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Abstract. The advancement of sustainable and efficient energy storage systems is vital for tackling 

the challenges posed by the integration of renewable energy sources and the constraints of 

conventional lithium-ion batteries. This research explored the potential of an innovative 

electrolyte membrane for aluminium-air batteries, which incorporates carbon quantum dots 

(CQDs) sourced from rice husk charcoal and carbon nanotubes (CNTs) within a polyvinyl alcohol 

(PVA) framework. CQDs were synthesized using a microwave-assisted technique, and CNTs were 

added to enhance the structural and conductive properties of the membranes. Three distinct 

membrane compositions were prepared: a base solution of PVA, HCl, and glycerol; a base 

solution with CQDs; and a base solution with CQDs and CNTs. Fourier Transform-Infrared (FT-

IR) spectroscopy revealed enhanced intermolecular interactions and successful integration of the 

carbon nanomaterials within the polymer network. X-ray diffraction (XRD) analysis indicated a 

reduction in crystallite size from 11.27 nm (base membrane) to 9.65 nm (–14.36%) with CQDs 

and further to 8.29 nm (–26.47%) with CQDs + CNTs, suggesting improved amorphous 

characteristics that reinforce the membrane structure and facilitate ionic conductivity. 

Electrochemical impedance spectroscopy (EIS) demonstrated an increase in ionic conductivity 

from 4.98501 mS/cm (base membrane) to 5.51837 mS/cm with CQDs and 6.35292 mS/cm 

(+27.4%) with CQDs + CNTs. These findings highlight the synergistic effect of CQDs and CNTs 

in optimizing the ion migration pathways and charge transport within the electrolyte membrane. 

The utilization of rice husk charcoal as a precursor for CQDs aligns with sustainable practices 

and promotes the use of renewable resources. This research introduces an innovative method for 

creating advanced electrolyte membranes for aluminium-air batteries, playing a role in creating 

energy storage solutions that are efficient, eco-friendly, and economical. 

Keywords: Aluminium-Air Battery; Carbon Quantum Dots; Carbon Nanotubes; Nanocomposite 

Membrane; Ion Conductivity. 
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1. Introduction 

Dependence on a limited number of energy sources can render a nation's energy 

infrastructure susceptible to global price volatility, geopolitical tensions, or supply interruptions 

[1]. The integration of renewable energy sources contributes to a more diversified and resilient 

energy portfolio. This issue underscores the importance of adopting renewable energy sources 

such as solar and wind, which, despite their potential, face challenges related to supply continuity 

due to their dependence on natural conditions [2]. To address fluctuations in renewable energy 
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supply, energy storage systems, particularly batteries, are essential. Battery technology facilitates 

stable and efficient energy distribution, especially in portable devices, electric vehicles, and 

integrated energy systems [3]. 

Lithium-ion batteries, while extensively utilized [4], are beginning to face notable 

constraints. The environmental ramifications associated with heavy metal usage, coupled with 

safety issues such as fire risks and limited energy capacity, make these batteries less than ideal for 

sustainable long-term application [5]. To address these challenges, researchers are exploring 

various alternative battery technologies. Among these, the aluminium-air battery emerges as a 

promising option [5]. This technological advancement utilizes aluminium as the anode while 

simultaneously extracting oxygen from the ambient atmosphere to serve as the cathode, facilitating 

energy production through a redox reaction in an open system [6]. Aluminium presents several 

benefits, including its natural abundance, superior safety profile compared to lithium, and a 

significantly higher theoretical energy density [7]. 

The efficacy of an aluminium-air battery is predominantly determined by its electrolyte 

components, with the electrolyte membrane playing a pivotal role [8]. This membrane acts as an 

ion conduction medium and a separator between electrodes [9]. Enhancing ionic conductivity and 

membrane stability can be achieved through the integration of functional nanomaterials. Carbon 

Quantum Dots (CQDs), derived from rice husk charcoal, possess notable attributes such as 

nanoscale particle size, amorphous structure, and high hydrophilicity [10], in partnership with 

functional entities such as hydroxyl and carboxyl groups [11]. These features enhance electrolyte 

interaction, extend ionic pathways, and improve the thermal and chemical stability of the 

membrane [10]. Utilizing rice husk charcoal as a source for Carbon Quantum Dots (CQDs) not 

only offers ecological advantages by converting agricultural waste into advanced functional 

materials but also aligns with green chemistry principles by employing renewable resources and 

reducing environmental impact [12]. 

To enhance the structural integrity and conductive pathways within the membrane, Carbon 

Nanotubes (CNTs) are incorporated as a reinforcing agent [13]. CNTs possess a cylindrical 

configuration characterized by high mechanical strength and exceptional electrical conductivity, 

rendering them ideal for establishing ion-mediated networks and augmenting the overall 

performance of electrolyte membranes [14]. The amalgamation of carbon quantum dots (CQDs) 

obtained from rice husk with carbon nanotubes (CNTs) within a polymeric matrix is anticipated 

to yield a porous nanocomposite membrane that facilitates efficient ion delivery and ensures long-

term operational stability [15]. This innovation represents a significant advancement in the 

development of a new generation of aluminium-air battery systems that are more reliable, 

environmentally sustainable, and cost-effective, thereby contributing to national energy security 
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[16]. CQDs have also been integrated into nanofiber structures used in battery components, 

offering additional benefits beyond their application in polymer membranes. Nanofibers have a 

high surface area and porous morphology that can facilitate ion transport, stabilize electrolytes, 

and enhance adhesion to electrodes [17]. Previous studies demonstrating improved porosity, 

electrolyte uptake, and safety compared with conventional separators [18]. Therefore, the 

development of CQD-loaded nanofiber membranes is expected to further optimize the ionic 

conductivity while contributing to the structural reinforcement of aluminium-air batteries. 

Various studies have investigated carbon- and silica-based materials sourced from biomass 

to enhance battery performance. In 2019, Liu et al. [19] designed a hybrid architecture based on 

MoS₂@graphene interpenetrated by carbon nanofibers, resulting in a conductive structure that 

enhances the mechanical stability and long-term performance of sodium-ion batteries, achieving a 

high specific capacity of 598 mAh/g and stability over 1000 cycles. In the same year, Zheng et al. 

[20] reviewed the application of various configurations of carbon nanotubes (CNTs) in lithium-

sulfur batteries, highlighting the advantages of the one-dimensional structure of CNTs in forming 

a conductive network and mitigating the polysulfide shuttle effect. Razzaq et al. [21] also 

developed a sulfur- and CNT-based binder-free film electrode via electrospinning, achieving an 

initial capacity of 1610 mAh/g and high cycle stability up to 500 cycles at 1C, attributed to the 

synergistic effect of CNTs and the material's porosity. Research by Palanisamy et al. [22] 

demonstrated the potential of palm shell-modified nano-activated carbon as a cathode in 

aluminium metal–oxygen batteries, where the material's microstructure and high surface area 

enhanced electrochemical performance with PVA-based gel electrodes. 

In 2020, Yang et al. [23] conducted an evaluation of the dithiothreitol (DTT) additive within 

an aluminium–air battery alkaline electrolyte system, achieving notable improvements in the 

stability of the aluminium anode and the efficiency of redox reaction reversibility. In a separate 

study, Mori et al. [24] provided a comprehensive review of advancements in Al–air battery 

technology, underscoring the challenges associated with anode degradation and the necessity for 

cost-effective electrocatalysts for the cathode. The review also highlighted the potential of 

biomass-based carbon as a viable alternative to conventional catalysts. Hu et al. [25] explored 

lithium–sulfur batteries as a promising substitute for lithium-ion batteries in high-capacity energy 

storage applications. The primary challenge in this technology is the protection of the lithium 

anode, particularly under conditions of high sulfur loading. To address this, the study introduced 

the incorporation of graphene quantum dots (GQDs) in the electrolyte as a strategy to suppress 

dendrite growth. This modification of the anolyte successfully enhanced the critical current and 

cycling stability, presenting a novel approach to improving lithium anode performance. Zhu et al. 

[26] asserted that carbon quantum dots (CQDs) possess significant potential in energy storage 
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applications due to their unique properties. However, challenges persist regarding low synthesis 

yield and electrical conductivity. Through a large-scale synthesis approach, the study achieved a 

graphitic CQDs yield exceeding 50%, markedly enhancing electrochemical performance. The 

developed NS-CQDs/NiCo₂S₄ composite exhibited superior performance in aqueous-based 

batteries, underscoring the critical role of CQDs in the future of battery technology. 

Zhou et al. [27] introduced an innovative sulfur-containing material characterized by a 

flower-shaped Bi₄Ti₃O₁₂ architecture, synergistically combined with carbon nanotubes 

(BTO/CNT), is proposed for utilization in lithium-sulfur battery systems. The ferroelectric 

properties of Bi₄Ti₃O₁₂ induce spontaneous polarization, facilitating polysulfide conversion and 

mitigating the shuttle effect through robust Lewis’s acid-base interactions. The carbon nanotubes 

establish a conductive network that enhances electron transport. This composite material 

demonstrates high cycle stability, with a capacity degradation rate of merely 0.037% per cycle 

over 1000 cycles, indicating its potential as an advanced material for high-performance lithium–

sulfur batteries. In 2022, Sun et al. [28] employed rice husk to synthesize SiOx particles, which 

were subsequently encapsulated within a graphene aerogel. This hybrid structure exhibited a high 

capacity of 1327 mAh/g and maintained good cycling stability after 200 cycles, attributed to 

enhanced ionic and electronic conductivity provided by the conductive aerogel and nanoscale pore 

structure. Concurrently, Xiaofei et al. [29] assessed activated carbon derived from rice husk as an 

additive for lead-carbon batteries, finding that the specific surface area, ash content, and pore 

structure significantly influenced the capacity efficiency and conductivity of the electrode. Kumar 

et al. [30] investigated the potential of Carbon Quantum Dots (CQDs) as a liquid electrolyte for 

graphene-based supercapacitors. The application of a 25 mM CQDs solution yielded a gravimetric 

capacitance of 155 F/g at a current density of 1 A/g and an energy density of approximately 55 

Wh/kg. This study also introduced a flexible electrolyte film based on polymer gel–CQDs (f-

CPG), which exhibited high ionic conductivity (0.48 S/cm) and excellent electrochemical 

performance, reinforcing the viability of CQDs as a promising alternative in energy storage 

systems. 

Liu et al. [31] presented a LiCl salt-based PVA electrolyte designed for flexible aluminium–

air batteries, achieving a conductivity of 4.3 mS/cm, which is comparable to that of solutions. This 

innovation supports high flexibility and stable performance even when the battery is bent or folded. 

In a separate study, Luo et al. [32] engineered a CQDs/NiCo-LDHs electrode in the form of 

nanosheets for use in flexible supercapacitors. This electrode demonstrated a specific capacitance 

of 2023 F/g, with an energy density of 117.8 Wh/kg and a power density of 528.3 W/kg, 

underscoring the significant potential of CQDs in the development of high-performance electrodes 

for flexible energy storage devices. Meanwhile, Lu et al. [33] addressed the challenges faced by 
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hybrid supercapacitors (HSCs), particularly the kinetic imbalance between the cathode and anode 

that restricts energy density. To mitigate this issue, they developed a cathode material composed 

of an N-doped CQDs/Ni–Co–Se composite through a hydrothermal process. This material 

exhibited enhanced ion and electron transfer rates, attaining an energy density of 23.1 Wh/kg while 

simultaneously achieving a power density of 38.3 kW/kg. These findings propose a novel approach 

for the development of high-rate battery-type electrode materials. 

Wang et al. [34] developed hollow bimetallic cage nanostructures (Ni–Fe–S/NCQDs) 

enhanced with nitrogen-doped carbon quantum dots for use in zinc–air batteries. This composite 

demonstrated a half-wave potential of 0.85 V during the oxygen reduction reaction (ORR) and a 

minimal overpotential of 0.295 V for the oxygen evolution reaction (OER). The open hollow 

design facilitated improved mass transfer and exposure of active sites, maintaining high stability 

after numerous cycles, thus presenting a novel approach to boosting ORR/OER electrocatalytic 

performance. Shaker et al. [35] recently reviewed cutting-edge electrode materials for secondary 

ion batteries, emphasizing carbon dots (CDs) and graphene quantum dots (GQDs). Whether used 

alone or in composites, these materials have been proven to enhance the capacity and 

electrochemical characteristics of various battery types, such as lithium-ion and sodium-ion. The 

study concludes with a prospective outlook on CQD research in high-energy battery systems. 

Pallavolu et al. [36] devised an innovative approach to synthesize carbon quantum dots 

(CQDs) utilizing lemon juice, underscoring the method's environmental friendliness for 

supercapacitor applications. The incorporation of heteroatoms, specifically nitrogen (N) and sulfur 

(S), into the CQDs significantly enhanced their electrochemical performance by improving ion 

and electron mobility. The specific capacities were measured at 284 mAh/g for undoped CQDs, 

181 mAh/g for N-doped CQDs, and 125 mAh/g for S-doped CQDs. Notably, S-doped CQDs 

maintained 94.5% of their capacitance over 10,000 cycles, with a Coulombic efficiency of 98%. 

The resulting symmetric supercapacitor exhibited a specific capacity of 21.7 mAh/g and an energy 

density of 15.2 Wh/kg. In a pertinent investigation, Patwari et al. [37] examined the efficacy of a 

composite material comprising activated carbon and rice husk ash functioning as a cathode catalyst 

in aluminium–air batteries. This study demonstrated a voltage increase of up to 20% and showed 

promising stability, suggesting that recycled materials could effectively reduce production costs 

and lessen environmental impact. 

Numerous strategies have been devised to enhance ionic conductivity and battery capacity, 

primarily through the modification of electrolyte materials and the incorporation of conductive 

additives. Rice husk charcoal presents a promising precursor for the synthesis of carbon quantum 

dots (CQDs), which are nanoparticles characterized by exceptional electrical and optical 

properties. This method converts rice husk waste into a valuable material for energy technology, 
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while simultaneously encouraging the utilization of renewable resources and reducing reliance on 

synthetic materials or heavy metals [38]. Consequently, rice husk charcoal-derived CQDs hold 

significant potential for application in aluminium-air batteries. Although CQDs are frequently 

employed in sensors and optoelectronic devices, their use in PVA/HCl/glycerol-based electrolyte 

membranes for aluminium-air batteries remains largely unexplored. 

This study focuses on the enhancement of ionic conductivity, membrane physical properties, 

and the overall performance of aluminium-air batteries. The integration of carbon quantum dots 

(CQDs) and carbon nanotubes (CNTs) fortifies the intermolecular bonds within the electrolyte 

structure, leading to improved conductivity and system performance. In light of the potential of 

CQDs in sulfur oxide batteries, this research synthesizes CQDs from rice husk charcoal and 

integrates them with CNTs. The convergence of battery technology and waste management 

expands the possibilities for innovation in sustainable energy systems. Employing locally sourced 

carbon nanomaterials presents a cost-effective and environmentally sustainable solution, 

promoting energy efficiency and resource conservation. 

2. Materials and Methods 

2.1. Materials 

This study employed Carbon Quantum Dots (CQDs) as the primary matrix for membrane 

fabrication. Rice husk charcoal was utilized as a starting material to produce the CQDs, utilizing 

a Microwave-Assisted technique. The rice husks employed in this study were sourced from Limau 

Manis, Pauh, Padang City, West Sumatra, Indonesia. Prior to use, the rice husks were meticulously 

cleaned with distilled water to eliminate dust and contaminants, and then left to dry in natural 

conditions. The dried husk underwent a carbonization process in a furnace set at 400 °C for a 

duration of 2 h, resulting in the formation of rice husk charcoal. After naturally cooling to room 

temperature inside the furnace, the rice husk charcoal was pulverized into a fine powder and kept 

in airtight containers for the later production of carbon quantum dots (CQDs). 

Carbon Nanotubes (CNTs) were incorporated using MWCNT C2001. Polyvinyl Alcohol 

(PVA, MW ~60,000), procured from Merck, was employed as a supplementary polymer to 

augment the physical characteristics of the membrane. Hydrochloric Acid (HCl) was incorporated 

into the matrix to boost ionic conductivity. Glycerol, also sourced from Merck, functioned as a 

thickening agent within the electrolyte membrane. Citric Acid (C₆H₈O₇), sourced from Merck, was 

utilized for both oxidation and functionalization in the production of CQDs. The nanofiber, serving 

as a composite material, was produced from Polylactic Acid (PLA, MW ~60,000) using 

Dimethylformamide and Acetone as solvents, via the electrospinning method. In order to 

guarantee uniformity and reliability, the integrity and purity of all elements employed in this 
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research were rigorously ascertained. 

2.2. Preparation of Carbon Quantum Dots 

As illustrated in Fig. 1, the creation of CQDs sourced from rice husk charcoal 

 

Fig. 1. CQDs Fabrication Process for The Electrolyte Membranes and Nanofiber. 

 

involves microwave-assisted treatment of the precursor to obtain a CQD solution. Three g of rice 

husk charcoal were precisely measured. Initially, a volume of 10 mL of distilled water was 

introduced into a beaker and subjected to heating while concurrently being agitated utilizing a 

magnetic stirrer. Next, a quantity of 3 g of Citric Acid (C₆H₈O₇) was introduced into the beaker 

and stirred until they completely dissolved. The rice husk charcoal was then introduced into the 

mixture and stirred for 10 min at a speed of 125 rpm. Subsequent to the agitation procedure, the 

resultant solution was subjected to microwave irradiation for a duration of three min to facilitate 
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the acceleration of the synthesis process. This procedure was conducted on two separate occasions 

for distinct objectives. Initially, following the microwave treatment, 20 mL of distilled water was 

added to the beaker, and the resultant mixture was stirred comprehensively prior to being subjected 

to a 0.22 µm pore syringe filter to remove larger particulates and contaminants. The resultant 

filtrate, which comprised pure Carbon Quantum Dots (CQDs), was subsequently preserved in a 

vial for future application in the development of the electrolyte membrane. In the second stage, 

following microwave heating, the reaction solution was further processed by adding a mixture of 

organic solvents, comprising 6 mL of acetone and 6 mL of dimethylformamide (DMF), into a test 

tube containing CQDs. This mixture was utilized to produce a CQDs solution that was more 

compatible for integration with the polymer solution in the fabrication of nanofibers [39]. 

To avoid ambiguity, it should be noted that CQDs were incorporated through two distinct 

procedures depending on the host polymer. CQDs were dispersed in water for the preparation of 

PVA-based membranes because of the hydrophilic and water-soluble nature of PVA [40]. 

Meanwhile, in the preparation of PLA-based nanofibers, CQDs were incorporated into the polymer 

solution dissolved in DMF because PLA is not water-soluble and requires an organic solvent [41]. 

This difference in approach ensured the proper dispersion of CQDs in both polymer matrices. 

2.3. Nanofiber Preparation 

As shown in Fig. 2, the preparation of nanofiber membranes via electrospinning involves 

dissolving PLA in acetone/DMF, incorporating rice husk-derived CQDs into the polymer solution, 

and producing nanofiber mats through the electrospinning process. In addition to membrane 

casting, CQDs were incorporated into nanofiber structures to exploit the inherent benefits of 

nanofiber-based electrolytes. Nanofibers exhibit interconnected porosity and a large surface area, 

which promote effective ion transport and improve electrolyte uptake [18]. Furthermore, 

electrospun nanofibers enhance the structural integrity and thermal stability of the separator 

membrane, offering greater safety than conventional membranes [17]. These features justify the 

preparation of CQDs/PLA nanofibers through electrospinning. 

The polymer solution was prepared by dissolving 2 g of polylactic acid (PLA) into 6 mL of 

acetone within a 50 mL beaker. The mixture was then stirred with a magnetic stirrer for 10 min at 

60°C until the PLA was fully dissolved. Afterward, 6 mL of dimethylformamide (DMF) was added 

to the solution, and stirring continued for another 10 min at room temperature to ensure a uniform 

solvent mixture. Thereafter, 5 mL of Carbon Quantum Dots (CQDs) solution was incorporated 

into the mixture, which was then stirred for another 10 min at 60°C to ensure uniform dispersion 

of the CQDs within the polymer solution. The resultant solution was subsequently employed in 

the nanofiber formation process utilizing the electrospinning technique. This electrospinning unit 

consisted of necessary elements like a power supply, a syringe, a brushed DC motor, and a 
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collector. The nanofiber fabrication process maintained a consistent feed rate of 0.3 mL/min, with 

a high-voltage supply set to 20 kV (10 mA). A syringe with a diameter of 38 mm (18G x 1½”) 

was employed for this procedure [42]. 

 

Fig. 2. CQDs Nanofiber Manufacturing Process Using The Electrospinning Method. 

 

2.4. Electrolyte Membrane Preparation 

The fabrication steps of the gel electrolyte membrane are schematically depicted in Fig. 3, 

which summarizes the dissolution of PVA in an acidic solution, incorporation of glycerol as a 

plasticizer, and subsequent addition of CQDs and CNTs prior to casting into membrane films. 

Polyvinyl Alcohol (PVA) was precisely measured to a quantity of 2 g. Following the preparation 

of all necessary components, a beaker was filled with 100 mL of distilled water, which was then 

stirred and heated with a magnetic stirrer set to 100 rpm for 5 min. Subsequently, 2 mL of 

hydrochloric acid (HCl) was introduced into the aqueous solution to facilitate the decomposition 

of the matrix. The requisite quantity of polyvinyl alcohol (PVA) was incorporated into the solution, 

succeeded by the addition of 1 mL of glycerol, which served as a plasticizing agent to augment the 

membrane's pliability. The solution was agitated incessantly for a duration of 60 min at a rotational 

speed of 150 revolutions per min until homogeneity was achieved. This investigation encompassed 

the fabrication of the electrolyte membrane in three distinct formulations: (1) a foundational 

solution comprising polyvinyl alcohol (PVA), hydrochloric acid (HCl), and glycerol; (2) a 

foundational solution supplemented with an additional 5 mL of Carbon 
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Fig. 3. Fabrication of gel electrolyte membrane 

 

Quantum Dots (CQDs); and (3) a foundational solution containing 5 mL of CQDs 0.05 g of Carbon 

Nanotubes (CNT). Each formulation was carefully crafted to evaluate how the added materials 

affect the structural and performance properties of the resulting electrolyte membrane. In the 

second variation, 5 mL of CQDs solution was incrementally added to the base solution while 

stirring until complete integration was achieved. In the third variation, 0.05 g of CNTs were 

introduced into the base solution mixture, which already contained CQDs, and stirred until a 

homogeneous mixture was obtained. Once the mixing process was complete, the resultant solution 

from each variant was subsequently deposited into a Petri dish with a diameter of 10 cm for the 

purpose of desiccation. Initially, fifty percent of the solution was deposited into the dish, 

subsequently succeeded by the positioning of the pre-fabricated nanofiber layer atop. The residual 

solution was subsequently incorporated to guarantee that the nanofiber surface was 

comprehensively enveloped. The resultant electrolyte membrane was allowed to undergo 

desiccation at ambient temperature for a duration of 72 h [43]. 
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2.5. Characterization 

The Fourier Transform-Infrared (FT-IR) spectrum is utilized to detect molecular vibrations, 

examine compounds, and assess absorption intensity at particular wavelengths. FTIR analyses 

were meticulously performed utilizing a sophisticated PerkinElmer Frontier C90704 Spectrum IR 

Instrument, which operates on the advanced Version 10.6.1 software, ensuring precise and 

accurate spectral data acquisition for comprehensive analysis [44]. X-ray diffraction (XRD) 

analysis was meticulously executed utilizing a PANalytical X’Pert PRO diffractometer, which is 

equipped with a PW3050/60 goniometer that operates on the principle of Cu Kα radiation, 

characterized by a wavelength of λ = 1.5406 Å, and it was calibrated to function at a voltage of 40 

kV in conjunction with a current of 30 mA, while encompassing an extensive scan range that spans 

from 5° to 100° in terms of 2θ, with a precise step size established at 0.02°. Electrochemical 

Impedance Spectroscopy, commonly referred to by the abbreviation EIS, was meticulously carried 

out utilizing a sophisticated potentiostat device, which enabled precise measurements over an 

extensive frequency spectrum that varied from 100,000 hertz down to a remarkably low limit of 

0.01 hertz, thereby facilitating a comprehensive analysis of the electrochemical characteristics of 

the system under investigation. The evaluation of the ionic conductivity was meticulously 

conducted through a comprehensive analysis of the impedance test outcomes, which were 

subsequently utilized to perform calculations in accordance with the widely accepted and 

traditionally employed ionic conductivity equation that is recognized in the field [45]. 

3. Results and Discussion 

3.1. Fourier Transform Infrared (FTIR) 

Fig. 4 illustrates the FTIR spectra for three distinct sample compositions: 

PVA/HCl/Glycerol, PVA/HCl/Glycerol/CQDs, and PVA/HCl/Glycerol/CQDs/CNTs. Each 

spectrum exhibits characteristic absorption peaks that signify the presence of major functional 

groups within the composite polymer membrane structure. The broad absorption peak at ~3291 

cm⁻¹ is attributed to the stretching vibrations of hydroxyl (–OH) groups, originating from PVA 

and glycerol, the primary components [46]. Upon the incorporation of CQDs and CNTs, a slight 

decrease in absorption intensity in this region is noted, suggesting hydrogen interactions between 

the –OH groups and the surface groups of both CQDs and CNTs. This observation indicates 

enhanced intermolecular interactions within the composite polymer network structure due to the 

addition of nanoparticles [47]. The absorption peak near 2940 cm⁻¹ signifies the stretching 

vibrations of aliphatic C–H groups found in the PVA polymer's backbone [46]. The persistence 

and stability of this peak across all variations indicate that the polymer backbone remains intact 
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despite modifications to the surface structure. Additionally, the peak at ~1650 cm⁻¹ corresponds 

to the stretching vibrations of carbonyl (C=O) groups. The intensity of this peak progressively 

increases with the addition of CQDs and CNTs, indicating the contribution of carbonyl groups 

from surface oxygen on the CQDs as well as functional oxygen groups from the modified CNT 

surface [48]. This increase confirms the successful integration of carbon nanoparticles into the 

PVA-glycerol matrix. The sharp peak at ~1050 cm⁻¹ is attributed to the C–O stretching of alcohol 

groups, predominantly originating from the PVA and glycerol structures [49]. The addition of 

CQDs and CNTs also results in a slight shift and increase in this region, indicating an interaction 

between the C–O groups and the nanoparticle surface [50]. Overall, the changes in FTIR intensity 

and peak shifts across the three compositions demonstrate that the addition of CQDs and CNTs 

not only modifies the local chemical structure but also enhances the interactions between 

functional groups within the system. This has the potential to improve mechanical stability, 

hydrogen bonding capacity, and ionic conductivity, rendering the PVA/HCl/Glycerol/CQDs/CNT 

composition a promising candidate for efficient polymer electrolyte membrane applications [51]. 

 

Fig. 4. FTIR spectrum of 3 variations of PVA/HCl/Glycerol electrolyte membrane at 

wavelengths (a) 4000-500 cm-1, (b) 4000-3000 cm-1, (c) 3000-2000 cm-1 and (d) 2000-600 

cm-1 
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 The FTIR spectra also emphasized specific peak behaviors that confirmed enhanced 

intermolecular interactions. The reduction in the intensity of the O–H stretching vibration (~3291 

cm⁻¹) signifies the enhancement of hydrogen bonding interactions between the hydroxyl moieties 

of polyvinyl alcohol (PVA)/glycerol and the surface functional groups of carbon quantum dots 

(CQDs)/carbon nanotubes (CNTs). The persistence of the C–H stretching at ~2940 cm⁻¹ 

demonstrates that the polymer backbone remained stable despite nanoparticle incorporation. 

Meanwhile, the increase in the C=O stretching at ~1650 cm⁻¹ reflects the contribution of carbonyl 

groups from CQDs/CNTs and their integration into the matrix. Finally, the shift and enhancement 

of the C–O stretching near ~1050 cm⁻¹ suggest stronger interactions between the ether/alcohol 

groups and the nanoparticle surfaces. Collectively, the reduction, persistence, and enhancement of 

these peaks provide clear evidence of improved intermolecular interactions within the electrolyte 

membrane. 

3.2. X-ray Diffraction (XRD) 

 
Fig. 5. XRD Chart of 3 variations of PVA/HCl/Glycerol electrolyte membrane 

 

The X-ray diffraction patterns, which serve as crucial analytical representations of the 

structural characteristics inherent in various membrane samples, are depicted in Fig. 5 at a 

multitude of angles of incidence, thereby providing a comprehensive overview of the diffraction 

behavior observed in these specific materials under varying experimental conditions. These 

patterns illustrate the impact of incorporating additives such as Carbon Quantum Dots (CQDs) and 

Carbon Nanotubes (CNTs) on the intensity and morphology of the diffraction peaks, which are 

directly associated with alterations in crystallite size. Calculations employing the Scherrer 

equation [52,53], determined a crystallite size of 11.27 nm for the PVA/HCl/Glycerol membrane. 



Zakky et al. Journal of Fibers and Polymer Composites Vol. 4 No. 2 (2025): 101-120 

 

 114 

In contrast, the crystallite sizes for PVA/HCl/Glycerol/CQDs and 

PVA/HCl/Glycerol/CQDs/CNTs were found to be 9.65 nm and 8.29 nm, respectively. The 

reduction in crystallite size for both variants indicates a disruption in the crystalline structure's 

regularity due to the introduction of nanomaterials [54]. Specifically, the integration of CQDs into 

the PVA matrix inhibited crystallite growth, as evidenced by a reduction in crystallite size of 

approximately 1.6 nm [49]. This effect was further amplified by the addition of CNTs, which 

decreased the crystallite size to 8.29 nm. This reduction suggests that the presence of CNTs within 

the membrane structure enhances the amorphous characteristics and disrupts the molecular 

orientation necessary for crystal growth [55]. Overall, the progressive decrease in crystallite size 

from the baseline sample to the CNT-containing sample indicates that the incorporation of CQDs 

and CNTs effectively modifies the membrane's internal structure, potentially influencing the 

structural stability and ionic conductivity of the material. 

3.3. Electrochemical Impedance Spectroscopy (EIS) 

 

Fig. 6. Ionic Conductivity and Nyquist Plot of 3 Variations of PVA/HCl/Glycerol Electrolyte 

Membrane 

 

Fig. 6 presents the electrode impedance analysis of three variations of electrolyte 

membranes: PHG (PVA/HCl/Glycerol), PHG + CQDs, and PHG + CQDs + CNTs. The Nyquist 

plot indicates that the PHG variation exhibits the highest impedance value, followed by PHG + 

CQDs, while PHG + CQDs + CNTs demonstrates the lowest impedance. The reduction in 

impedance value is inversely proportional to the increase in ionic conductivity, as depicted in Fig. 

4. The PHG membrane recorded a conductivity of approximately 4.98501 mS/cm, which increased 

to 5.51837 mS/cm with the incorporation of CQDs, and further reached 6.35292 mS/cm upon the 
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addition of CNTs. A lower impedance value corresponds to reduced ionic resistance in the 

electrolyte, facilitating faster and more efficient ion transfer [56]. This results in enhanced ionic 

conductivity due to the optimization of the ion migration pathway [57]. The incorporation of CQDs 

derived from rice husk charcoal enhances the internal structure of the membrane, thereby 

expanding the conductive pathway for ions [47]. The integration of CNTs further establishes a 

one-dimensional network that augments charge transport, both ionically and electronically [58]. 

This inverse linear relationship between impedance and conductivity suggests that the combination 

of CQDs and CNT additives not only reduces the internal resistance of the membrane but also 

significantly enhances the efficiency of the aluminium–air battery electrolyte. 

4. Conclusions 

This study focuses on enhancing the ionic conductivity, physical properties, and overall the 

enhancement of the operational efficiency and overall performance characteristics of aluminium–

air battery electrolyte membranes can be significantly achieved through the innovative integration 

of carbon quantum dots (CQDs) that are meticulously derived from the pyrolysis of rice husk 

charcoal, in conjunction with the utilization of carbon nanotubes (CNTs), which are renowned for 

their remarkable electrical conductivity and mechanical strength. Three electrolyte membrane 

variations were prepared: a base solution of PVA/HCl/glycerol, a base solution with CQDs, and a 

base solution with both CQDs and CNTs. FTIR analysis showed that the addition of CQDs and 

CNTs enhanced the intermolecular interactions within the composite polymer network. The XRD 

patterns revealed a progressive decrease in the crystallite size with the incorporation of CQDs and 

CNTs, indicating a disruption in the regularity of the crystalline structure. Electrochemical 

impedance spectroscopy demonstrated that the addition of CQDs and CNTs significantly reduced 

the impedance value and increased the ionic conductivity, with the PHG + CQDs + CNTs 

membrane exhibiting the highest conductivity at 6.35292 mS/cm. 

The nanofiber architecture can support ion transport, increase electrolyte uptake, and 

contribute to safety and thermal stability, as reported in previous studies. This study highlights the 

potential of using renewable resources, such as rice husk charcoal, to develop cost-effective and 

environmentally sustainable solutions for high-performance aluminium–air batteries. 

Nevertheless, this study did not include a direct evaluation of the mechanical strength of the 

membranes, which remains an important parameter for long-term stability. Therefore, future 

studies should focus on tensile and elongation testing to quantitatively assess the mechanical 

properties of the developed membranes. Subsequent and more comprehensive investigations are 

necessitated to thoroughly tackle and resolve the multifaceted challenges associated with the 

process of scaling up aluminium–air battery systems; these challenges encompass critical aspects 
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such as the stability of the electrodes over prolonged use, the long-term durability and performance 

of the electrolyte under various operating conditions, and the effective integration of these systems 

into practical and commercially viable device architectures that can be utilized in real-world 

applications. Addressing these obstacles is pivotal for the progression of aluminium–air 

technology towards practical implementations in extensive energy storage solutions and mobile 

power systems. 
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