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Abstract 
This study reports the fabrication and characterization of aluminum-function-
alized graphene oxide (GO–Al) composite membranes for solid polymer elec-
trolyte applications. The aim of this work is to investigate how aluminum func-
tionalization modifies the interlayer structure of graphene oxide membranes 

and influences ion transport behavior. Graphene oxide was synthesized via the 
Tour method and functionalized with Al³⁺ ions derived from AlCl₃ at different 
loadings of 3.52, 14.68, and 25.93 wt%. Intercalation of trivalent aluminum 
ions induced an expansion of the GO interlayer spacing from 0.8125 to 0.8278 
nm and promoted the conversion of epoxy (C–O–C) groups into hydroxyl (C–
OH) and carboxyl (C–OOH) groups through the formation of stable Al–O–C co-
ordination bonds. These structural modifications enhanced membrane hydro-
philicity, structural stability, and ion transport capability. Raman spectros-
copy revealed increased structural disorder, while thermogravimetric analysis 
indicated improved thermal stability with reduced total weight loss. Electro-
chemical impedance spectroscopy demonstrated a significant enhancement in 

ionic conductivity from 0.282 to 0.553 S·m⁻¹, attributed to Grotthuss-type ion 
hopping through hydrated transport pathways. Among the investigated com-
positions, the GO–Al 25.93% membrane exhibited the most favorable balance 
between interlayer expansion, defect structure, and ionic transport perfor-
mance, highlighting its potential as a solid polymer electrolyte. 
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Key findings 
 Aluminum functionalization expanded the GO interlayer spacing and formed stable Al–

O–C coordination bonds, resulting in enhanced structural integrity and hydrophilicity. 

 Thermal stability was significantly improved, with total weight loss decreasing from 
70.05% for pristine GO to 56.33% for the GO–Al 25.93% membrane. 

 Ionic conductivity increased from 0.282 to 0.553 S·m⁻¹, which is attributed to Grotthuss-
type ion hopping through hydrated transport channels. 
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1. Introduction 

The extensive use of fossil fuels for power generation has 

caused significant environmental damage, and due to their 

non-renewable nature, the development of sustainable en-

ergy sources has become increasingly urgent [1]. Renewable 

energy sources such as wind, nuclear, and solar energy were 

developed in response to environmental concerns and the de-

pletion of fossil fuel reserves [2]. Despite their advantages, 

these energy sources are inherently intermittent and cannot 

provide a continuous power supply. Consequently, substan-

tial research efforts have focused on developing energy stor-

age systems to address this intermittency. Among various op-

tions, batteries represent an effective solution, as they store 

chemical energy and convert it into electrical energy when 

required [3]. 

Traditional rechargeable batteries, including nickel–cad-

mium, lead–acid, and nickel–metal hydride batteries, com-

monly employ aqueous electrolytes [4]. However, these sys-

tems generally exhibit low energy density and relatively high 

weight. The development of lithium-ion batteries in the 

1980s, followed by their commercialization in 1991, marked 

a major advancement in energy storage technology [5]. Lith-

ium-ion batteries offer advantages such as low redox poten-

tial and small ionic radius [6]. Nevertheless, modern lithium-

ion batteries remain limited in terms of long cycle life and 

high energy performance for portable electronics and elec-

tric vehicles [7]. Safety concerns related to liquid electrolytes 

have emerged due to several reported failure incidents [8]. 

The development of safer electrolytes with high thermal and 

chemical stability, along with strong ionic conductivity, is 

crucial for next-generation lithium battery technologies. 

Solid polymer electrolytes (SPE) present a promising al-

ternative owing to their solid-state nature, which enhances 

battery safety and enables efficient lithium-ion transport [9]. 

Numerous studies have investigated polymers such as 

poly(ethylene oxide) (PEO), poly(vinyl alcohol) (PVA), and 

poly(vinylidene fluoride) (PVDF) as SPE materials. PEO ex-

hibits excellent ion solvation capability but suffers from high 

crystallinity at room temperature, which limits ion mobility 

[10]. PVA offers good mechanical properties but strong hy-

drogen bonding restricts ionic conductivity [11]. PVDF pro-

vides superior electrochemical stability, yet its rigidity re-

duces polymer chain mobility [12]. 

Graphene oxide (GO) has emerged as a promising solid-

state electrolyte matrix due to its unique two-dimensional 

layered structure and large surface area. GO contains abun-

dant oxygen-containing functional groups, such as hydroxyl, 

epoxy, and carboxyl groups [13]. These functional moieties 

enable ion coordination and migration through interlayer 

channels providing continuous ionic pathways within the la-

mellar framework [14]. The coexistence of 𝑠𝑝² carbon do-

mains and oxygenated sites provides both mechanical integ-

rity and ionic functionality, supporting stable ion transport 

under solid-state conditions [14]. Recent studies have 

demonstrated that tailored modification of GO can signifi-

cantly improve functional performance, including enhanced 

ionic transport, increased surface charge density, and tuna-

ble defect structures, resulting in improved conductivity 

[15].  

Structural optimization of GO has also been shown to en-

hance mechanical and electrical properties, including im-

proved mechanical stability and more efficient ionic path-

ways relevant to energy storage and electrolyte applications 

[16].  Interlayer spacing is a critical structural parameter in 

GO that can be tuned through chemical modification or inter-

calation, enabling precise control of ion mobility and charge 

transfer across the layered framework [17,18]. Numerous 

studies have reported that functionalized GO derivatives ex-

hibit enhanced ionic conductivity and improved stability, at-

tributed to the formation of efficient ion-conducting net-

works and strengthened coordination environments com-

pared to unmodified GO [19,20]. These improvements are of-

ten accompanied by enhanced mechanical strength, reduced 

swelling behavior, and improved thermal stability, which are 

essential for reliable performance in solid electrolyte appli-

cations [21]. 

Despite its excellent ionic transport capability and me-

chanical strength, the practical application of GO as a solid-

state electrolyte remains limited by intrinsic instability. Ox-

ygen-containing functional groups in GO are thermally and 

chemically labile, leading to partial degradation and deoxy-

genation at elevated temperatures [22]. This degradation 

weakens intersheet interactions and compromises the struc-

tural integrity of GO membranes [23]. The strong hydro-

philicity of GO can cause excessive swelling and exfoliation 

under humid conditions, negatively affecting long-term sta-

bility [17] 

Crosslinking has been developed as an effective strategy 

to reinforce the GO structure and stabilize functional groups 

through coordination bonding between adjacent layers. The 

incorporation of multivalent metal cations, including Na⁺, 

Ca²⁺, Mg²⁺, Fe³⁺, and Al³⁺, has been reported to improve the 

water stability, ion selectivity, and mechanical strength of 

GO membranes [24]. These multivalent cations interact with 

GO sheets via coordination with oxygen functional groups, 

electrostatic attraction to negatively charged sites, and cat-

ion–π interactions with sp²-conjugated carbon domains [25]. 

Such crosslinking enhances the chemical and thermal re-

sistance of GO, thereby preventing structural degradation 

during membrane operation. 

Aluminum-containing metal oxide–graphene composites 

have been reported to exhibit improved charge transport 

characteristics, structural robustness, and interfacial con-

ductivity due to synergistic interactions between metal oxide 

active sites and the conductive graphene framework [25,26]. 

Structural modification and metal-assisted functionalization 

of graphene oxide-based materials can markedly enhance 

stability and charge transport behavior. The integration of 

metal or metal-oxide components into graphene-based 
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frameworks has been reported to improve interfacial con-

ductivity, suppress structural degradation, and enhance elec-

trochemical durability through strengthened interlayer in-

teractions and defect regulation [27]. Aluminum-containing 

graphene composites exhibit improved charge transport 

pathways and structural robustness due to synergistic inter-

actions between metal-derived active sites and the conduc-

tive graphene network. 

Robertson et al. reported the modification of graphene 

oxide sheets by introducing Al³⁺ ions from Al₂O₃, AlCl₃, or 

aluminum foil into acidic GO suspensions prior to membrane 

self-assembly [28]. Al₂O₃ does not readily react with water 

to release Al³⁺ ions, and residual alumina particles can dis-

rupt the lamellar structure, thereby reducing membrane sta-

bility. In contrast, AlCl₃ readily hydrolyzes in aqueous envi-

ronments to generate Al³⁺ ions, which promote effective 

crosslinking between GO sheets and enhance mechanical sta-

bility in aqueous conditions. Accordingly, AlCl₃ was selected 

as the multivalent metal source in this study. 

Therefore, this study aims to investigate the effect of alu-

minum functionalization on the interlayer structure of gra-

phene oxide membranes and to elucidate the relationship be-

tween structural modification and ion transport behavior. 

The ionic conductivity of GO–Al composite membranes is sys-

tematically evaluated to identify the optimal aluminum con-

tent for solid polymer electrolyte applications. 

2. Material and Methods 

2.1. Materials 

For the fabrication of graphene oxide (GO), expanded graphite 

(99%, Ito Graphite Co., Ltd., Japan), potassium permanganate 

(𝐾𝑀𝑛𝑂₄), sulfuric acid (𝐻₂𝑆𝑂₄, 98%), phosphoric acid (H₃PO₄, 

85%), hydrogen peroxide (𝐻₂𝑂₂, 30%), hydrochloric acid 

(𝐻𝐶𝑙, 37%), and distilled water were used. Aluminum chloride 

(𝐴𝑙𝐶𝑙₃, Merck) was used as the source of Al³⁺ ions. All chemi-

cals were of analytical grade and were used without further 

purification. 

The equipment employed for membrane preparation in-

cluded an oil bath, magnetic stirrer, centrifuge, ultrasonicator, 

vacuum filtration apparatus, and membrane filters with pore 

sizes of 0.4 µm and 180 µm. 

2.2. Synthesis of Graphene Oxide 

Graphene oxide was synthesized using a modified Tour 

method, as illustrated in Figure 1 and described in a previous 

study [26]. Briefly, 3 g of expanded graphite was mixed with 

18 g of 𝐾𝑀𝑛𝑂₄, followed by the gradual addition of 360 mL of 

𝐻₂𝑆𝑂₄ and 40 mL of 𝐻₃𝑃𝑂₄. The mixture was stirred at 50 °𝐶 

for 12 h to promote oxidation.  

After cooling to room temperature, the reaction mixture 

was poured onto 400 mL of ice containing 6 mL of 𝐻₂𝑂₂ until 

a bright yellow color appeared, indicating complete oxidation. 

The resulting suspension was washed three times with dis-

tilled water by centrifugation at 4000 rpm for 20–30 min until 

neutral pH was achieved. The final product was ultrasonicated 

for 5 h to obtain well-exfoliated graphene oxide (GO) sheets. 

 
Figure 1 Schematic illustration of the synthesis of graphene oxide 

via the Tour’s method.  

 

 
Figure 2 Schematic illustration of the preparation of the GO–

Aluminum composite membrane. 

2.3. Fabrication of GO-Aluminum Membrane 

GO–Al composite membranes were prepared by incorporat-

ing Al³⁺ cations at different loadings of 3.52 wt% (GO–Al 

3.52%), 14.68 wt% (GO–Al 14.68%), and 25.93 wt% (GO–

Al 25.93%). For GO–Al 3.52%, 9.9 mg of GO was mixed with 

0.36 mg of AlCl₃. For GO–Al 14.68% and GO–Al 25.93%, 6.7 

mg of GO was mixed with 1.16 mg and 2.36 mg of AlCl₃, re-

spectively. A schematic illustration of the GO–Al composite 

membrane preparation process is presented in Figure 2. 

 Each mixture was ultrasonicated to ensure homogene-

ous dispersion and then poured onto a stacked membrane 

filtration system consisting of 180 µm and 0.4 µm filters. 

Vacuum filtration was carried out at room temperature un-

der atmospheric pressure, and the resulting membranes 

were dried under ambient conditions prior to characteriza-

tion. 

2.4. Characterization of GO-Aluminum Membrane 

Various analytical techniques were employed to character-

ize the structural, thermal, and electrochemical properties 

of the GO and GO–Al composite membranes. X-ray diffrac-

tion (XRD, PANalytical X’Pert PRO) was used to analyze the 

crystal structure and interlayer spacing over a 2θ range of 

0°–90°. Thermogravimetric analysis (TGA, Mettler Toledo 

TGA/DSC) was performed under an inert atmosphere from 

0 to 600 °C to evaluate thermal stability and decomposition 

behavior. Structural disorder and defect density were ana-

lyzed using Raman spectroscopy (Horiba LabRAM HR Evo-

lution) with a 532 nm excitation laser over a Raman shift 
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range of 0 − 3000 𝑐𝑚−1. Fourier-transform infrared spec-

troscopy (FTIR, Thermo Scientific Nicolet iS10) was used to 

identify functional groups in the range of 1000–4000 cm⁻¹. 

Ionic conductivity and charge transfer resistance were 

measured using electrochemical impedance spectroscopy 

(EIS, Corrtest CS350 Potentiostat/Galvanostat) with a low-

amplitude AC signal at room temperature (~300 K) over a 

frequency range of 0.1–100,000 Hz. 

3. Result and Discussion 

3.1. Graphene Oxide Interlayer 

Figure 3 presents the X-ray diffraction (XRD) patterns of 

graphene oxide (GO) and aluminum-functionalized gra-

phene oxide (GO–Al) composite membranes. The pristine 

GO sample exhibits a distinct diffraction peak at 2θ = 

10.88°, corresponding to the (001) reflection plane, which 

is characteristic of oxidized graphene oxide [29]. This peak 

represents the regular stacking of oxidized graphene layers. 

The interlayer spacing (d) was calculated using Bragg’s law, 

expressed as follows: 

𝑛𝜆 =  2𝑑 sin θ                                   (1) 

where 𝑛 is the diffraction order, 𝜆 is the X-ray wavelength, 

d is the interplanar spacing, and θ is the Bragg diffraction 

angle.  

The calculated d-spacing value of 0.8125 nm for pristine 

GO is consistent with previous reports [30] and is at-

tributed to the presence of oxygen-containing functional 

groups, such as hydroxyl (–OH), carboxyl (–COOH), and 

epoxy (C–O–C) groups. These functional groups expand the 

interlayer distance relative to pristine graphite, indicating 

successful oxidation and exfoliation of graphite into gra-

phene oxide sheets. 

Following aluminum functionalization, the (001) dif-

fraction peak systematically shifted toward lower diffrac-

tion angles, with the corresponding peak positions and cal-

culated interlayer spacings summarized in Table 1. The 2θ 

values for GO–Al 3.52%, GO–Al 14.68%, and GO–Al 25.93% 

were observed at 10.81°, 10.70°, and 10.68°, respectively. 

Correspondingly, the calculated interlayer spacing in-

creased progressively from 0.8181 nm (pristine GO) to 

0.8278 nm, representing interlayer expansions of approxi-

mately 0.68%, 1.73%, and 1.88%. The shift of the diffrac-

tion peak toward lower angles indicates an increase in in-

terlayer spacing due to the intercalation of trivalent alumi-

num ions between adjacent GO sheets. 

These XRD features indicate aluminum-induced struc-

tural rearrangement within the graphene oxide framework. 

In aluminum-functionalized GO membranes, similar XRD 

features have been reported to correlate with distinct mor-

phological characteristics observed by SEM, including en-

larged lamellar spacing, wrinkled sheet morphology, and 

improved layer organization [31]. SEM–EDS analyses in re-

lated GO–metal systems have demonstrated a homogeneous 

distribution of multivalent cations throughout the graphene 

oxide matrix, supporting the interpretation that interlayer 

expansion detected by XRD originates from metal interca-

lation rather than simple physical adsorption [32].  

 
Figure 3 XRD patterns of GO and GO–Al composite membranes. 

 
Figure 4 FTIR spectra of GO and GO–Al composite membranes. 

Table 1 XRD peak position, interlayer spacing, and spacing expan-

sion of GO and GO–Al samples. 

Sample 2θ (°) d-Spacing 

(nm) 

d-Spacing Ex-

pansion (%) 

GO 10.88 0.8125 0 

GO-Al 3.52% 10.81 0.8181 0.68 

GO-Al 14.68% 10.70 0.8266 1.73 

GO-Al 25.93% 10.68 0.8278 1.88 

 

Accordingly, the present XRD results are consistent with 

previously reported SEM–EDS observations for metal-

crosslinked graphene oxide systems, indicating aluminum 

incorporation and structural modification in the GO mem-

branes. 

Al³⁺ ions, acting as Lewis acids, strongly interact with 

oxygen-containing functional groups on the GO basal 

planes, particularly hydroxyl (C–OH) and epoxy (C–O–C) 

groups, leading to the formation of Al–O–C coordination 

bonds. This coordination interaction partially disrupts the 

van der Waals-driven stacking of GO sheets, resulting in ex-

panded interlayer galleries. The increase in interlayer spac-

ing weakens the π–π interactions between adjacent GO lay-

ers by introducing new ionic and coordination interactions 
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with surface oxygen functionalities. These structural modi-

fications enhance the polarity and hydrophilicity of the GO 

layers, enabling the interlamellar galleries to accommodate 

hydrated cations and facilitating ion transport through the 

membrane. FTIR analysis further confirms that Al³⁺ coordi-

nation induces partial conversion of epoxy groups into hy-

droxyl groups, contributing to increased structural flexibil-

ity and improved bidirectional cation mobility. 

Moreover, the broadening and reduced intensity of the 

diffraction peaks observed in GO–Al composites, compared 

to pristine GO, indicate a decrease in long-range crystalline 

order and an increase in structural disorder induced by alu-

minum intercalation. This disruption of periodic stacking is 

associated with partial exfoliation of GO sheets and non-

uniform aluminum coordination on the basal planes. Alt-

hough crystallinity is reduced, the presence of defect-rich 

regions provides additional pathways for rapid ion 

transport, thereby enhancing the ionic conductivity of the 

composite membranes. 

3.2. Functional Group Analysis 

Fourier transform infrared (FTIR) spectroscopy was em-

ployed to investigate the evolution of functional groups in 

GO and GO–Al composite membranes, as illustrated in Fig-

ure 5. The FTIR spectrum of pristine GO exhibits several 

characteristic absorption bands associated with oxygen-

containing functional groups, confirming the successful ox-

idation of graphite. The broad and intense band observed in 

the 3000–3700 cm⁻¹ region corresponds to O–H stretching 

vibrations arising from both intercalated water molecules 

and surface hydroxyl groups. The characteristic absorption 

peak at 1725 cm⁻¹ is attributed to the stretching vibration 

of carbonyl (C=O) groups in carboxylic acid and carbonyl 

moieties, while the shoulder at approximately 1620 cm⁻¹ is 

associated with C=C stretching within sp²-hybridized car-

bon domains. Additional absorption bands at 1165 cm⁻¹ and 

1040 cm⁻¹ are characteristic of oxidized graphene struc-

tures and are assigned to carboxyl (O–C=O) and epoxy (C–

O–C) groups, respectively. 

Upon aluminum functionalization, noticeable changes in 

the FTIR spectra were observed. The intensities of hydroxyl 

and carboxyl-related absorption bands increased for the 

GO–Al 3.52%, GO–Al 14.68%, and GO–Al 25.93% mem-

branes, while the epoxy (C–O–C) peak at approximately 

1040 cm⁻¹ gradually decreased. In addition, a new shoulder 

band appeared around 1250 cm⁻¹, which is attributed to the 

stretching vibration of C–OH groups in alkoxide species. 

These spectral changes indicate that Al³⁺ coordination in-

duces partial transformation of epoxy functional groups 

into hydroxyl (C–OH) and carboxyl (C–OOH) groups. 

Aluminum ions, acting as Lewis acids, preferentially co-

ordinate with oxygen atoms in hydroxyl and carboxyl 

groups, forming Al–O–C and Al–O–H bonds. This coordina-

tion increases the polarity of the functional groups and en-

hances the hydrophilicity of the GO surface. The strength-

ened O–H and C–O bonds promote hydrogen bonding and 

improve water retention within the membrane. Since water 

molecules serve as the transport medium for hydrated cat-

ions, these structural modifications facilitate ionic diffu-

sion and enhance ionic conductivity in the composite mem-

branes. The observed decrease in epoxy-related absorption 

is consistent with previous XPS studies [33], which re-

ported a reduction in C–O–C functionalities accompanied by 

an increase in hydroxyl and carboxyl groups upon alumi-

num incorporation. Overall, these structural changes con-

tribute to a more robust GO–Al framework with an in-

creased density of ionically active sites. 

3.3. Structural Disorder and Defect Analysis 

Raman spectroscopy was employed to analyze the structural 

disorder, defect density, and layer characteristics of GO and GO–

Al composite membranes, as shown in Figure 6. The Raman 

spectra of all samples exhibit two prominent peaks, such as the 

D band at approximately 1350 𝑐𝑚⁻¹ and the G band at around 

1580 𝑐𝑚⁻¹. The D band originates from the breathing mode of 

𝑠𝑝² carbon rings and is associated with structural defects and 

disorder in the graphene lattice. In contrast, the G band arises 

from the in-plane stretching vibration of 𝑠𝑝² −hybridized car-

bon–carbon (C=C) bonds within graphitic domains. A less in-

tense feature observed at approximately 2700 𝑐𝑚⁻¹ corresponds 

to the 2D band, which provides information on the number of 

graphene layers and their stacking order. 

 

 
Figure 5 Raman spectra of GO and GO–Al composite membranes. 

 
Figure 6 Thermogravimetric analysis (TGA) curves of GO and GO–

Al composite membranes.
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Table 2 Raman band positions and intensity ratios of GO and GO–

Al composite membranes. 

Sample 

Type 

D-band 

(cm⁻¹) 

G-band 

(cm⁻¹) 

2D-

band 
(cm⁻¹) 

𝑰𝑫/𝑰𝑮 𝑰𝑮/𝑰𝟐𝑫 

GO 1353.39 1585.472 2691.27 0.976 1.834 

GO-Al 

3.52% 

1330 1594.962 2096.8 0.912 2.841 

GO-Al 
14.68% 

1342.85 1369.876 2124.63 0.959 2.7 

GO-Al 

25.93% 

1363.54 1513.568 2110.46 0.985 1.719 

 

The positions and intensity ratios of the characteristic Ra-

man bands are summarized in Table 2. Pristine GO exhibits D-

, G-, and 2D-band positions at 1353.4, 1585.5, and 2691.3 cm⁻¹, 

respectively, with an 𝐼𝐷/𝐼𝐺 ratio of 0.976, indicating a moder-

ate degree of structural disorder typical of oxidized graphene. 

Upon aluminum functionalization, slight shifts in the D- and 

G-band positions were observed, accompanied by changes in 

the 𝐼𝐷/𝐼𝐺 ratio. The 𝐼𝐷/𝐼𝐺values for GO–Al 3.52%, GO–Al 

14.68%, and GO–Al 25.93% were 0.912, 0.959, and 0.985, re-

spectively. The gradual increase in the 𝐼𝐷/𝐼𝐺  ratio suggests a 

modest increase in defect density with increasing aluminum 

content. 

The coordination of aluminum ions with oxygen-contain-

ing functional groups partially disrupts the 𝑠𝑝² conjugated net-

work of the GO lattice, leading to the formation of additional 

defect sites. The presence of Al–O–C and Al–O–H linkages, as 

confirmed by FTIR analysis, introduces localized strain and va-

cancy-type defects that increase the density of active sites for 

ion adsorption and transport. The moderate increase in the 

𝐼𝐷/𝐼𝐺 ratio observed for the GO–Al 25.93% sample indicates an 

optimal balance between defect generation and preservation 

of graphitic domains, which is beneficial for maintaining elec-

tronic continuity while enhancing ionic accessibility. 

The 𝐼𝐺/𝐼2𝐷 ratio provides further insight into the layer 

structure of the membranes. Pristine GO exhibits an 𝐼𝐺/𝐼2𝐷 

value of 1.834, indicating a few-layer graphene structure. This 

ratio increased to 2.841 for GO–Al 3.52% and 2.700 for GO–Al 

14.68%, suggesting the formation of thicker and more multi-

layered structures due to aluminum-induced interlayer cross-

linking. In contrast, the 𝐼𝐺/𝐼2𝐷 ratio decreased to 1.719 for the 

GO–Al 25.93% membrane, indicating partial exfoliation or im-

proved dispersion of GO sheets. This observation is consistent 

with the XRD results showing increased interlayer spacing. 

The Raman analysis demonstrates that aluminum functionali-

zation induces controlled structural disorder and modifies the 

stacking order of GO layers. The increased defect density facil-

itates ion transport by providing additional migration path-

ways, while the partial preservation of sp² domains ensures 

sufficient electronic connectivity within the membrane. 

3.4. Thermal Stability  

Thermogravimetric analysis (TGA) was employed to evalu-

ate the thermal stability of GO and GO–Al composite mem-

branes over a temperature range of 25–600 °C, as shown in 

Figure 4. The TGA curve of pristine GO exhibits three dis-

tinct weight-loss regions, each corresponding to the re-

moval of different structural components. The initial mass 

loss observed below 100 °C is attributed to the evaporation 

of physically adsorbed and interlayer water molecules. In 

this region, pristine GO exhibits a weight loss of 29.32%, 

reflecting its strong hydrophilicity and high content of oxy-

gen-containing functional groups. 

In contrast, the Al-functionalized GO composites exhibit 

lower mass losses in the same temperature range, with val-

ues of 13.10% for GO–Al 3.52%, 18.88% for GO–Al 14.68%, 

and 12.24% for GO–Al 25.93%. The reduced water loss in-

dicates that aluminum functionalization strengthens the in-

teractions between hydroxyl (–OH) groups and intercalated 

water molecules. These interactions decrease water volatil-

ity and suggest the formation of a more compact and cross-

linked structure through Al–O coordination. The second de-

composition region, occurring between 100 and 360 °C, 

corresponds to the removal of labile oxygen-containing 

functional groups and partial oxidative pyrolysis of the car-

bon framework. In this region, weight losses of 60.28% 

(GO), 32.04% (GO–Al 3.52%), 44.90% (GO–Al 14.68%), 

and 46.12% (GO–Al 25.93%) were observed. The signifi-

cantly reduced mass loss in the GO–Al composites demon-

strates that aluminum functionalization suppresses the 

thermal degradation of oxygenated moieties by forming 

thermally stable Al–O–C linkages. 

The third decomposition stage, observed at tempera-

tures above 360 °C, is associated with the oxidative com-

bustion of the remaining carbon framework. In this region, 

the total weight losses were 70.05% for GO, 43.20% for 

GO–Al 3.52%, 55.46% for GO–Al 14.68%, and 56.33% for 

GO–Al 25.93%. Among the samples, the GO–Al 25.93% 

membrane exhibited the highest thermal resistance, as in-

dicated by its higher residual mass and lower degradation 

rate. Aluminum functionalization enhances the thermal sta-

bility of GO membranes by strengthening interlayer bond-

ing and preventing the decomposition of oxygen-containing 

functional groups. The formation of stable Al–O–C coordi-

nation networks contributes to improved structural robust-

ness of the composite membranes at elevated temperatures. 

3.5. Ionic Conductivity 

Electrochemical impedance spectroscopy (EIS) was em-

ployed to evaluate the ionic conductivity behavior of GO and 

GO–Al composite membranes. The Nyquist plots presented 

in Figure 7 illustrate the impedance response of the samples 

along with the equivalent circuit model used for data fit-

ting. The high-frequency intercept on the real axis repre-

sents the membrane resistance (𝑅ₛ), while the semicircular 

region corresponds to the charge-transfer resistance (𝑅𝑐𝑡) 

at the electrode–electrolyte interface. The inclined line ob-

served at lower frequencies is associated with the Warburg 

element (𝑊ₒ), indicating ion diffusion through the mem-

brane. 
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Figure 7 Nyquist plots of GO and GO–Al composite membrane. 

The extracted electrical parameters revealed 𝑅ₛ values 

of 223.7 Ω for GO, 280 Ω for GO–Al 3.52%, 300 Ω for GO–Al 

14.68%, and 320 Ω for GO–Al 25.93%. The gradual increase 

in Rₛ  with aluminum addition can be attributed to the 

denser membrane structure and enhanced interfacial bond-

ing resulting from aluminum coordination. Despite the in-

crease in bulk resistance, the presence of 𝐴𝑙³⁺ ions enhances 

ionic transport by introducing additional hydrophilic and 

polar functional sites, which compensates for the higher Rₛ  

values. 

Pristine GO exhibited a high charge-transfer resistance 

(𝑅𝑐𝑡) of 1.28 × 10⁶ Ω, indicating poor interfacial charge-

transfer capability. Upon aluminum functionalization, the 

R_ct values decreased markedly to 5.26 × 10⁴ Ω for GO–Al 

3.52% and 6.27 × 10⁴ Ω for GO–Al 14.68%, suggesting im-

proved interfacial ion transport and an increased density of 

charge carriers. However, at the highest aluminum loading, 

the R_ct value increased significantly to 1.43 × 10⁶ Ω. This 

increase is likely associated with excessive aluminum in-

corporation, which may induce partial agglomeration or 

pore blockage, thereby restricting ion transport pathways. 

The Warburg impedance (𝑊ₒ), which reflects diffusion-

controlled processes, exhibited negligible variation among 

the GO–Al samples, indicating that ion diffusion is predom-

inantly governed by the structural arrangement of GO lay-

ers rather than bulk diffusion limitations. The ionic conduc-

tivity (σ) was calculated using the following equation: 

𝜎 =
𝐿

𝑅𝑠𝐴
                                            (2) 

Here, L is the membrane thickness (cm), A is the electrode 

area (cm²), and Rₛ is the membrane resistance (Ω). 

The calculated ionic conductivity values were 

0.282 S·m⁻¹ for GO, 0.287 S·m⁻¹ for GO–Al 3.52%, 

0.397 S·m⁻¹ for GO–Al 14.68%, and 0.553 S·m⁻¹ for GO–Al 

25.93%. These results demonstrate that aluminum func-

tionalization significantly enhances the ionic conductivity 

of GO-based membranes. The improvement is attributed to 

the increased presence of hydrophilic and polar oxygen-

containing functional groups (C–OH, C–OOH, and Al–O–C) 

introduced through Al³⁺ coordination, which facilitates ion 

hopping and water-assisted ionic conduction mechanisms. 

3.6. Ion Transport Mechanism  

The schematic illustration in Figure 8 compares the ion 

transport behavior in (A) pristine GO and (B) Al³⁺-modified 

GO composite membranes. In pristine GO, the presence of 

abundant oxygen-containing functional groups, such as hy-

droxyl, carboxyl, and epoxy moieties, provides limited po-

lar sites for cation transport. However, the relatively nar-

row interlayer spacing and the predominance of epoxy (C–

O–C) linkages restrict the migration of hydrated ions 

through the membrane. As a result, ion transport primarily 

occurs via surface diffusion along the basal planes, leading 

to comparatively low ionic conductivity. 

Upon aluminum functionalization, significant structural 

and chemical modifications occur within the GO frame-

work. Al³⁺ ions coordinate with oxygen atoms in hydroxyl 

and carboxyl groups, promoting the conversion of epoxy 

(C–O–C) functionalities into alkoxide (C–OH) and carboxyl 

(C–OOH) species. This chemical transformation increases 

the density of hydrophilic sites and expands the interlayer 

spacing, thereby enhancing water molecule adsorption 

within the interlayer galleries. 

 
Figure 8 Schematic illustration of ion transport behavior in (A) pristine GO membrane and (B) Al³⁺ modified GO composite. 
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The increased presence of water molecules enables ion 

migration through a Grotthuss-type hopping mechanism, in 

which charge is transported via successive breaking and re-

forming of hydrogen bonds between adjacent water mole-

cules [34]. The GO–Al 25.93% membrane exhibits a higher 

concentration of C–OH groups and larger interlayer spac-

ing, resulting in more continuous and well-hydrated 

transport pathways. Consequently, ionic diffusion is signif-

icantly enhanced, leading to higher ionic conductivity com-

pared to pristine GO. 

This proposed mechanism is consistent with the EIS re-

sults, which show an increase in ionic conductivity from 

0.282 S·m⁻¹ for GO to 0.553 S·m⁻¹ for the GO–Al 25.93% 

membrane. Coordinated Al³⁺ ions act as crosslinking cen-

ters that stabilize the GO layers while maintaining flexible 

and hydrophilic transport channels. The combined effects 

of interlayer expansion, chemical coordination, and hydro-

gen-bond-mediated ion hopping collectively contribute to 

the enhanced ionic mobility observed in the GO–Al compo-

site membranes. 

4. Limitations 

This study has several experimental limitations that should 

be acknowledged. The use of aluminum chloride as the alu-

minum source may result in residual chloride species re-

maining within the GO–Al composite membranes, which 

could influence the long-term electrochemical stability and 

durability of the membranes. Although the GO–Al 25.93% 

membrane exhibited the most favorable performance, 

higher aluminum content may lead to non-uniform ion dis-

persion and partial agglomeration. Such effects could lo-

cally weaken the structural homogeneity of the membrane 

and influence its overall mechanical integrity. The electro-

chemical characterization in this study was conducted 

without repeated measurements; therefore, data repeata-

bility and statistical variations, such as standard deviation 

values, were not evaluated. Consequently, the reported 

ionic conductivity values represent representative meas-

urements under the applied experimental conditions. 

5. Conclusions 

This study demonstrates that aluminum functionalization 

effectively modifies the interlayer structure of graphene 

oxide membranes and enhances their ion transport behav-

ior. The incorporation of Al³⁺ ions induces interlayer expan-

sion and coordination with oxygen-containing functional 

groups, leading to increased hydrophilicity and structural 

rearrangement within the GO framework. Structural and 

thermal analyses confirm that aluminum coordination in-

creases defect density while improving thermal stability, 

indicating successful crosslinking between adjacent GO 

sheets. Electrochemical impedance spectroscopy further re-

veals a significant enhancement in ionic conductivity, 

which is attributed to aluminum-induced interlayer expan-

sion and the formation of hydrated ion transport pathways 

governed by a Grotthuss-type hopping mechanism. Among 

the investigated compositions, the GO–Al 25.93% mem-

brane exhibits the most favorable balance between struc-

tural modification and ion transport performance, high-

lighting its potential as a solid polymer electrolyte material 

for energy storage applications. 
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