURFACE ENERGY: SOLID-LIQUID ADHESION

With the intentions to understand the surface's
wettability, it is essential to understand the
interactions between solid surface and liquid
adhesion behavior. The interaction between liquid
and solid is determined by the intermolecular forces,
usually governed by surface free energy, also called
surface energy [23]. The surface energy is one of the
most important factors for surface effects. The
surface energy affects whether a liquid approaching
the surface spreads or forms a drop. Both surface
energy and contact angle can be calculated and
intferpreted using many different equations and
theories [24], [25].

The Young — Dupré Law states that when a drop of
liquid touches the solid surface, there will be a
balanced interplay between the work of adhesion
between the two surfaces, the liquid surface tensions,
and the interfacial tensions between the liquid, solid,
and gas [26]. These three elements inferact with
each other to achieve equilibrium in the final droplet
shape.

The contact angle of a liquid on a GQD's solid
surface provides qualitative insights into wettability. In
confrast, work of adhesion (Ws) quantitatively
measures the energy required to separate the liquid
from the solid surface. The contact angle related to
interfacial energies of Ws. can be calculated using
Young - Dupré equation as shown by equation (1)
[27]:

WSL = :I’Lv(‘l + ﬂﬂSe} .............................. (])

Where y,- represents the liquid’s surface tension. In
this study, water was used as a test liquid and its
surface tension at 25°C is 72.8 mN/m [28]. The
contact angle, # is the angle between the tangent of
the liquid surface at the contact point and the solid
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surface. The calculated results of the Ws for four
concenftrations of GQDs sample are tabulated in
Table 4.

Table 4 The relation between the contact angle and work
of adhesion, Ws. for GQDs thin film samples

Mean Contact

Sample Angle (%) Ws. (mN/m)
GQDs1 62.83 106.04
GQDs2 66.57 101.75
GQDs3 36.83 131.07
GQDs4 36.43 131.37

From Table 4, all the GQDs concentrations show high
Wst. However, the GQDs3 and GQDs4 exhibit the
highest Ws. (131.07 and 131.37 mN/m) indicated the
strongest liquid to solid adhesion surface. This helps to
determine the surface performance in the context of
wettability, or compatibility of given liquid.

3.3 ZETA POTENTIAL STABILITY ANALYSIS

In a colloidal solution or dispersion, zeta potential is
an essential parameter for the stability of a system in
an  open environment because the more
considerable absolute value of the zeta potential
shows a more stable dispersive system. Four different
concenfrations of GQDs, Figures 6(a) GQDsl1, 6(b)
GQDs2, 6(c) GQDs3, and 6(d) GQDs4, contributing to
the zeta potential plot are shown in Figure 6. The
stable GQDs dispersion as measured by the zeta
potential, prevent uncontrolled aggregation, provide
uniform performance and better interactions with its
surroundings. The zeta potential measurements of the
GQD's various concentrations are exhibited in Table
5. Zeta potential analysis and contact angle
measurement describe understanding interactions
between solid-water interfaces. GQDs2 shows the
highest absolute zeta potential values of -42.6 mV,
suggesting excellent electrostatic stabilization and
dispersion uniformity [29]. However, this does not
correlate with a higher contact angle of 66.57°,
demonstrating moderate hydrophilic concentration
compared to other GQDs. The enhancement stability
potentially contributed fo the improved hydrophilic
as observed in higher concentrations of GQDs3 and
GQDs4. On the other hand, GQDsl exhibits the
lowest zeta potential values (-15.2 mV), suggesting
low electrostatic stabilization, which correlates with a
higher contact angle (62.83°) of moderate
hydrophilicity.

Zeta Potential Distribution
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Figure 6 Zeta potential distribution of four different
concentrations, (a) GQDs1 (0.1 M), (b) GQDs2 (0.5 M), (c)
GQDs3 (1.0 M), and (d) GQDs4 (1.5 M).

Table 5 Zeta potential analysis, contact angle and wettability
classification towards GQDs concentrations.

sample Zeta Potential Mean Contact Wettability
Values (mV) Angle (°) Classification
GQDs1 -15.2 62.83 Hydrophilic
GQDs2 -42.6 66.57 Hydrophilic
GQDs3 -22.2 36.83 Hydrophilic
GQDs4 -25.2 36.43 Hydrophilic

This finding aligns with the previous report [30] of
fransition of water adsorptfion, which decreases
steadily when the dynamic transition surface
changes from water-wet to oil-wet states.
Interestingly, the anomaly GQDs2 shows an
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unexpectedly high contact angle while the trends
suggest higher +/- zeta potential leads to an increase
in the hydrophilic state. However, from a study [1§],
the modified sample from the hydrophilic graphene
reveals the most negative zeta potential (-47 mV),
indicating the improved hydrophilicity by contact
angle indicator (63.9°), improving the dispersion
stability due to electrostatic repulsion between
particles. The oddity in GQDs2 can be further
addressed in the FTIR analysis, revealing the variations
and distribution of functional groups on the GQDs
surface.

3.4 FOURIER TRANSFORM INFRARED (FTIR)
ANALYSIS

In synthesized GQDs, the FTIR analysis supported the
observation of the presence of hydroxyl and
carbonyl at higher concentrations and improved the
surface wefttability. Figure 7 shows the FTIR spectrq,
indicating the stretching vibration of three prominent
peaks functional groups in each GQD formation.

40 3271

4000 3500 3000 2500 2000 1500 1000 500
wavenumber (cm)

(a)

Transmittance (%)

T T y T T T 30
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm-1) wavenumber (cm™)

(c) (d)

Figure 7 The Fourier tfransforms infrared (FTIR) analysis of the
synthesized GQDs of four different concentratfions: (q)
GQDsl, (b) GQDs2, (c) GQDs3 and, (d) GQDs4.

The observed peak in the range of 3270 to 3291 cm-!
in the concentrations of GQDs corresponds to the
vibrations of the hydrogen-bonded hydroxyl group
(O—H stretching). This enhances the hydrophilic
nature of the GQDs surface. The peak around 1634 to
1643 cm is attributed either to the strong carbonyl
C=C peak or C=0 stretching bonds of carboxylic
groups. This shows the existence of m-conjugated
domains, a region of molecular structures
characterized by alternated single and double
bonds that facilitate electron delocalization and

carboxylic groups infroduced during the
hydrothermal treatment. Similarly, a weak peak was
observed between 2027 and 2048 cm’ in each
GQDs in Figure 5. This absorption may result from
overtone vibrations arising from secondary signals
due to the molecules absorption of vibration
frequencies or minor C=C stretching modes. On
second thought, it could be attributed to the carbon
lattice related to the structural characteristics or
defects of the carbon framework resulting from the
chemical reaction led by the NaOH concentration.
Moreover, the presence peak at 2345 cm' in GQDs is
assigned to O=C=0 stretching group representing
the carbon dioxide (CO2) that produced during the
synthesis. The existence of CO2 may either be
frapped on the surface of the GQDs or intercalated
between their layers. However, the carbonate
species formed by the reaction of CO2 on the
graphene surface could enhance stability due to the
intense negative charge from CO2 derived groups.
Despite the increased stability, the GQDs2 exhibit
controlled  hydrophilic  domains or  structural
constraints on the surface that limit wettability. These
properties make GQDs2 a promising candidate for
applications that require a balance between stability
and moderate hydrophilicity.

3.5 STRUCTURAL AND
CHARACTERIZATION OF GQDs

COMPOSITIONAL

In this section, a detailed characterization of GQDs
was performed focusing on the GQDs2 sample
synthesized af 0.5 M NaOH. This representative
sample was selected due to its range spanning the
lowest and highest concentrations of NaOH and its
relatively stable physicochemical properties during
initial testing. The analysis includes ultrahigh-resolution
scanning electron microscopy (UHR-SEM), Energy-
dispersive X-ray spectroscopy (EDX), Transmission
Electron Microscopy (TEM) and X-ray diffraction (XRD)
characterizations, all serving as an authorization of
the GQDs formation. The comparative results of
GQDs1, GQDs3 and GQDs4 highlight the differences
in surface wettability and functional behaviour.
GQDs2, however, plays a crucial role as a standard
prototype to demonstrate the typical features of
synthesized GQDs via the hydrothermal freatment
method, underlying the importance of the findings.

3.5.1 UHR-SEM AND EDX

The UHR-SEM image llustrates the surface
morphology of the GQDs2 sample obfained using a
0.5 M NaOH concentfration as shown in Figure 8. At
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the nanoscale, the image appears to be densely
packed and well dispersed arrangement of the
GQDs indicating a successful formation of a uniform
distribution of granular or doft-like features GQDs
across the substrate. Importantly, the texture, while
appearing roughened, also suggests that the GQDs
have been deposited without agglomeration over
the substrate.

Regulus 0.7kV 2.1mm x60.0k SE(U) 500nm

Figure 8 UHR-SEM analysis of the synthesized GQDs2 at the
500nm scale bar.

The EDX elemental analysis presented in Figure 9
confirms the presence of carbon (C), oxygen (O)
and sodium (Na) in the synthesized GQDs derived
from GO and the reducing agent, NaOH. As shown in
Table 6, the oxygen element exhibits the highest
weight percentage (51.18%) and atomic percentage
(50.5%) indicating the presence of hydroxyl and
carbonyl groups as shown in Figure 7. The higher
weight percentage (Wt. %) of oxygen compared to
carbon (25.24%) validates that the GQDs are highly
oxidized, consistent with [31] and [32]. The C:O
atomic ratio of 1:1.5 (C) to (O) is suitable for high-
functional GQDs. Furthermore, sodium atf 23.58 Wt. %
(16.21 Af. %), was detected alongside carbon and
oxygen. The defection of sodium suggests the
residual sodium attributed to the NaOH as base
catalyst used during hydrothermal synthesized of
carbon nanomaterials.

Figure 9 EDX analysis of the synthesized GQDs2

Table é The EDX analysis of the synthesized GQDs2

Element Wi% (Weight%) Atomic %
C, Carbon 25.24% 33.22%
O, Oxygen 51.18% 50.57%

Na, Sodium 23.58% 16.21%

3.5.2 TEM AND XRD

The morphology of the synthesized GQDs2 was
analyzed using a TEM image as shown in Figure 10.
The image reveals the presence of dark spofs that
represent individual GQDs with an average lateral
dimension of approximately 3.3 nm. These nearly
spherical nanodots are uniformly dispersed across the
substrate indicating effective exfoliation of GO. The
uniform distribution of these nanosized particles
indicates the absence of agglomerates, which
suggests good colloidal stability after post-synthesis.
This finding supports the potential of stability as
discussed in Figure 4(b).

Figure 10: TEM image of the synthesized GQDS at 100nm
scale bar

The XRD analysis of the synthesized GQDs derived
from GO is illustrated in Figure 11 is a precise
investigation info the crystallinity features of the
GQDs. GO exhibits a sharp peak at 26 of 10.4° [32],
which shiffed to a broad peak centered at 26 of 19°
for a NaOH concenfration of 0.5 M corresponding o
a (002). This pecak indicated the characterization of
the amorphous crystalline carbon structures in
synthesized GQDs produced via hydrothermal
cutting methods. The interlayer d-spacing of GQDs2
was calculated to be 0.467 nm, which is smaller than
the d-spacing value of 0.850 nm for GO. This
indicates that the GQDs are oxidized only at the
edges due to their very small size [32].

24heta (deg)

Intensity (cps)

Figure 11: XRD analysis of the synthesized GQDs2
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3.6 EFFECT OF NAOH CONCENTRATION ON
GQDS FORMATION MECHANISM

The impact of NaOH concenifration on the GO
fragmentatfion can be clarified through observed
frends. The concentration of NaOH is a critical factor
in the hydrothermal cutting mechanism that
facilitates the formation of GO to GQDs. During the
hydrothermal reaction, the hydroxide ions (OH7)
inferact with oxygen functional groups on GO such
as epoxy and hydroxyl groups [33]. As the NaOH
concenfrations increase, the concentrafion of OH™
ions during the reaction also increases. This
enhancement promotes greater incorporation of
oxygen groups on the surface of GQDs.

The interaction between OH~™ ions and GO
promotes bond cleavage and effectively exfoliates
GO into smaller entities of GQDs. Concurrently, OH™
ions contribute to the formation of additional
oxygen-containing functfional groups on the edge
and surface of the GQDs. Higher concentrations of
NaOH lead to an increase in the number of polar
functional groups formed [34]. Since water is highly
adsorbed on surfaces of more polar functional
groups, GQDs with a higher density of oxygenated
groups exhibit an enhanced hydrophilic nature. A
lower contact angle and increased wettability
characterized this phenomenon. The trend was
consistently observed in GQDs samples, indicating a
direct correlation between NaOH concentration and
hydrophilic behaviour.

3.7 CORRELATION BETWEEN CONTACT ANGILE,
ZETA POTENTIAL AND FTIR ANALYSIS

GQDs surfaces are prone to afttracting water
molecules, therefore their wettability is key for various
applications. The contact angle aims to measure the
wetting of condensed water when it encounters
different solid surfaces. The wetting properties of a
GQD fthin film were mainly related to the chemical
composition, microstructure, and electric charge on
the surface solid. This correlation helps to study the
connections with the dynamic changes in surface
infuenced by the distribution of GQDs and their
functional groups.

At lower GQD concenfrations (GQDs! and
GQDs2), insufficient hydrophilic functional groups
(carboxyl, hydroxyl) attached to the surface lead to
a higher contact angle, indicating reduced
wettability. However, when the GQD concentration
increases (GQDs3 and GQDs4), the density of these
functional groups rises, enhancing the hydrophilicity
and reducing the contact angle.

The repulsive forces at the liquid-solid interface
affect the degree of wettability. The obtained results
agree and correlate between the contact angle
and zeta potential analysis. The surface of the
samples with specific energy fends to attract
molecules with similar energy, as in this study, the

water shows a negative charge on the surface and is
aftracted by the GQDs surface. Zeta potential
stabilized at higher concentrations, suggesting that
the available functional groups are undergoing
deprotonation, leading to an increase in negative
surface charge density. For graphene-based
materials, surface functional groups play an
important role in the wettability.

In order to support the dispersion stability analysis,
the dispersion of GQDs were characterized by FTIR
analysis, which showed the comparison of the
exploration of chemical composition of the GQDs
due to the presence and density of the surface
functional groups on the GQDs coating thin films.

4.0 CONCLUSION

GQDs3 and GQDs4 exhibit strong interactions and
adhesion between liquid and solid surfaces. At higher
concentrations, a solid surface's resistance being
wetted by the fest liquid decreases. This behavior is
aftributed to the higher surface energy of water
molecules, which promotes their spreading and
maximizes  liquid-solid  inferaction.  From  the
perspective of GQDs cohesion, strong adhesion
forces between the surface and water molecules
create a large interfacial bond leads the droplet to
spread across the surface, resulting in a low contact
angle. As the GQDs concentration increases, a lower
contact angle indicates the hydrophilicity. The
moderate zeta potential of GQDs3 and GQDs4
suggests better hydrophilicity due to higher
functional group density. A linear correlation
between contact angle and zeta potential has been
obtained. However, the anomaly of the GQDs2
finding observed by the FTIR analysis reveals a
possible explanation for the correlation. The presence
of an O=C=0O stretching group, CO2, indicates
greater electrostatic repulsion among particles,
resulting in a highly stable suspension. However, the
GQDs2 surface has fewer hydrophilic functional
groups, reducing its water interaction compared to
other GQDs. Despite the high zeta potential stability,
the GQDs2 demonstrated a relatively high contact
angle and were less hydrophilic than GQDs1, GQDs3,
and GQDs4. Yet, the GQDs2 contact angle is within
the hydrophilic range.

This study provides a basic understanding of the
interaction and wettability of the behavior of GQDs
at varying concentrations and the effects of the
reagents used during the synthesis of GQDs. The
optimization of GQDs concentrations should aim fo
achieve desired wettability and surface interactions
for specific applications such as an antifouling
coating, biosensing, and optoelectronics devices.
Besides thatf, focusing on adapfing the surface
chemistry of GQDs by infroducing other functional
groups to investigate the influence of contact angle,
liquid-solid interaction, and adhesion characteristics
of the synthesized GQDs. Finally, conducting a
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durability test to evaluate the long-term stability of
wettability and zeta potential is crucial for assessing
exposure to certain harsh and prolonged conditions,
which should also be encouraged.
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