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https://doi.org/10.18280/rcma.350111 ABSTRACT

This study investigates the synthesis and characterization of a gel electrolyte membrane
based on polyvinyl alcohol (PVA), potassium chloride (KCI), and glycerol doped with
carbon quantum dots (CQDs) for aluminum-ion battery applications. This study
synthesized carbon quantum dots and doped them into a PVA/KCl/glycerol gel
electrolyte membrane, significantly improving the ionic conductivity, specific capacity,
and cycling stability of aluminum-ion batteries. CQDs were synthesized using a
microwave-assisted method with citric acid and urea as precursors. Five variations of the
electrolyte membrane were prepared by incorporating different concentrations of CQDs
into the PVA/KCl/glycerol mixture. Scanning electron microscope (SEM) analysis
revealed that increasing the CQD concentration led to a more compact and interconnected
particle structure within the electrolyte membrane. Galvanostatic discharge tests showed
that the CQDO membrane, with the highest CQD concentration, exhibited the longest
discharge time of 713.9 seconds at 1mA. Electrochemical impedance spectroscopy (EIS)
measurements indicated that the CQDO membrane had the lowest impedance of
1185.25Q and the highest ionic conductivity of 0.84mS/cm. The capacity density and
power density of the CQDO membrane were found to be 0.231713 mAh/cm? and 21.45
mW/cm, respectively. The results suggest that incorporating CQDs into the
PVA/KCl/glycerol gel electrolyte membrane enhances the electrochemical performance
and conductivity of the aluminum-ion battery. This study highlights the potential of
utilizing CQD derived from organic waste materials as electrolyte additives to improve
battery characteristics while mitigating adverse environmental effects.
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1. INTRODUCTION

Aluminum-ion (Al-ion) batteries possess significant
potential as an energy storage technology due to their low cost
[1] and high energy density [1-3]. Innovation in battery
technology is needed because currently conventional batteries
face several challenges, such as high costs [4] and thermal
issues [5-7]. Alongside the increasing demand for batteries,
alternative battery technologies are also rapidly evolving.
Aluminum, an abundant material in the Earth's crust with the
largest reserves among metals, is a focus of this research [8].
Aluminum batteries, with several advantages, are emerging as
potential replacements for conventional batteries. They offer
an energy density four times higher than lithium batteries [1]
and are less prone to short-circuiting [9].

Nevertheless, Al-air batteries face challenges regarding
cycle stability and catalytic efficiency that need to be
addressed. The anode presents certain limitations in its
development; therefore, innovations are focused on the
electrolyte to enhance battery performance and stability. A
novel approach to enhance the efficiency and reliability of Al-
air batteries involves incorporating carbon quantum dots
(CQD) into the electrolyte [10]. CQDs, due to their extremely
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small size, exhibit remarkable electrocatalytic capabilities and
conductivity, leading to improved total energy efficiency [11,
12]. Moreover, CQD may be synthesized using a wide range
of organic substances that are readily available and have
minimal impact on the environment. This makes CQDs a
viable and economically viable choice for enhancing the
durability and efficiency of Al-ion batteries.

CQDs have been demonstrated to enhance battery efficacy
in numerous prior studies. Jin et al. [13] reported a high-
performance CQD/hG composite catalyst for Li-CO> batteries,
achieving a low overpotential of 1.02V, a discharge capacity
of 12300 mAh/g, and excellent stability with 235 cycles, due
to its high catalytic activity and fast electron/electrolyte
transport. The CQD-Bi;O; composite anode material in
lithium-ion batteries exhibited exceptional electrochemical
activity and a discharge capacity of 1500 mAh/g in a
comparable investigation conducted by Prasath et al. [14]. The
specific capacity of CQDs used as an anode in sodium-ion
batteries was 323.9 mAh/g, and the capacity retention was
72.4% after 500 charge/discharge cycles, as indicated by a
separate study conducted by Javed et al. [15]. These findings
indicate that CQDs exhibit exceptional cycling stability. To
enhance the performance, polyvinyl alcohol (PVA) was used
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as the matrix due to its advantageous characteristics, such as
excellent solubility in water, which facilitates integration and
processing with fibers, as well as its elasticity and flexibility,
enabling it to withstand deformation [16]. PVA possesses
biocompatibility and non-toxic characteristics, rendering it
environmentally friendly [17]. Aluminum batteries with PVA-
based electrolytes and CQDs provide significant
environmental benefits. PVA is biodegradable and reduces
harmful chemicals, while CQDs, made from biomass,
minimize the use of toxic materials. Aluminum itself has a
lower carbon footprint than lithium-ion, and the combination
of PVA and CQDs enhances sustainability through better
recycling and waste reduction, leading to an overall decrease
in environmental impact.

Prior studies have demonstrated that CQDs enhance the
electrical characteristics of anodes and cathodes in metal ion
batteries, hence improving features such as conductivity,
capacity, and stability. Interestingly, there has been no
research conducted on the use of CQDs in Al-ion batteries.
The objective of this investigation is to ascertain the most
effective concentration for conductivity when using CQDs as
a raw material in gel electrolytes. A PVA/KCl/Glycerol
polymer electrolyte membrane was combined with five
variations of CQDs that were synthesized using a microwave-
assisted method. These wvariations differ based on the
composition of CQD particles in the electrolyte. The study
endeavors to improve battery performance by modifying the
composition of CQD particles, which will improve membrane
characteristics, ion transport, and conductivity. Furthermore,
the utilization of organic waste materials as electrolyte
additives through CQD particles can assist in the mitigation of
adverse environmental effects.

2. MATERIAL AND METHOD
2.1 Material

To produce Carbon Quantum Dots (CQD), citric acid and
urea obtained from Merck. The battery electrolyte is prepared
using main ingredients namely PVA (Polyvinyl Alcohol), KCI
(Potassium Chloride), and glycerol, also sourced from Merck.
These materials are chosen for their high purity and
consistency in delivering optimal results. Additionally,
distilled water and 70% alcohol are sourced from a local store.

2.2 Preparation of CQD

CQDO0  CQD10
—

CQD20 'CcOD3

il

Figure 1. Photograph of CQDO0, CQD10, CQD20, CQD30
and CQD40 when illuminated under UV light of 405 nm
wavelength
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The process of making CQD adopts the method described
in the journal by Kumar et al. [18]. 3 g of citric acid and 3 g of
urea were added as precursors to 10 ml of distilled water and
stirred until the solution became homogeneous. The solution
was then heated in a 700-watt microwave on high for 2
minutes until it dried, changing from a transparent liquid to a
dark brown solid. The solid was then added to 10 ml of
distilled water and microwaved for 3 minutes, repeating the
process twice. Afterward, a black solid was obtained, which
was added to 50 ml of water and sonicated for 30 minutes until
it dissolved, resulting in a CQD solution. The CQD solution
was partitioned into five 10 ml samples. The initial sample
received an addition of 40 ml of distilled water (CQD40),
succeeded by 30, 20, 10, and 0 ml of distilled water for CQD30,
CQD20, CQD10, and CQDO, respectively, as shown in Figure
1.

2.3 Fabrication of electrolyte membrane

The solid electrolyte membrane was made through several
steps. The electrolyte preparation began by dissolving 4g of
PVA in 100 ml of distilled water at 80°C while stirring at
600rpm for 30 minutes. Once the PVA solution was
homogeneous, 1.5 g of KCl was added and stirred for 30
minutes until the mixture was well combined. Then, 0.4 ml of
glycerol was added and stirred for another 30 minutes. Next, 2
ml CQDO was added to the solution and stirred at 60°C for one
hour until the solution thickened. The same procedure was
repeated for CQD10, CQD20, CQD30, and CQD40. Finally,
the solution was poured into battery and tensile testing molds,
and then left at room temperature for 24 hours. The assembled
battery is illustrated in Figure 2.
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Figure 2. Fabrication of gel electrolyte membrane

3. RESULTS AND DISCUSSION
3.1 Scanning electron microscope analysis (SEM)

The SEM analysis in Figure 3 reveals the relationship
between  the  morphological  structure  of  the
PVA/KCI/Glycerol/CQD composite and variations in CQD
concentration. In Figure 3, PVA granules appear as the
primary matrix phase with a rough and predominantly
amorphous morphology, exhibiting a layered texture and
uneven surface that form the composite foundation, providing
the necessary flexibility and mechanical properties. Glycerol
acts as a plasticizer that enhances the flexibility and
homogeneity of the PVA matrix by filling the gaps between
the granules, thereby strengthening the interaction between
PVA and the filler material, namely CQD. Increasing the CQD
concentration in the PVA/KCIl/Glycerol composite affects



material density, particle distribution, and surface morphology,
where higher CQD concentrations result in more uniform
distribution, increased density, and a more homogeneous
surface morphology. With glycerol serving as a flexible binder
in the matrix and PVA acting as the backbone of the composite,
optimizing the CQD concentration is crucial to achieving the
best mechanical properties and morphology.

Figure 3 illustrates the electrolyte membrane as examined
using an electron microscope. The initial image, denoted as
Figure 3(a), exhibits the most elevated concentration of CQD,
with notably compact interconnections among the particles.

Continuing with Figure 3(b), there is a small reduction in
density. Figure 3(c) shows a decrease in the number of CQD
particles, which indicates sparse between particles. According
to Figure 3(d), it seems that the concentration of CQD
decreases throughout the membrane. Figure 3 (e) clearly
demonstrates a substantial reduction in interaction within the
PVA/KCI/Glycerol mixture. The interaction between CQD
and the PVA/KCI/Glycerol mixture results in the creation of a
composite solid electrolyte with a surface structure that
enhances the density between particles. Greater dispersion
leads to higher ionic conductivity in electrolytes [19].

Figure 3. SEM morphology of PVA/KCI/Glycerol electrolyte membrane with the addition of (a) CQDO, (b) CQD10, (c) CQD20,
(d) CQD30, () CQD40

3.2 FTIR spectroscopic evaluation

Figure 4 shows the FTIR spectrum of several electrolyte
membrane samples with varying CQD additions, namely
CQD40, CQD30, CQD20, CQD10, and CQDO. The x-axis
represents the wavelength (cm™), indicating the infrared
absorption frequency, while the y-axis represents the
transmittance (T%), which shows the amount of infrared light
transmitted through the sample.

The FTIR graph shown in Figure 4 (a) presents the infrared
spectrum of each sample, with specific regions highlighted for
more detailed analysis. Figure 4 (b) illustrates the wavelength
area of 3625 cm™, corresponding to O-H stretching, signifying
the presence of carboxylic acid groups [20]. Permatasari et al.
[21] indicate that the majority of cases involving CQDs are
significantly associated with surface passivation via
functionalization or modification. The predominant surface
functionalization entails oxygen-containing functional groups
(e.g., carbonyl, carboxyl) and nitrogen-containing functional
groups (e.g., amine).
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The absorption intensity in this region varies between
samples, with CQD40 showing the lowest absorption,
suggesting fewer OH groups compared to the other samples.
Figure 4 (c) similarly exhibits absorption bands about 2830
cm™', associated with C-H stretching, predominantly from
aliphatic molecules [20]. Although the absorption in this
region is relatively low, it still varies among samples,
reflecting differences in hydrocarbon content. Furthermore, in
Figure 4 (d), significant absorption is observed at 1645 cm™,
which can be attributed to C=C stretching vibrations,
indicating the presence of carbon-carbon double bonds
commonly found in aromatic or alkene structures [20]. The
varying absorption intensities across different regions for each
sample indicate distinct differences in their chemical
compositions, particularly in the presence of O-H, C-H, and
C=C groups. These variations in absorption intensity and peak
positions suggest that each sample contains differing amounts
of functional groups, which may influence the material's
physical and chemical properties.
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Figure 4. FTIR spectrum of PVA/KCl/Glycerol electrolyte membrane with variations in CQD addition at wavelengths (a) 4000-
600cm™, (b) 4000-3000cm™, (¢) 3000-2000cm™ and (d) 2000-600cm ™!

3.3 X-rays crystallographic examination

X-Ray Diffraction (XRD) testing is an analytical technique
used to determine the crystal structure and composition of
materials. Figure 5 shows a diffraction pattern with several
sharp peaks, indicating a high degree of crystallinity in the
PVA/KCl/Glycerol/CQDO electrolyte membrane. The highest
intensity peak is observed at a 20 angle between 35° and 40°.
Crystallinity peaks occur at 20 angles of 28.5°, 40.6°, 44.5°,
50.3°, 58.7°, 66.5°, 73.8°, 81.4°, 87.8°, and 94.6°, indicating
the presence of multiple crystal planes in the material's
structure. The sharp peaks suggest large, well-ordered crystals,
while the distribution of peaks points to the possible existence
of more than one crystal phase. Based on the crystallinity peak
data, the average crystal size of the PVA/KCl/Glycerol/CQDO0
membrane is approximately 50.6nm. Based on Figure 5, it can
be observed that the peak degree of crystallinity for PVA is at
40.6°, which aligns with findings from Aziz et al. [22],
indicating a crystallinity angle of 41.6° for PVA. Meanwhile,
the peak crystallinity of CQD is recorded at 28.5°, consistent
with previous research showing the crystallinity peak of
carbon dots at 28.4° [23].
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Figure 5. XRD graph of PVA/KCI/Glycerol/CQDO
electrolyte membrane



3.4 XRF elemental analysis

The chemical composition of aluminum alloy as anode is
ascertained via X-ray fluorescence (XRF) to identify the
elemental components and their respective concentrations.
Figure 6 illustrates the percentage composition of elements
present in aluminium alloys. The aluminium content consists
mainly of Aluminium (Al, 97.58%), with notable impurities
including Copper (Cu, 0.224%), Iron (Fe, 0.726%), Silicon (Si,
0.63%), and other trace elements. Furthermore, there are
additional minerals, such as manganese (Mn, 0.0051%) and
titanium (Ti, 0.047%).

Aluminum, being the main active material, plays a critical

role in the performance of the battery due to its high theoretical
capacity. The presence of trace elements, such as iron and
silicon, could originate from impurities in the raw material or
the manufacturing process. These impurities may influence the
anodic reaction by increasing self-corrosion rates or forming
passive oxide layers that hinder electron flow, thereby
reducing battery efficiency.

Understanding the composition and purity of the anode
material is essential, as it directly impacts the battery's
discharge performance, energy output, and overall efficiency.
Optimizing the chemical composition of the anode can reduce
unwanted side reactions, improve electron discharge processes,
and extend battery life.
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Figure 6. XRF graph of aluminium anode

3.5 Discharging

Galvanostatic discharge is a method in electrochemistry in
which a constant electric current is applied to a cell or battery
during the discharge process [24]. In the context of a battery,
this means a constant current is applied until the battery is fully
discharged, and the cell voltage is measured as a function of
time. This process is used to characterize the performance and
capacity of the battery. The results of galvanostatic discharge
testing are presented in the form of a voltage versus time graph,
as shown in Figure 7.

Figure 7 shows galvanostatic discharging test, the CQDO
sample exhibited the highest durability, lasting for 713.9
seconds at a current of 1 mA with an initial voltage of 1.35 V.
In contrast, CQD10 had a discharge time of 690.5 seconds
with an initial voltage of 1.28 V, slightly lower than CQDO.
CQDO contains a higher concentration of CQD due to the
denser distribution of carbon nanoparticles in the electrolyte
solution. Surface functional groups, which are groups of atoms
that are bound to the surface of solid objects, such as carbon,
diamond, graphite, or silicon dioxide, are present in CQDs, as
previously mentioned. The absorption characteristics and
porous properties of the material are influenced by surface
functional groups. Ion exchange is enabled by this absorption
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mechanism [25].

When the CQD content was reduced to CQD20, the
discharge duration drastically decreased to 459.8 seconds,
despite a slightly higher initial voltage of 1.3 V. Further
performance decline was observed with CQD30, which lasted
335.7 seconds with an initial voltage of 1.21 V. Finally,
CQDA40 exhibited the lowest durability, lasting only 305.2
seconds at the same current, with an initial voltage of 1.27 V.
The addition of CQD in the battery membrane can enhance
capacity and long cycle life [26]. With the presence of CQD,
the charge transfer pathways become more efficient, enabling
electrochemical reactions to occur more rapidly and optimally,
contributing to an increase in energy storage capacity.

The incorporation of CQD in batteries can improve the
interface between the electrolyte and the electrode, so
expediting the redox (reduction-oxidation) reactions and
augmenting the charging and discharging rates. An increased
quantity of CQD in the system results in a greater active
surface area on the electrode, hence offering more
opportunities for interaction with electrolyte ions. This
facilitates more effective electron transmission, accelerates the
chemical reactions within the battery, and enhances its
capacity.
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Figure 7. Galvanostatic discharging of Al-air battery using electrolyte PVA/KCl/Glycerol (a) CQDO, (b) CQD10, (c) CQD20, (d)

CQD30, (¢) CQD40

Table 1 demonstrates that with increasing CQD content,
both capacity and capacity density improve. CQDO, with the
highest CQD concentration, shows the greatest capacity at
0.926852mAh and a capacity density of 0.231713 mAh/cm?.
As the CQD content decreases, such as in CQD10 and CQD20,
both capacity and capacity density gradually decline. The
lowest values are observed in CQD40, which has no added
CQD, with a capacity 0f 0.339111 mAh and a capacity density
of 0.084778 mAh/cm?. This trend indicates that higher CQD
content leads to enhanced energy storage performance. The
increase in capacity and capacity density with more CQD is
due to CQDs' conductivity which enhance charge transfer and
create more active sites for energy storage [27]. This leads to
improved electrochemical efficiency and better overall battery
performance as CQD content increases.
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Table 1. Capacity and capacity density of battery samples

Sample Capacity (mAh) Capacity Density (mAh/cm?)

CQDO 0.926852 0.231713
CQD10 0.767333 0.191833
CQD20 0.511000 0.127750
CQD30 0.373074 0.093269
CQD40 0.339111 0.084778

3.6 Electrical properties evaluation

Electrochemical Impedance Spectroscopy (EIS) is an
analytical method used to assess the impedance response of
electrochemical systems, such as batteries, to tiny alternating
current (AC) disturbances in order to model the movement of



ions. Electrochemical impedance spectroscopy (EIS) is
conducted under potentiostatic conditions, with a frequency
range spanning from 10 mHz to 100 kHz. At low measurement
frequencies, battery diffusion behavior is commonly
represented by the Warburg impedance [28]. As real
impedance increases, the resulting frequency declines [29].
The applied voltage comprises a 10mV root mean square
(mVrms) alternating current (AC). Impedance graphs depict in
Figure 8 the primary impedance components, which are
resistance (Z..) and reactance (Zim). Zre represents the
electrical resistance that hinders electric current movement,
while Z;n represents the reactance influenced by energy
storage components like inductors and capacitors. Impedance
analysis is a useful tool for comprehending battery
performance within the realm of batteries. Z,. provides insights
into the impact of internal resistance on energy efficiency and
conductivity, whereas Zin describes energy storage and release
properties, as well as conditions that lead to battery
degradation.

In Figure 8, it can be observed that the battery membrane
with the lowest concentration of CQDs (CQD40) exhibits the
highest resultant impedance of 3630.42 Q. The impedance
values decrease sequentially with increasing CQD
concentration; CQD30, CQD20, CQD10, and CQDO each
have impedance values of 2474.14, 2081.58, 1998.10 and
1185.25 Q.

Impedance is a measure of the total resistance encountered
by an electric current flowing through an electrical circuit,
indicating that higher impedance of the electrolyte membrane
correlates with lower conductivity. Table 2 shows increased
conductivity with rising CQD concentration, with the highest
conductivity observed in the mixed CQDO membrane at 0.84
mS/cm. Previous Al-battery research using
PVA/KOH/Glycero/NCC  Nanofiber electrolyte  only
produced an ionic conductivity of 0.068 mS/cm [30]. The
distribution of CQD particles in the electrolyte membrane is
responsible for the increase in conductivity, as they occupy the
empty space gaps in the membrane [10].
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Figure 8. EIS plot of various CQD electrolyte

Table 2. lonic conductivity of battery samples

Sample Ionic Conductivity (mS/cm)

CQDO 0.84
CQD10 0.5
CQD20 0.48
CQD30 0.4
CQD40 0.27
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3.7 Electrochemical behavior assessment

Figure 9 depicts the intensity of the reduction and oxidation
reaction peaks as well as the kinetics of the electrochemical
reactions under varying voltage conditions, both upward and
downward. CQDO shows a significant increase in power and
exhibits a heightened intensity of electrochemical processes,
leading to more pronounced reduction and oxidation reactions.

Based on Figure 9, the cyclic voltammetry (CV) test
findings indicate a variation in the oxidation and reduction
peak currents as the concentration of CQD diminishes. For
CQDO, exhibiting the highest concentration, the oxidation
peak attains 0.0145 A/cm?, whereas the reduction peak
approximates  -0.0025 A/em?  signifying a rapid
electrochemical response. For CQDI10, the oxidation peak
current marginally diminishes to 0.0130A/cm?, accompanied
by a modest fall in the reduction peak, signifying a decline in
reaction efficiency. Additional reductions are noted for
CQD20 and CQD30, exhibiting oxidation peak currents of
0.0120 A/cm? and 0.0110 A/cm?, signifying a reduced
oxidation reaction rate. In CQD40, the lowest concentration
exhibits a singular substantial oxidation peak at 0.0045 A/cm?,
suggesting suppression of the electrochemical reaction,
potentially attributable to structural alterations or other
variables influencing reaction kinetics. The result
demonstrates a reduction in electrochemical reaction rates as
CQD concentration diminishes, signifying alterations in
reaction kinetics.

Table 3 demonstrates that increasing the amount of CQD
leads to higher power and power density of the battery [14].
CQDO, which contains the highest concentration of CQD,
exhibits the greatest power density at 21.45 mW/cm? and a
power output of 85.80 mW. In contrast, as the CQD content
decreases, both power density and power also decline, with
CQD10 showing a power density of 18.75 mW/cm? and a
power of 75.00 mW, followed by CQD20 at 11.55 mW/cm?
and 46.20mW. The trend continues with CQD30 and CQD40,
where power density drops to 10.35 mW/cm? and 4.80 mW,
respectively, indicating that the addition of CQD significantly
enhances the battery's performance.
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Figure 9. Cyclic voltammetry of various electrolyte
membrane

Table 3. Power and power density of battery samples

Sample Power Density (mW/cm?) Power (mW)

CQDO 21.45 85.80
CQD10 18.75 75.00
CQD20 11.55 46.20
CQD30 10.35 41.40
CQD40 4.80 19.20




In addition to the incorporation of CQD into gel electrolyte
membranes, there are several other promising strategies for
enhancing the performance of aluminum-ion batteries. One
potential approach is optimizing the electrode materials, as the
efficiency of the electrochemical reactions in the battery
largely depends on the properties of the anode and cathode.
The use of advanced materials, such as graphene-based
electrodes or carbon nanotubes, could significantly improve
the battery's energy density and charge/discharge rates.
Another strategy involves modifying the -electrolyte
composition to enhance ionic conductivity and stability. This
could include the use of novel solid-state electrolytes or ionic
liquids that offer improved performance in terms of both safety
and efficiency. Additionally, incorporating conductive
additives into the electrolyte or electrode materials may help
reduce internal resistance, further enhancing battery
performance. Future research should explore the synergistic
effects of combining these strategies with the CQD-modified
electrolytes to achieve the optimal performance in aluminium-
ion batteries.

4. CONCLUSION

This study explores the innovative use of CQD in gel
electrolyte membranes for aluminum-air batteries, a promising
strategy to enhance battery performance. By synthesizing
CQDs using citric acid and urea and incorporating them into a
PVA/KCl/Glycerol polymer electrolyte membrane, this
research demonstrates that higher CQD concentrations
improve the discharge time, capacity, and ionic conductivity
of the battery. SEM analysis revealed that higher CQD
concentrations resulted in more compact particle
interconnections. Galvanostatic discharge testing showed that
the battery with the highest CQD concentration (CQDO0) had
the longest discharge time of 713.9 seconds at 1mA and
highest capacity of 0.92 mAh. Electrochemical impedance
spectroscopy (EIS) demonstrated that increasing CQD
concentration led to lower impedance and higher ionic
conductivity, with CQDO exhibiting the highest conductivity
of 0.84 mS/cm. The study aims to improve battery
performance by modifying the composition of CQD particles
in the electrolyte membrane.
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