
JURNAL NASIONAL TEKNIK ELEKTRO - VOL. 15 NO. 1 (MARCH 2026) 

 

 
Available online at : http://jnte.ft.unand.ac.id/ 

Jurnal Nasional Teknik Elektro 
|    ISSN (Print) 2302-2949    |    ISSN (Online) 2407-7267    |  

 

 

https://doi.org/10.25077/jnte.v15n1.1555.2026  Attribution-NonCommercial 4.0 International. Some rights reserved 

Effect of MXene Loading on the Structure and Electrochemical Performance of 

Biodegradable PVA/ZnO/MXene/CNC Composite Films 

Rudy Fernandez1,2, Hairul Abral*2, Ikhwana Elfitri1, Syukri Yunus1 

1 Departemen Teknik Elektro,Universitas Andalas, Indonesia 
2 Departemen Teknik Mesin, Universitas Andalas, Indonesia 

 

 

 

ARTICLE INFORMATION  A B S T R A C T  

 

Received: February 28, 2026 

Revised: March 24, 2026 

Accepted: March, 26, 2026 

Available online: March 29, 2026 

 

The growing demand for sustainable materials for flexible electronics and 

energy storage applications has driven the development of biodegradable 

composite films with enhanced electrochemical functionality. This study 

systematically investigates the effect of MXene loading on the structure, 

morphology, and electrochemical performance of biodegradable 

PVA/ZnO/MXene/CNC composite films fabricated by aqueous solution 

casting. The main contribution of this work is the explicit establishment of a 

relationship between loading, structure, and electrochemical performance for 

this multicomponent biodegradable film system under controlled processing 

conditions. Films containing 20%, 25%, and 30% MXene were prepared with 

constant ZnO and CNC contents and characterized by X-ray diffraction (XRD), 

field-emission scanning electron microscopy (FESEM), and cyclic voltammetry 

in 1 M KOH. The crystallinity increased from 20.06% to 27.58% and 44.74% 

with increasing MXene loading, while FESEM revealed progressively more 

homogeneous morphology and improved filler dispersion. These structural 

changes were accompanied by a marked enhancement in electrochemical 

response, with current density increasing from 425.18 to 876.71 and 1480.25 

A/m², and specific capacitance rising from 0.921966 to 1.682536 and 2.860035 

F/g for 20%, 25%, and 30% MXene, respectively. The 30% MXene film 

exhibited the best overall performance, indicating that higher MXene loading 

within the investigated range promotes more continuous conductive pathways 

and greater electroactive surface accessibility. These findings provide useful 

insight for designing biodegradable composite films for sustainable flexible 

energy-storage applications. 
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INTRODUCTION 

The rapid growth of portable, wearable, and flexible electronic 

devices has increased demand for material systems that combine 

electrochemical functionality with environmental sustainability. 

Conventional electronic materials are typically based on rigid, 

non-biodegradable components, creating disposal challenges and 

contributing to electronic waste. As a result, biodegradable and 

flexible materials have become increasingly important for next-

generation electronics and energy-storage applications [1]. In 

particular, flexible supercapacitors require materials that provide 

sufficient conductivity and charge-storage capability while 

maintaining processability, mechanical adaptability, and 

environmental compatibility [2]-[6]. 

Polymer-based composites are attractive in this context because 

they combine the low density, flexibility, and solution 

processability of polymers with the functional advantages of 

conductive or reinforcing fillers [1]-[4]. Among water-

processable and biodegradable polymers, poly(vinyl alcohol) 

(PVA) is widely used because of its excellent film-forming 

ability, good mechanical integrity, and compatibility with flexible 

electrochemical systems [2], [5], [7]. However, the inherently 

insulating nature of PVA limits its direct use in energy-storage 

applications, making the incorporation of conductive and 

structurally active fillers essential for improving charge transport 

and electrochemical response [1], [2], [7], [8]. 

 

ZnO and Ti₃C₂Tₓ MXene are particularly relevant fillers for such 

composite systems. ZnO has been incorporated into polymer 
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matrices because of its chemical and thermal stability and its 

ability to modify the structural and electrical behavior of the host 

matrix [1], [6]-[9]. MXene, on the other hand, has attracted strong 

interest as a conductive filler due to its high electrical 

conductivity, hydrophilic surface terminations, and good 

compatibility with polar polymers [2], [3], [10]. Previous studies 

have shown that MXene can improve conductivity and functional 

performance in flexible composite films and related 

electrochemical materials [11]-[14]. However, its practical 

benefit depends strongly on maintaining nanosheet dispersion, as 

MXene is prone to restacking via van der Waals interactions, 

thereby reducing accessible surface area and potentially 

hindering ion and electron transport [15]-[17]. For this reason, the 

performance of MXene-based composites is governed not only 

by filler presence, but also by how effectively the conductive 

network and electrochemically accessible interfaces are 

preserved during composite formation [16]-[18]. 

 

Cellulose nanocrystals (CNCs) offer a bio-derived route to 

improve this structural stability. Owing to their high crystallinity, 

stiffness, and large specific surface area, CNCs can serve as 

reinforcing agents and hydrophilic spacers in polymer composites 

[19], [20]. In MXene-containing systems, they are expected to 

reduce sheet restacking, promote filler dispersion, and stabilize 

the composite structure through hydrogen-bond-mediated 

interactions [13], [16], [18]. In addition, processing strategy is an 

important factor in determining final morphology and 

performance. Sonication-assisted mixing has been widely used to 

reduce nanofiller agglomeration and improve dispersion 

homogeneity in solution-processed composites [21]-[24]. At the 

same time, previous studies indicate that the effect of MXene 

loading in PVA-based systems may not be strictly linear, because 

gains in conductive-network formation can eventually be limited 

by aggregation or interfacial transport constraints when 

dispersion becomes less effective at higher filler content [13], 

[14]. 

 

Although biodegradable polymers for green electronics [1], [2], 

PVA-based composite films [5], [8], ZnO/PVA materials [6]-[9], 

and MXene-based conductive composites [10]-[18], [25]-[27] 

have all been widely reported, systematic studies on incremental 

MXene loading in biodegradable PVA/ZnO/MXene/CNC 

composite films under matched processing and electrochemical 

conditions remain limited. More specifically, previous studies 

have not clearly established how variations in MXene loading 

affect structural ordering, morphology, current density, and 

specific capacitance within this multicomponent biodegradable 

film platform. 

 

In response to this gap, this study investigates the effect of 

MXene loading on the structure and electrochemical performance 

of biodegradable PVA/ZnO/MXene/CNC composite films 

through a controlled comparison of three MXene contents (20%, 

25%, and 30%), while keeping the matrix system, ZnO and CNC 

contents, and processing conditions constant. The novelty of this 

work lies in its direct loading-dependent analysis of structure–

performance relationships in a biodegradable multicomponent 

film system under controlled preparation conditions. X-ray 

diffraction (XRD) and field-emission scanning electron 

microscopy (FESEM) were used to evaluate crystallinity and 

morphology, while cyclic voltammetry was used to determine 

current density and specific capacitance. By linking MXene 

content to structural evolution, morphological uniformity, and 

electrochemical response, this work specifically addresses a 

limitation of previous studies: the lack of a clear, controlled 

correlation between MXene loading and electrochemical 

behavior in biodegradable PVA/ZnO/MXene/CNC composite 

films for sustainable flexible energy-storage applications. 

METHODS 

Materials and Composition Design 

Poly(vinyl alcohol) (PVA) was used as the biodegradable 

polymer matrix due to its excellent aqueous processability, film-

forming ability, and compatibility with flexible electrochemical 

systems [25]. ZnO was incorporated as an inorganic filler to 

provide structural and interfacial modification within the polymer 

matrix, whereas Ti₃C₂Tₓ MXene was used as the primary 

conductive phase to promote charge-transport pathways in the 

composite films [25]-[30]. Cellulose nanocrystals (CNCs) were 

included as a bio-derived nanofiller to improve structural 

integrity and enhance filler dispersion, particularly by 

suppressing MXene restacking through hydrophilic and 

hydrogen-bond-mediated interactions [13], [18], [25]. 

 

To evaluate the effect of MXene loading under identical 

processing conditions, three composite formulations were 

prepared by varying only the masses of PVA and MXene, while 

keeping the amounts of ZnO, CNC, and solvent, as well as the 

processing parameters, constant. The formulations corresponded 

to MXene contents of 20%, 25%, and 30%, with PVA/MXene 

masses of 1.32 g/0.40 g, 1.22 g/0.50 g, and 1.12 g/0.60 g, 

respectively. In all formulations, the ZnO mass was fixed at 0.16 

g and the CNC mass at 0.12 g. Deionized water was used as the 

solvent, consisting of 20 mL for the PVA/ZnO solution and 20 

mL for the CNC/MXene suspension. 

 

Preparation of PVA/ZnO Solution  

 

The PVA/ZnO precursor solution was prepared by dissolving the 

required amount of PVA in 20 mL deionized water at 80 °C under 

magnetic stirring at 500 rpm for 30 min until a clear and 

homogeneous solution was obtained. After complete dissolution, 

0.16 g ZnO was added to the PVA solution and the mixture was 

stirred under the same conditions for another 30 min to promote 

uniform dispersion. The resulting suspension was then 

ultrasonicated for 10 min to improve particle distribution before 

blending with the MXene/CNC suspension. 

 

Preparation of MXene/CNC Solution  

 

Separately, 0.12 g CNC was dispersed in 20 mL deionized water 

and stirred at 80 °C and 500 rpm for 30 min. MXene was then 

gradually introduced into the CNC suspension to achieve the 

target compositions (0.40, 0.50, or 0.60 g for 20%, 25%, and 30% 

MXene, respectively), while maintaining the same stirring 

conditions. The suspension was subsequently ultrasonicated for 

60 min to improve homogeneity and reduce the likelihood of 

MXene agglomeration and restacking [25]-[27]. 

 

Blending, Film Casting, and Drying 
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The MXene/CNC suspension was added into the PVA/ZnO 

solution and the combined mixture was stirred at 80 °C and 500 

rpm for 20 min until a visually homogeneous slurry was formed. 

To minimize material loss and maintain compositional 

consistency among samples, the MXene/CNC container was 

rinsed with 5 mL deionized water, and the rinse solution was 

added to the main slurry. The resulting slurry was cast into a petri 

dish and dried in an oven at 60 °C for 5 h to obtain solid composite 

films. After drying, the films were left at room temperature for 5 

min, then stored in a desiccator prior to characterization to 

minimize moisture uptake. 

 

Characterization and Electrochemical Measurements 

 

The structure of the composite films was analyzed by X-ray 

diffraction (XRD) to evaluate crystallinity and structural ordering 

as a function of MXene loading. Surface morphology and filler 

distribution were examined using field-emission scanning 

electron microscopy (FESEM). Electrochemical performance 

was evaluated by cyclic voltammetry (CV) in 1 M KOH 

electrolyte using an Ag/AgCl reference electrode and a Pt counter 

electrode over the potential window described in the Results and 

Discussion section. CV measurements were used to determine 

current density and specific capacitance for comparative analysis 

of the three MXene-loading films. 

 

Experimental Design Rationale 

 

The experimental procedure was designed to ensure that 

differences in structure, morphology, and electrochemical 

performance could be attributed primarily to variation in MXene 

loading. Therefore, ZnO content, CNC content, solvent volume, 

stirring conditions, ultrasonication duration, casting procedure, 

and drying conditions were kept constant for all samples. This 

controlled design enabled direct evaluation of the relationship 

between MXene content and the resulting structural and 

electrochemical properties of the biodegradable 

PVA/ZnO/MXene/CNC composite films. 

RESULTS AND DISCUSSION 

Structural Evolution of PVA/ZnO/MXene/CNC Films  

Figure 1 presents the X-ray diffraction (XRD) patterns of the 

PVA/ZnO/MXene/CNC composite films with MXene loadings 

of 20%, 25%, and 30%, together with their comparative overlay. 

The diffractograms confirm the semicrystalline character of the 

composite films, which is consistent with the partial structural 

ordering of PVA and the contribution of filler-induced 

organization within the multicomponent matrix. As the MXene 

content increased, the diffraction intensity became progressively 

more pronounced, suggesting that higher filler loading promoted 

greater structural ordering by increasing the contribution of 

lamellar MXene domains and by influencing matrix organization 

during film formation. This trend is consistent with previous 

reports showing that MXene-containing composites can exhibit 

stronger diffraction features as the fraction of lamellar or partially 

ordered MXene domains increases [25], [30]. Because MXene 

nanosheets are susceptible to van der Waals-driven restacking, 

the increase in diffraction intensity may reflect not only a larger 

contribution from MXene-derived ordered domains, but also 

closer interfacial packing among MXene, PVA, and CNC, which 

could favor the formation of more continuous transport pathways.  

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 1. Crystallinity in XRD patterns for (a)20%, (b) 25%, (c) 

30% and (d) the comparison of three loadings. 

 

The crystallinity values calculated from the XRD patterns are 

summarized in Table 1. The crystallinity increased from 20.06% 

in the 20% MXene film to 27.58% in the 25% film and 44.74% 

in the 30% film. This monotonic increase suggests that higher 

MXene loading promoted a more ordered composite structure 

during film formation, likely by increasing the density of 
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interfacial sites that influenced chain arrangement and filler 

organization as the solvent evaporated. Such behavior may be 

associated with the increasing role of MXene as a heterogeneous 

nucleation site, together with interfacial interactions among 

MXene, PVA, and CNC during solvent evaporation and film 

solidification, which may have facilitated local chain 

rearrangement and more stable filler–matrix packing [31]. 

Relative to the 20% film, crystallinity increased by approximately 

37.5% in the 25% film and 123.0% in the 30% film, indicating 

substantial structural reorganization across the investigated 

loading range. 

 

Table 1. XRD-derived crystallinity of PVA/ZnO/Mxene/CNC 

films. 

MXene content (%) Crystallinity (%) 

20 20.06 

25 27.58 

30 44.74 

 

Although the increase in crystallinity suggests improved 

structural organization, this result should not be interpreted solely 

as evidence of enhanced polymer ordering. In MXene-based 

composites, higher apparent ordering may also indicate an 

increased contribution from lamellar MXene domains. Therefore, 

the structural significance of the XRD results is better understood 

in relation to the FESEM and electrochemical data discussed 

below. In the present study, the XRD results provide a key 

structural basis for understanding how MXene loading influences 

the formation of conductive pathways and electrochemically 

active interfaces in the biodegradable composite films. 

Morphological Characteristic and Filler Dispersion  

The surface morphology of the composite films was analyzed by 

field-emission scanning electron microscopy (FESEM), as shown 

in Figures 2–4. The FESEM observations reveal a clear evolution 

in surface uniformity and filler distribution as the MXene content 

increased. In MXene–polymer systems, homogeneous 

morphology, reduced agglomeration, and fewer restacked 

domains are generally associated with improved conductive-

network formation and enhanced electrochemical accessibility 

[25], [27].  

 

 
Figure 2. FESEM result for 20% MXene loading 

 

Figure 3. FESEM result for 25% MXene loading. 

 

Figure 4. FESEM result for 30% MXene loading. 

 

At 20% MXene (Figure 2), the film surface appears relatively 

smooth but still shows non-uniform particle distribution and 

localized agglomeration. This morphology suggests that the 

conductive filler had not yet been evenly distributed throughout 

the matrix, resulting in isolated conductive domains and reduced 

transport continuity. At 25% MXene (Figure 3), the surface 

becomes more homogeneous, indicating improved dispersion and 

better integration of MXene within the PVA/ZnO/CNC matrix, 

likely because the available CNC-assisted spacing and sonication 

energy were still sufficient to separate the nanosheets and 

distribute them more evenly throughout the matrix. The 30% 

MXene film (Figure 4) exhibits the most uniform and densely 

integrated morphology among the three samples, with broader 

filler coverage and without dominant large agglomerates, 

suggesting that the processing conditions were still able to 

maintain effective sheet separation and interfacial distribution 

even at the highest loading examined. This observation suggests 

that the selected processing route maintained satisfactory 

dispersion even at the highest MXene loading investigated, likely 

because sequential mixing and prolonged ultrasonication reduced 

local agglomeration and improved MXene distribution in the 

CNC-containing suspension prior to film casting. 

 

The progressive morphological improvement from 20% to 30% 

MXene is consistent with the controlled solution-processing 

approach used in this study, particularly the sequential mixing 

and prolonged ultrasonication of the MXene/CNC suspension. 

Related studies have likewise reported that MXene/cellulose-

based composites and degradable MXene-containing systems 

benefit from interfacial interactions that help reduce sheet 

collapse, improve spacing, and promote structural continuity 

[16], [18], [25]. Therefore, the FESEM results support the 

interpretation that increasing MXene loading, when combined 

with CNC-assisted dispersion and controlled processing, 

facilitates the development of a more continuous conductive 
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network by reducing interparticle separation and increasing the 

probability of filler-to-filler contact across the composite films. 

Electrochemical Response and Current Density 

Enhancement 

The electrochemical behavior of the composite films was 

evaluated by cyclic voltammetry (CV) in 1 M KOH over the 

potential range of −0.2 V to +0.6 V, using an Ag/AgCl reference 

electrode and a Pt counter electrode. Figure 5 shows the 

voltammograms for the 20%, 25%, and 30% MXene films and 

their comparison. The CV curves demonstrate a progressive 

increase in current response and enclosed voltammetric area with 

increasing MXene content, indicating that the films became more 

electrochemically active as the conductive phase increased and 

more electronically connected and ion-accessible regions 

developed within the composite.  

 

 
(a) 

 

 
(b) 

 

 
(c) 

 

(d) 

Figure 5. Voltammogram Curve for MXene loading (a)20%, (b) 

25%, (c) 30% and (d) the comparison of three loadings. 

 

The current density values derived from the CV charge current 

are summarized in Table 2. For the 20%, 25%, and 30% MXene 

films, the current densities were 425.18, 876.71, and 1480.25 

A/m², respectively. These values represent increases of 

approximately 106.2% and 248.2% for the 25% and 30% films 

relative to the 20% sample, while the 30% film exceeded the 25% 

film by about 68.8%. This strong monotonic increase indicates 

that higher MXene loading improved the continuity of electron-

transport pathways across the film, most likely by increasing 

inter-sheet connectivity and moving the composite toward a more 

effective percolative network. The trend is also consistent with 

previous findings that MXene incorporation can substantially 

improve electrical functionality in polymer-based composite 

systems [13], [14], [26]-[28]. 

 

Table 2. Current density derived from CV charge current for 

each MXene loading. 

MXene  

content 

(%) 

Electrode 

 area 

(cm²) 

Charge 

current, 

 Ic (A) 

Current 

density  

(A/cm²) 

Current 

density 

 (A/m²) 

20 2 0.085037 0.042518 425.18 

25 2 0.175342 0.087671 876.71 

30 2 0.296051 0.148025 1480.25 

 

This result is not readily comparable with current-density values 

reported in previous studies, because many related works focus 

on electrical conductivity, areal capacitance, or device-level 

performance rather than CV-derived current density measured 

under comparable alkaline electrolyte conditions [13], [14], [26]-

[28]. Nevertheless, the present results are significant because they 

provide a controlled electrochemical comparison across a series 

of biodegradable PVA/ZnO/MXene/CNC films under identical 

preparation and testing conditions. When interpreted in 

conjunction with the FESEM observations, the current-density 

enhancement can be attributed to a more homogeneous filler 

distribution and improved conductive-network continuity at 

higher MXene loading, which together are expected to reduce 

transport interruptions and facilitate charge transfer across the 

film. 

Specific Capacitance and Structure-Performance 

Correlation 

The specific capacitance values calculated from the CV response 

at a scan rate of 5 mV/s are presented in Table 3. The specific 
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capacitance increased from 0.921966 F/g for the 20% MXene 

film to 1.682536 F/g for the 25% film and 2.860035 F/g for the 

30% film. Relative to the 20% sample, these values correspond to 

capacitance increases of approximately 82.5% and 210.2% for the 

25% and 30% films, respectively, while the 30% film showed a 

further 69.9% increase over the 25% film. These results indicate 

that increasing MXene loading not only improved charge 

transport but also enhanced the effective utilization of 

electroactive surfaces, likely because better filler distribution 

increased the fraction of MXene domains that remained 

accessible to electrolyte ions during CV measurement. 

 

Table 3. Specific capacitance derived from CV for each MXene 

loading (scan rate 5 mV/s, mass 0.028 g). 

MXene 

content 

(%) 

Scan 

rate 

(mV/s) 

Mass 

(g) 

Charge 

current 

(A) 

Discharge 

current 

(A) 

Specific 

capacitance 

(F/g) 

20 5 0.028 0.085037 −0.044037 0.921966 

25 5 0.028 0.175342 −0.060212 1.682536 

30 5 0.028 0.296051 −0.104353 2.860035 

 

This capacitance trend is consistent with the known charge-

storage characteristics of MXene-based systems, in which higher 

accessible MXene content can improve both electrical double-

layer behavior and pseudocapacitive contribution, provided that 

the filler remains sufficiently dispersed and electrochemically 

accessible [25]-[28]. In the present study, FESEM observations 

suggest that electrochemical accessibility progressively improved 

from 20% to 30% MXene, which may explain why capacitance 

increased in parallel with morphological uniformity, as a more 

uniform structure would be expected to expose a larger active 

interfacial area and support more efficient ion transport. 

 

The specific capacitance values obtained in this study remain 

lower than those reported for highly optimized MXene electrodes 

or fully assembled supercapacitor devices, such as pure or 

modified MXene systems, integrated microsupercapacitors, and 

advanced solid-state device architectures [15], [26]-[28]. 

However, these systems differ substantially from the present 

biodegradable multicomponent cast-film platform in terms of 

composition, architecture, electrolyte configuration, and current-

collector design. A more relevant comparison can therefore be 

made with studies of polymer/MXene composite films. For 

example, Tan et al. [14] reported increased electrical conductivity 

in PVA/MXene thin films, while Sobolčiak et al. [13] observed 

improved electrical properties in PVA/CNC nanofibers after the 

introduction of Ti₃C₂Tₓ MXene; however, these studies evaluated 

different material formats and performance parameters from 

those considered here. Although those studies did not report CV-

derived specific capacitance under the same conditions as in the 

present work, they support the same general conclusion: 

increasing the MXene content and properly dispersing it in a 

PVA-based matrix improve the functional electrochemical 

behavior of the resulting composite film. 

 

The trends in current density and specific capacitance are 

summarized in Figures 6 and 7, respectively. Taken together, 

Figures 1–7 and Tables 1–3 demonstrate that increasing MXene 

loading from 20% to 30% resulted in higher crystallinity, a more 

homogeneous morphology, a higher current density, and a higher 

specific capacitance. These findings support a clear structure–

performance relationship, in which improved filler dispersion and 

conductive-network formation enhance electrochemical behavior 

by simultaneously facilitating electron transport and increasing 

the accessibility of electroactive interfaces in the biodegradable 

PVA/ZnO/MXene/CNC composite films.  

 

 
Figure 6. Current density as MXene loading increases. 

 
Figure 7. Specific capacitance as MXene loading increases. 

Mechanistic Interpretation and Limitations 

The overall results can be interpreted within a dispersion–

percolation framework. At lower MXene loading, the conductive 

domains remain less interconnected, so charge transport is more 

easily interrupted and fewer electroactive regions can participate 

effectively, resulting in lower current density and lower specific 

capacitance. As the MXene content increases, the probability of 

forming a continuous conductive network also increases, 

provided that the nanosheets remain sufficiently dispersed, 

because shorter inter-sheet distances and more frequent filler 

contacts favor the establishment of percolative electron-transport 

pathways. In the present system, the combination of CNC-

assisted spacing, controlled solution mixing, and ultrasonication 

appears to have produced a favorable dispersion regime in which 

increasing MXene loading enhanced conductive-network 

continuity and electroactive surface utilization without yet 

causing aggregation-related losses to dominate [25], [30]. 

 

At the same time, the observed monotonic trend should be 

interpreted within the investigated composition range only. The 

present data demonstrate that performance improved from 20% 

to 30% MXene, but they do not establish whether this trend would 

continue at higher loading. In MXene-based composites, 

excessive filler content may eventually promote restacking, 

reduce ion-accessible surface area, increase viscosity during 



RUDY FERNANDEZ / JURNAL NASIONAL TEKNIK ELEKTRO - VOL. 15 NO. 1 (MARCH 2026) 

https://doi.org/10.25077/jnte.v15n1.1555.2026   57 

casting, or compromise mechanical flexibility [25]-[30]. 

Moreover, the current study is based primarily on XRD, FESEM, 

and CV analysis. Complementary techniques such as 

electrochemical impedance spectroscopy, galvanostatic charge–

discharge testing, long-term cycling evaluation, and mechanical 

characterization would be necessary to fully resolve the transport 

mechanism and practical performance limits of the material 

system. 

 

Overall, the results and discussion demonstrate that the 30% 

MXene film exhibited the best performance within the 

investigated range, as it achieved the most favorable balance 

among structural ordering, morphological uniformity, and 

electrochemical accessibility. The present study therefore 

contributes a controlled loading-dependent analysis of 

biodegradable PVA/ZnO/MXene/CNC composite films, while 

maintaining clear linkage among structural, morphological, and 

electrochemical evidence [13], [14], [25]-[28]. 

CONCLUSIONS 

This study demonstrated that increasing the Ti₃C₂Tₓ MXene 

loading from 20% to 30% in biodegradable 

PVA/ZnO/MXene/CNC composite films systematically 

improved both structural and electrochemical properties. Among 

the investigated compositions, the film containing 30% MXene 

exhibited the highest crystallinity, the most homogeneous 

morphology, the highest current density, and the highest specific 

capacitance, indicating the most effective conductive-network 

formation within the tested range. The combined XRD, FESEM, 

and cyclic voltammetry results further suggest that the enhanced 

electrochemical performance was closely associated with 

improved filler dispersion, greater structural uniformity, and 

increased electroactive surface accessibility. Accordingly, the 

main contribution of this work is establishing a clear relationship 

among MXene loading, structure, and electrochemical 

performance in biodegradable PVA/ZnO/MXene/CNC 

composite films under controlled processing conditions. These 

findings help address the limited availability of systematic 

MXene-loading studies in biodegradable multicomponent film 

systems and provide useful insights into how the content of 

conductive fillers influences charge-transport continuity and 

capacitive behavior in sustainable flexible energy-storage 

materials. Nevertheless, these conclusions should be interpreted 

within the investigated composition range, since the superior 

performance of the 30% MXene film does not necessarily 

indicate a universal optimum, and higher loading levels may 

introduce restacking, transport limitations, or mechanical trade-

offs. Future studies should therefore extend the MXene-loading 

range, include control formulations to clarify the individual roles 

of ZnO and CNC, and incorporate complementary 

electrochemical, mechanical, and biodegradation analyses to 

better evaluate the practical potential of this composite-film 

platform for sustainable flexible electronic and energy-storage 

applications. 
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