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Abstract


Supercapacitors offer high power density; however, improving their energy density requires enlarging the active surface area and optimizing ion transport pathways. In this study, a Ti3C2Tx MXene@ZnO composite electrode was fabricated to suppress the restacking of MXene layers and enhance the specific surface area. Ti3C2Tx MXene was synthesized, followed by ZnO incorporation using a simple precipitation process. The introduction of ZnO effectively stabilized the layered MXene structure and promoted pore formation. BET analysis revealed that the composite synthesized for 2 h exhibited the largest specific surface area of 43.639 m2 g−1, indicating the most effective pore structure development. Electrochemical evaluation as a supercapacitor electrode demonstrated that the 2 h composite achieved the highest specific capacitance of 139.0 F g−1 and the longest discharge time of 172.6 s. These improvements are attributed to the expanded pore structure and increased electrochemically active surface area induced by ZnO incorporation. Overall, the Ti3C2Tx MXene@ZnO composite exhibits enhanced structural stability and ion transport properties, demonstrating its strong potential and stable electrode material for advanced energy storage applications.
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1. Introduction


Rechargeable batteries with high energy capacity based on electrochemical reactions and supercapacitors (SCs) with high power performance and long cycle life have been extensively studied [1]. Supercapacitors are high-performance energy storage devices used in low-power electronic devices and high-power military applications [2]. Due to their compact size, light weight, and flexibility, supercapacitors can be applied as energy storage systems for portable electronic devices such as mobile phones, laptop computers, and digital cameras [3]. Generally, supercapacitors are classified into electric double-layer capacitors (EDLCs) and pseudocapacitors according to the charge storage mechanism of the electrode materials, and both mechanisms can operate simultaneously depending on the properties of the electrodes [4,5]. In EDLCs, energy is stored through electrostatic interactions at the electrode–electrolyte interface, and the capacitance strongly depends on the surface area of the electrode material that is in contact with electrolyte ions [6]. Pseudocapacitors stored charge through Faradaic processes involving fast ion insertion or surface redox reactions occur near the electrode surface [7]. Due to these rapid surface redox reactions, pseudocapacitors can store a larger amount of charge and therefore generally exhibit higher specific capacitance than EDLCs [8,9]. Carbon nanomaterials such as activated carbon, carbon nanotubes, graphene, and MXene possess structures that are suitable for EDLCs due to their high specific surface area, excellent mechanical and chemical stability, and high electrical conductivity [10]. The layered structure of Ti3C2Tx MXene enhances electrolyte ion transport and enables transition metal-based redox reactions on its surface [11]. Owing to these properties, MXene is well suited for use as an electrode material for supercapacitors [12]. MXene has a general chemical formula of Mn+1XnTx and belongs to a family of two-dimensional transition metal carbides and nitrides. Here, M represents an early transition metal, X denotes carbon or nitrogen, and Tx refers to surface functional groups [13]. MXene is generally synthesized by selectively etching the A element from MAX precursors using hydrofluoric acid, during which the A atoms are replaced by fluorine (–F), oxygen (–O), and hydroxyl (–OH) functional groups [14]. Zinc oxide (ZnO) is considered a suitable material for supercapacitor applications due to its good electrochemical activity, low raw material cost, and environmentally friendly characteristics among various metal oxide materials [15]. Nevertheless, ZnO suffers from slow Faradaic redox kinetics and high electrical resistance, which limit its electron transport properties, cycling stability, and achievable power density [16]. Recent studies have highlighted that controlling ion transport and interfacial behavior plays a crucial role in enhancing electrochemical performance. Therefore, designing composite structures that can regulate ion transport is an effective strategy to overcome these limitations [17]. However, these limitations can be overcome by using composites composed of carbon materials and metal oxides as electrode materials for electrochemical capacitors [18]. By combining carbon materials with metal oxides, the electric double-layer capacitance of high-surface-area carbon materials and the Faradaic capacitance of metal oxides can be utilized simultaneously, leading to enhanced capacitance and improved energy output performance [16,19]. Unlike previous studies that primarily focus on enhancing capacitance through simple composite formation, this work systematically investigates reaction-time-dependent ZnO growth and its impact on structural evolution, pore characteristics, and electrochemical behavior. Therefore, Ti3C2Tx MXene@ZnO composites were synthesized with controlled ZnO growth time to examine the effects of reaction time on the structural characteristics, specific surface area, and electrochemical performance. This approach enables the identification of an optimized composite structure that balances surface area enhancement, ion transport, and structural stability, providing insight into the structure–performance relationship of MXene/metal oxide hybrid systems.




2. Materials and Methods


2.1. Materials


Zinc nitrate hexahydrate (Zn(NO3)2∙6H2O, 98%) was purchased from Sigma-Aldrich. Hexamethylenetetramine (C6H12N4, 99.0%, HMT) was purchased from Kanto Chemical Co., Inc. (Tokyo, Japan). Ti3AlC2 (MAX) powder was purchased from Carbon Ukraine (Kyiv, Ukraine). Potassium hydroxide (KOH), and N-methyl-2-pyrrolidinone (NMP) were purchased from SAMCHUN Chemicals Co., Ltd., Seoul, Republic of Korea. The poly (vinylidene fluoride), carbon black and activated carbon were purchased from Sigma Aldrich (St. Louis, MO, USA).




2.2. Synthesis of Ti3C2Tx MXene@ZnO


Zinc nitrate hexahydrate (Zn(NO3)2∙6H2O) and HMT were used as the zinc precursor and precipitating agent, respectively. MXene (0.001 g), Zn(NO3)2∙6H2O (0.02894 g), and HMT (0.01402 g) were used for the synthesis. Zn(NO3)2∙6H2O and MXene were dispersed in 100 mL of deionized (DI) water under stirring, while HMT was separately dissolved in 100 mL of DI water at the same concentration. The HMT solution was then slowly added dropwise to the MXene/Zn(NO3)2∙6H2O dispersion under continuous stirring, followed by reaction for 1, 2, or 3 h. After the reaction, the products were collected by vacuum filtration using a polyvinylidene fluoride (PVDF) membrane, washed twice with DI water to remove residual impurities, and dried at 40 °C for 24 h to obtain the final powders. The obtained product masses were 0.2543 g, 0.1460 g, and 0.0295 g for the 1 h, 2 h, and 3 h samples, respectively. All samples were prepared under identical experimental conditions to ensure reproducibility.




2.3. Characterization


The surface chemical states and elemental bonding characteristics of the synthesized MXene@ZnO composites were analyzed using X-ray photoelectron spectroscopy (XPS, NEXSA G2, Thermo Fisher Scientific, Waltham, MA, USA). The crystal structure was examined by X-ray diffraction (XRD) (Rigaku Corporation, Tokyo, Japan) in the 2θ range of 5–70°. The specific surface area was determined by Brunauer–Emmett–Teller (BET) analysis using N2 adsorption. The morphology and microstructure were observed by field-emission scanning electron microscopy (FE-SEM).




2.4. Electrochemical Studies


The electrochemical performance of the MXene@ZnO-based electrodes was systematically evaluated using cyclic voltammetry (CV), galvanostatic charge–discharge (GCD), and electrochemical impedance spectroscopy (EIS). All electrochemical measurements were carried out using a Biologic VMP3 electrochemical workstation with 1 M KOH aqueous solution as the electrolyte. The electrochemical tests were primarily conducted in a three-electrode configuration. The prepared MXene-based electrode was used as the working electrode, a Hg/HgO electrode served as the reference electrode, and a platinum (Pt) wire was employed as the counter electrode. In addition, electrochemical performance was also evaluated using a two-electrode configuration. In this system, the prepared MXene-based electrode was used as the working electrode, while an activated carbon-based electrode was employed as the counter electrode. All measurements were performed at an ambient temperature to ensure the reliability and reproducibility of the electrochemical data. The electrode fabrication process was carried out as follows. MXene@ZnO was used as the active material, while PVDF and carbon black were used as the binder and conductive additive, respectively. The components were mixed at a weight ratio of 80:10:10 to form a composite slurry. The mixture was dispersed in NMP and thoroughly mixed using a mortar and pestle to obtain a homogeneous slurry. The prepared slurry was uniformly coated onto a pretreated graphite sheet using a slurry-coating method, followed by drying at 60 °C for 12 h to completely remove the solvent. The mass loading of the active material was approximately 1.5 mg cm−2 per electrode. All MXene@ZnO samples synthesized at reaction times of 1 h, 2 h, and 3 h were fabricated using the same procedure.





3. Results


Ti3C2Tx MXene Characterization Results


Figure 1a–d shows the SEM images of pristine Ti3C2Tx MXene and MXene@ZnO composites. The pristine MXene exhibits a smooth layered structure with relatively uniform exfoliated sheets (Figure 1a). For the MXene@ZnO composites, clear structural changes are observed with the increasing reaction time. In the 1 h composite (Figure 1b), ZnO nanoparticles are partially formed on the MXene surface, indicating an initial nucleation stage. The 2 h composite (Figure 1c) shows a more uniform and dense distribution of ZnO particles, forming a stable composite structure over the MXene surface. In the 3 h composite (Figure 1d), ZnO particles are also evenly distributed on the MXene sheets, with a larger amount of ZnO compared to the 1 h and 2 h composites. Figure 1e,f presents the XRD patterns of the MXene@ZnO composites. For all samples, the characteristic (002) peak of Ti3C2Tx MXene is observed at a low angle of approximately 9.5°, confirming that the layered structure is preserved. In the composite samples, distinct diffraction peaks corresponding to the wurtzite ZnO structure, including the (100), (002), and (103) planes, are clearly observed (Table 1). The 1 h composite shows relatively weak ZnO peaks, indicating an early growth stage. In contrast, the 2 h composite exhibits increased ZnO peak intensity, suggesting improved crystallinity. The ZnO peaks of the 3 h composite is further intensified, indicating continued ZnO growth and successful composite formation with MXene.



Figure 2 shows the nitrogen adsorption–desorption isotherms of pristine Ti3C2Tx MXene and MXene@ZnO composites prepared with different reaction times. All samples exhibit clear hysteresis loops, indicating the presence of a mesoporous structure. This result confirms that the porous structure of MXene is maintained after ZnO incorporation. The BET-specific surface area of pristine MXene is 40.221 m2 g−1. After ZnO incorporation, the specific surface area increases to 41.890 m2 g−1 for the 1 h composite and further increases to 43.639 m2 g−1 for the 2 h composite. Among all samples, the 2 h composite shows the highest specific surface area, suggesting the most effective pore structure formation and optimal ZnO growth on the MXene surface. This increase in surface area is attributed to the suppression of MXene restacking and the formation of additional active surfaces by ZnO nanoparticles. In contrast, the specific surface area of the 3 h composite decreases significantly to 17.568 m2 g−1. This reduction is mainly attributed to excessive ZnO growth, which leads to pore blocking and particle aggregation, thereby limiting the accessible surface area. Overall, the BET results indicate that the 2 h MXene@ZnO composite exhibits the most optimized pore structure and surface area, which is favorable for electrochemical energy storage applications. These results suggest that controlled ZnO growth plays a critical role in tailoring the pore structure and surface accessibility, which are expected to directly influence electrochemical performance.



Based on the structural and surface area analysis, the electrochemical behavior of the composites is expected to be strongly governed by the balance between ZnO-induced surface area enhancement and the preservation of ion-accessible pathways. Figure 3 compares the electrochemical performance of Ti3C2Tx MXene@ZnO composites prepared at different reaction times. As shown in Figure 3a–c, all samples display typical EDLC-type CV curves with increasing current response at higher scan rates, indicating fast ion transport. The CV curves retain a similar shape even at higher scan rates, suggesting good rate-dependent electrochemical behavior. The specific capacitance values were calculated from the CV curves using Equation (1). Although the CV shapes are similar, significant differences in capacitance are observed. Pristine Ti3C2Tx MXene and the 1 h composite exhibit comparable values of 115.5 and 114.3 F g−1, respectively, suggesting limited improvement at the early stage of ZnO growth. The 2 h composite delivers the highest capacitance of 139.0 F g−1, attributed to optimized ZnO growth and increased electrochemically active surface area. In contrast, the capacitance of the 3 h sample decreases to 113.1 F g−1, likely due to excessive ZnO growth that restricts ion accessibility and charge transport.


  C =   1  /  m ∆   V   v      ∫  I   V   d V    



(1)







The GCD curves in Figure 3d–f further confirm these results, with the 2 h composite exhibiting the longest discharge time at the same current density. As shown in Table 2, the 2 h composite exhibits capacitance values that are comparable to or higher than previously reported MXene-based composites, supporting the effectiveness of controlled ZnO growth in optimizing electrochemical performance. Overall, the electrochemical performance follows the order MXene@ZnO (2 h), pristine MXene, MXene@ZnO (1 h), MXene@ZnO (3 h), indicating that 2 h provides the optimal growth condition. The charge-storage behavior is therefore interpreted as a hybrid mechanism, in which EDLC-type behavior originates from ion adsorption on the MXene surface, while additional electrochemical activity is attributed to the incorporation of ZnO. This interpretation is supported by the combined electrochemical and structural trends, including the preservation of EDLC-type CV profiles, reaction-time-dependent capacitance variation, and the correlation between surface area and electrochemical performance. The enhanced performance is not only attributed to the increased surface area but also to the multifunctional role of ZnO. ZnO can contribute additional pseudocapacitance and suppress MXene restacking, thereby improving ion transport kinetics [24,25]. In addition, possible Zn–O–Ti interfacial interactions may facilitate charge transfer across the heterointerface [26]. These combined effects highlight that ZnO does not simply act as a passive surface modifier, but plays an active role in regulating the interfacial structure and charge-storage behavior. The increased ZnO peak intensity with reaction time reflects crystallinity evolution, while the superior capacitance and lower resistance of the 2 h sample suggest that optimized ZnO coverage maximizes interfacial coupling without hindering ion-accessible pathways.



The EIS responses in Figure 4a evolve systematically with the reaction time. The 2 h sample exhibits a lower overall impedance and a steeper slope in the low-frequency region compared to the other samples, indicating improved ion diffusion behavior and reduced resistance to ion transport. In contrast, the 1 h sample shows relatively higher impedance, suggesting insufficient ZnO coverage, while the 3 h sample exhibits increased impedance due to excessive ZnO growth, which may hinder ion transport pathways. The tail-dominated Nyquist feature indicates that the impedance response is mainly governed by ion transport within the porous network coupled with capacitive charge storage. These trends are consistent with the electrochemical results, confirming that the 2 h condition provides the most favorable balance between ion transport and capacitive behavior. Accordingly, the cycling stability of the optimized MXene@ZnO (2 h) electrode is presented in Figure 4b, showing stable capacitance retention over repeated charge–discharge cycles under the applied testing conditions. Accordingly, the cycling stability of the optimized MXene@ZnO (2 h) electrode is presented in Figure 4b, showing stable capacitance retention over repeated charge–discharge cycles under the applied testing conditions. The electrode was cycled for 1000 cycles at a current density of 2 A g−1, retaining approximately 97.6% of its initial capacitance. The nearly overlapping charge–discharge profiles indicate good electrochemical reversibility and stable cycling behavior.





4. Discussion


The electrochemical performance of MXene-based electrodes is strongly influenced by their surface structure, porosity, and ion transport pathways, as widely reported in previous studies on MXene [30]. In particular, restacking of MXene layers has been recognized as a major limitation, as it reduces the accessible surface area and hinders electrolyte ion diffusion [31]. In this context, the incorporation of metal oxide nanoparticles has been proposed as an effective strategy to suppress restacking while introducing additional Faradaic active interfaces. Previous studies have shown that pristine ZnO exhibits relatively low electrochemical performance, with limited capacitance depending on its morphology, indicating restricted charge-storage capability [32]. Therefore, ZnO has been widely incorporated into composite structures with conductive matrices to enhance electrochemical performance. For example, hierarchical ZnO/graphene oxide composites delivered improved capacitance and cycling stability [33], while ZnO/graphene nanosheet composites were reported to facilitate charge and ion transport when used as binder-free supercapacitor electrodes [34]. These results support the use of conductive ZnO-based composite structures to overcome the intrinsic limitations of ZnO. The charge storage behavior is therefore interpreted as a hybrid mechanism. Ti3C2Tx MXene mainly contributes to EDLC-type charge storage through reversible ion adsorption/desorption on its conductive layered surface [35]. In contrast, ZnO-based materials have been reported to provide a pseudocapacitive contribution through Faradaic surface reactions [36]. Previous studies have also shown that ZnO nanostructures incorporated into conductive layered matrices can effectively suppress sheet restacking and improve ion and electron transport pathways by forming interlayer-supported structures [37]. Therefore, the improved performance of the MXene@ZnO composite can be reasonably attributed to the combined contributions of EDLC-type charge storage from MXene and additional pseudocapacitive contribution from ZnO, rather than to a single charge storage mechanism. In the present study, ZnO nanoparticles were uniformly grown on Ti3C2Tx MXene sheets, and the reaction time was systematically varied to investigate their effect on the structural and electrochemical properties. XRD and SEM results confirmed that the layered structure of MXene was preserved after ZnO incorporation, while ZnO nanoparticles were successfully formed on the MXene surface. This structural integrity is essential for maintaining fast electron transport, which is a key advantage of MXene-based electrodes. BET analysis revealed a clear correlation between the reaction time, surface area, and electrochemical performance. The 2 h MXene@ZnO composite exhibited the largest specific surface area, indicating that ZnO growth at this stage effectively prevented MXene restacking while generating additional accessible pores. It has been reported that structural modification can significantly improve ion transport pathways and charge-storage behavior, leading to enhanced electrochemical performance [38]. Electrochemical measurements further supported this interpretation. The superior specific capacitance and extended discharge time observed for the 2 h composite can be attributed to the increased electrochemically active surface area and improved ion diffusion pathways. In contrast, the 1 h composite showed limited performance enhancement, suggesting that insufficient ZnO coverage at the early growth stage was not enough to significantly modify the MXene surface. Meanwhile, the reduced performance of the 3 h composite is likely due to excessive ZnO growth, which led to particle aggregation and partial blockage of pores, thereby restricting the ion accessibility and charge transport. Overall, these results support the interpretation that controlled ZnO growth on MXene sheets can effectively balance surface area enhancement and structural stability. The findings highlight the importance of optimizing synthesis conditions to achieve synergistic effects between MXene and metal oxides. From a broader perspective, the Ti3C2Tx MXene@ZnO composite system demonstrates a promising design strategy for advanced supercapacitor electrodes.




5. Conclusions


In this study, Ti3C2Tx MXene was modified and MXene@ZnO composites were fabricated with different reaction times (1, 2, and 3 h) to evaluate their performance as energy storage devices. Structural characterization confirmed the successful formation of the MXene@ZnO composite structure. XRD analysis revealed the coexistence of the characteristic (002), (004) peak of Ti3C2Tx MXene and the ZnO diffraction peak corresponding to the (002) plane, indicating the preservation of the MXene structure and the successful synthesis of ZnO. SEM observations further confirmed that ZnO nanoparticles were uniformly grown on the MXene surface. BET analysis revealed that the 2 h MXene@ZnO composite exhibited the highest specific surface area of 43.639 m2 g−1, confirming that surface area is a key factor that is directly related to electrode performance. In electrochemical evaluations, the MXene@ZnO composite prepared for 2 h showed the best supercapacitor performance, delivering the longest discharge time of 172.6 s and the highest specific capacitance of 139.0 F g−1. The charge storage mechanism is governed by a hybrid EDLC and pseudocapacitive behavior. Overall, this study demonstrates that the uniform growth of ZnO nanoparticles on the Ti3C2Tx MXene surface effectively increases the specific surface area, leading to simultaneous enhancement of the electrochemically active area and ion transport properties. This improved performance is associated with a hybrid charge-storage mechanism combining EDLC and pseudocapacitive contributions. Among the investigated synthesis conditions, the 2 h MXene@ZnO composite exhibited the most optimized structure, with the largest surface area and superior electrochemical performance. Therefore, a Ti3C2Tx MXene@ZnO composite synthesized for 2 h shows strong potential as an electrode material for next generation energy storage devices, particularly supercapacitors. Further optimization of the pore structure and interfacial design is expected to achieve even higher electrode performance in future studies.
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The following abbreviations are used in this manuscript:



	SCs
	Supercapacitors



	EDLCs
	Electric double-layer capacitors



	ZnO
	Zinc oxide



	HMT
	Hexamethylenetetramine



	NMP
	N-methyl-2-pyrrolidinone



	PVDF
	Polyvinylidene fluoride



	XPS
	X-ray photoelectron spectroscopy



	XRD
	X-ray diffraction



	BET
	Brunauer–Emmett–Teller



	FE-SEM
	Field-emission scanning electron microscopy



	CV
	Cyclic voltammetry



	GCD
	Galvanostatic charge–discharge



	EIS
	Electrochemical impedance spectroscopy
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Figure 1. SEM images of (a) pristine Ti3C2Tx MXene, (b) Ti3C2Tx MXene@ZnO composite prepared for 1 h, (c) 2 h composite, and (d) 3 h composite. Insets show higher-magnification images. (e) XRD patterns of Ti3C2Tx MXene@ZnO composites prepared at different reaction times and (f) enlarged XRD patterns highlighting the characteristic diffraction peaks of MXene and ZnO. 
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Figure 2. Nitrogen adsorption–desorption isotherms of (a) pristine MXene and Ti3C2Tx MXene@ZnO composites synthesized for (b) 1 h, (c) 2 h, and (d) 3 h, with (e) comparison of all samples. BET-specific surface areas are indicated in each panel. 
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Figure 3. Electrochemical performance of Ti3C2Tx MXene@ZnO composites synthesized at different reaction times. (a–c) CV curves of the 1 h, 2 h, and 3 h composites at various scan rates, and (d–f) corresponding GCD curves measured at different current densities. 
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Figure 4. EIS and cycling stability of Ti3C2Tx MXene@ZnO electrodes synthesized at different reaction times: (a) Nyquist plots and (b) capacitance retention versus cycle number. 
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Table 1. Summary of the characteristic diffraction peaks of the Ti3C2Tx MXene@ZnO composites, indicating the corresponding 2θ positions and associated crystal planes for Ti3C2Tx, ZnO, and TiO2 phases.
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Composites

	
2θ

	
Planes

	
Ref.






	
Ti3C2Tx

	
9.5°

	
(002)

	
[20]




	
19.1°

	
(004)




	
ZnO

	
31.7°

	
(100)

	
[21,22]




	
34.4°

	
(002)




	
62.85°

	
(103)




	
TiO2

	
25.39°

	
(101)

	
[23]











 





Table 2. The comparison of specific capacitance of previously reported Ti3C2Tx MXene-based composites and this work.
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	Material
	Electrolyte
	Condition
	Capacitance
	Ref.





	Ti3C2Tx MXene nanosheet
	3 M KOH
	−0.7 V
	92 F g−1
	[27]



	δ-MnO2@MXene
	1 M NaSO4
	0.6 V
	108 F g−1
	[28]



	Ti3C2Tx/Ni-MOF
	1 M H2SO4
	2 V
	139.4 F g−1
	[29]



	Ti3C2Tx MXene@ZnO
	1 M KOH
	1 V
	139.0 F g−1
	This work
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