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Abstract

To develop high-performance supercapacitors, this study produced and thoroughly characterized 

a TiN-W18O49 nanocomposite electrode. The successful production of the TiN-W18O49 

nanocomposite, which combines the high electrical conductivity of TiN with the 

pseudocapacitive behavior of W18O49, was validated by structural and morphological 

investigations (XRD, SEM, BET, and EDX). The results of the electrochemical tests showed that 

the composite outperformed the parts used purely. Low solution resistance (Rs = 0.54 Ω) and a 

significantly reduced charge transfer resistance (Rct = 1.38 Ω) were observed by electrochemical 

impedance spectroscopy, suggesting effective electron transport and enhanced interfacial kinetics. 

Redox peaks were clearly visible in the potential window of 0.0-0.5 V at scan speeds of 50 mV.s-

1 in cyclic voltammetry, and a high specific capacitance of 1482 F.g-1 at 1 A.g-1 was obtained in 

galvanostatic charge-discharge analysis. Asymmetric supercapacitor in the potential range of 1.3 

V show 91.1 % of its initial capacitance retained after 10,000 cycles, the electrode demonstrated 

exceptional cycling stability. Furthermore, the TiN-W18O49//AC electrode achieved a maximum 

power density of 4564.9 W.kg-1 and an impressive energy density of 58.91 Wh.kg-1. Based on 

these findings, the TiN-W18O49 heterostructure is a potential electrode material for next-

generation supercapacitors, due to the synergistic effect of the two materials.
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1. Introduction

Over the last few years, supercapacitors (SCs) have received an impressive attraction as 

effective energy storage systems that can produce high-power density, high-charge-discharge 

rates, and extended operating periods [1, 2]. They are very useful in the transition between 

traditional capacitors and batteries, so they are very applicable to portable electronics, electric 

vehicles, and renewable energy systems that utilize intermittent energy sources, including solar 

and wind energy. The inherent characteristics of electrode materials determine, to a large extent, 

the electrochemical performance of SCs because they determine their charge storage capacity, 

rate capability, and cycling durability [3, 4]. The transition metal oxides, including RuO2, ZnO, 

Cu2O, MnO2, and Co2O3, are some of the other materials that have been examined with great 

enthusiasm due to their multiple oxidation states, extensive redox viability, and excellent 

pseudocapacitive properties [5-9]. 

Among metal oxides, tungsten oxide has attracted increasing attention as a 

pseudocapacitor electrode due to its high electronic conductivity, excellent structural stability, 

and ability to facilitate rapid ion insertion [10, 11]. In particular, monoclinic W18O49, which 

comprises tungsten in the W5+ oxidation state, has sufficient oxygen vacancies that reduce 

resistivity, increase ion transport, and enhance electrochemical activity, and thus is a promising 

electrode material in high-performance supercapacitors [10, 12]. WOx deposited onto carbon 

cloth [13], and then electrophoretically coated with Ti3C2Tx (WOx@CC/Ti3C2Tx) delivered a 

capacitance of 164 F g-1 at 5 mA cm-2. Patil et al. [14] reported a three-dimensional m-

WO3/Ti3C2Tx/hollow graphene foam electrode, which attained 573 F g-1 at 5 mV s-1. W18O49 

nanowire-rGO also possesses better capacitance, stability, and energy density in AlCl3 

electrolyte due to augmented ion diffusion and charge movement [15]. Moreover, the synthesis 

of Sn-doped W18O49 through a one-pot solvothermal method indicated that 3% Sn-W18O49 had a 

distinct 3D sea urchin-shaped structure with 546 F g-1 at 4 A g-1 and a retention of 86% after 

6000 cycles [16]. An MXene/rGO/W18O49 film electrode (binder-free) had a 581.2 F g-1 at 1 A g-

1 and an ASC energy density of 43.2 Wh kg-1 and a 87.1% retention after 10000 cycles [12]. On 

the same lines, FeS-W18O49 composite made by using a wet-chemical process provided a 
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discharge of 558 F g-1 at 1 A g-1 with 87.6 retention after 10000 cycles, which emphasizes the 

combined role of the conductivity of FeS and the redox capacity of W18O49 [17]. 

Based on the promising electrochemical characteristics of W18O49 -based composites, the 

addition of conductive transition metal nitrides like TiN can be further added to improve 

electrode performance. TiN has been recognized as very good in terms of electrical conductivity, 

chemical stability, and mechanical strength, which makes it easy to transport electrons and 

enhances the collection of the charges in composite electrodes [18-20]. Different TiN-

composited materials have been demonstrated to show greater improvements in electrochemical 

performance because of the establishment of conductive networks and increased interfacial 

contact, like TiN/Ni [21], TiN/Vertical graphene [22], TiN/ZnS [23], TiN/MoS2 [24], TiN/Fe2O3 

[25], TiN/CuO [26], TiN/Al2O3 [27], and MnO2/TiN [28]. TiN, when integrated with W18O49, 

can form a synergistic network that enhances the active surface area, exposes additional redox 

sites, and reduces internal resistance, thereby improving both capacitance and rate capability. 

This work demonstrates that the TiN-W18O49 heterostructured nanocomposite effectively 

combines the high conductivity of TiN with the pseudocapacitive behavior of W18O49, resulting 

in outstanding electrochemical performance. The nanocomposite exhibits low solution resistance 

(Rs = 0.54 Ω) and reduced charge transfer resistance (Rct = 1.38 Ω), facilitating efficient electron 

transport and enhanced interfacial kinetics. In the three-electrode system, it delivers a high 

specific capacitance of 1482 F.g-1 at 1 A.g-1 with clear redox peaks in the 0.0-0.5 V window. The 

TiN-W18O49//AC asymmetric supercapacitor maintains 91.1 % capacitance retention after 10,000 

cycles, with a maximum energy density of 58.91 Wh.kg-¹ and a power density of 4564.9 W.kg-¹. 

These results underscore the synergistic effect between TiN and W18O49, confirming the 

heterostructure as a promising electrode material for next-generation high-performance 

supercapacitors (for more details see table 8).

2. Materials and Synthesis

2.1 Materials

During the experimental procedure, we used the following chemicals: Titanium butoxide 

Ti(C4H9O)4, Acetic acid (AcOH), Ammonia gas (NH3), Tungsten hexachloride (WCl6), Ethanol, 

polyvinylidene, n-methyl-2-pyrrolidone (NMP), Nickel foam, MnO2 and carbon black (CB). 

These chemicals were purchased from Sinopharm chemical reagent Beijing Co.Ltd and were of 

analytical reagent grade; thus, they were used without further purification.
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2.2 Synthesis and Preparation of W18O49, TiN, and TiN-W18O49 composite Electrodes

2.2.1 Synthesis of W18O49

No further purification was necessary for the chemicals because they were all high-grade. 2 g of 

tungsten hexachloride (WCl6) dissolved in 50 ml of ethanol is enough to make one urchin-shaped 

sphere of W18O49 material; then, let the mixture stand at room temperature for 30 min while 

stirring. This procedure produces a solution that is both transparent and yellow. After that, the 

solution was moved to a 100 ml Teflon-lined stainless steel autoclave and subjected to a 

temperature of 160 oC for 24 h. A dark-blue solid was produced by centrifugation, followed by 

washing with ultra-pure water and ethanol. The next step was to dry the solid at 60oC in a 

vacuum.

2.2.2 Synthesis of TiN

TiN nanobuds were produced by heating hydrothermally generated TiO2 with ammonia for 3h. 

One mL of titanium butoxide (Ti (C4H9O) 4) was mixed with 30 mL of acetic acid. The solution 

was heated for 12 h at 140°C in a 50-mL Teflon stainless autoclave. The specimen was 

centrifuged numerous times in ethanol and DI water to remove contaminants. Drying at 60oC for 

24 h produced titanium dioxide (TiO2). After that, TiO2 was annealed at 800oC for 3 h in 160 

NH3 scans.

2.2.3 Preparation of TiN-W18O49 Nanocomposite

The TiN-W18O49 heterostructured composite was prepared via a simple hydrothermal growth 

method and then heated. To make a stable suspension, 1 g of pre-synthesized TiN nanobuds was 

mixed with 50 ml of ethanol using ultra sonication for 30 minutes. To make the precursor 

solution for W18O49, 50 ml of ethanol were used to dissolve 2 g of WCl6. After that, the W18O49 

solution was slowly added to the TiN suspension, stirred constantly at room temperature for 30 

minutes. This made a uniform mixture. After that, the mixture was heated for 24 h in a 100 mL 

stainless steel autoclave lined with Teflon at 160oC. After cooling to room temperature, the dark-

blue TiN-W18O49 nanocomposite was separated from the remaining material by centrifugation. It 

was cleaned several times with DI water and ethanol to remove any impurities, and then dried 

under vacuum at 60oC. The heterostructure made by coupling TiN’s excellent conductivity with 

W18O49’s pseudocapacitive activity increases the electrochemical performance of supercapacitors.  

Table.1 Preparation conductions for TiN-W18O49 nanocomposite hetrostructure.

Materials Precursors Solvent Synthesis Method Time Temperature
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TiN-W18O49 TiN (1 g), 

WCl2 (2g)

Ethanol 

(50 ml)

Hydrothermal 24 h 160oC

2.2.4 Electrode Preparation

The nickel foam was first washed using the following agents in the following order: acetone, 3 

M HCl, 100% ethanol, and deionized water to ensure a clean surface before the electrode could 

be designed. The resulting slurry was coated onto a nickel foil substrate in spherical form using 

N-methyl-2-pyrrolidone as the solvent. The active material consisted of 80% synthesised 

material, 10% carbon black and 10% polyvinylidenedifluoride (PVDF). The electrode was 

subjected to 30 seconds of crushing at 30 MPa before being dried in a hot-air oven at 60 °C for 

12 hours. The created electrode material had a mass of 2 mg.

Scheme 1. Schematic diagram of preparation of Electrodes

2.3 Characterizations and Electrochemical Analysis

The crystalline characteristics of W18O49, TiN, and TiN-W18O49 nanocomposite were examined 

using CuKα radiation and a Rigaku D/max-A X-ray diffractometer (XRD) in an ambient 

environment within the 2θ range of 10o to 80o. We used a JEOL JSM-7800F FESEM (field-

emission scanning electron microscopy) to examine the samples we made. Energy-dispersive X-
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ray spectroscopy (EDS) was used to determine the elemental composition. A three-electrode 

system was employed on the DH7000C electrochemical workstation to evaluate the performance 

of electrode materials in an electrochemical environment. The reference electrode in the 3 E 

system was Ag/AgCl, and the counter electrode was platinum. All of this was in a 1 M KOH 

electrolyte solution. To make the working electrode, a homogenous slurry of the active material 

(W18O49, TiN, or TiN-W18O49 80 wt %), carbon black (10 wt %), and polyvinylidene difluoride 

PVDF (10 wt %) was prepared in N-methyl-2-pyrrolidone (NMP) solvent. Then, a piece of Ni 

foam was used as the current collector, and the paste was baked in a vacuum oven at 60 oC for 24 

h. We employed electrochemical impedance spectroscopy (EIS), galvanostatic charge-discharge 

(GCD), and cyclic voltammetry (CV) to examine the electrochemical properties of W18O49, TiN, 

and TiN-W18O49 nanocomposite over 0.1 Hz to 100 kHz. We employed galvanostatic charge-

discharge (GCD) to measure the long-term cycling over 10,000 cycles at a current density of 10 

A.g-1. We utilized the following equation to find the specific capacitances, energy densities, 

power densities, and Coulombic efficiencies of the active materials from their GCD analysis.

𝐶𝑠 = 𝐼 × ∆𝑡
∆𝑉

(1)

𝐸𝑑 =  𝐶𝑠 ×∆𝑉2

7.2
(2)

𝑃𝑑 =  𝐸𝑑×3600 
∆𝑡

(3)

ŋ =  𝑇𝑑

𝑇𝑐
 × 100% (4)

In the above equations Cs is specific capacitance (F.g-1), I is current density (A.g-1), ∆𝑡 is time 

(Sec), Ed is Energy density (Wh.Kg-1), ∆𝑉 is potential window (V), Pd is power density (W.Kg-1), 

and Td and Tc is the time of discharge and charge respectively.

3. Results and Discussion

3.1 X rays Diffractions & BET analysis

The XRD pattern exhibits prominent peaks indicative of the monoclinic phase of W18O49. The 

(010), (002), (020), and (200) crystallographic planes of W18O49 correspond to the major 

diffraction peaks at 2θ values of approximately 23.2 o, 26.6 o, 34.1 o, and 48.1 o, respectively. 

These peaks have validated the W18O49 phase, consistent with JCPDS card No. 71-2450. The 

robust peaks in the diffraction pattern signify the structure of TiN. The (111), (200), (220), and 

(311) planes of TiN correspond to the peaks detected at 2θ values of approximately 36.6 o, 42.6 o, 
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61.9 o, and 74.0 o, respectively. The peaks indicated by JCPDS No. 87-0632 confirm the 

crystallinity of TiN. The detection of peaks from both TiN and W18O49 in the XRD pattern 

confirms the successful formation of the TiN- W18O49 nanocomposite. Distinct peaks are 

observed at 36.6 o and 42.6 o, corresponding to TiN, and at 23.2 o and 26.6 o, corresponding to 

W18O49; no significant alterations or additional phases have been identified. This signifies that 

the TiN and W18O49 components amalgamated effectively without significant phase 

transformation and chemical contact, as their distinct crystal structures are maintained in the 

composite. Fig. 1b demonstrates that the BET analysis of the TiN-W18O49 nanocomposite reveals 

a substantial increase in surface area to 55.35 m².g-1. The augmentation in surface area 

underscores the synergistic interaction between TiN and W18O49, leading to an enhanced 

availability of active sites for ion adsorption and optimized ion diffusion pathways. The 

increased surface area improves the electrochemical performance of the composite in 

supercapacitor applications.

Fig.1 (a) X-rays diffraction of W18O49, TiN, and TiN-W18O49 nanocomposite, (b) BET analysis 

of TiN-W18O49 nano composite

3.2 Scanning Electron Microscopy and EDX with Mapping

The morphology of the TiN, W18O49, and TiN-W18O49 nanocomposite was examined via SEM, 

as illustrated in Fig 2. The SEM picture of TiN (Fig. 2a) displays a distinctive nano bud-like 

structure characterized by uniformly distributed spherical aggregates with little protrusions. 

These nanobuds establish a highly conductive network, which is optimal for improving charge 
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transfer in supercapacitor applications. A detailed examination (Fig. 2a1) emphasizes the dense 

configuration of these buds, enhancing the material's mechanical stability and superior 

electrochemical characteristics. Conversely, W18O49 has a morphology resembling an urchin-like 

sphere (Fig. 2b), characterized by extending outward from a central core. This three-dimensional 

structure markedly augments the surface area, promoting improved ion adsorption and storage. 

At increased magnification (Fig. 2b1), the distinct Urchin-like spheres prominently observable, 

highlighting the material's porosity characteristics, which are advantageous for ion transport and 

energy storage. The TiN-W18O49 nanocomposite (Fig. 2c) exhibits a cohesive hybrid architecture 

that integrates TiN nanobuds with W18O49 urchin-like spheres. This synergistic structure 

provides elevated conductivity and an extensive surface area, enhancing the material's 

electrochemical efficacy. The close-up image (Fig. 2c1) illustrates the robust connection between 

the two phases, with the nano buds and urchin-like spheres creating a cohesive network, resulting 

in enhanced ion diffusion and charge storage capacities.

Fig.2 Scanning electron microscopy images of (a, a1) TiN, (b, b1) W18O49, and (c, c1) TiN-

W18O49 Nanocomposite

The EDX spectrum of the TiN-W18O49 nanocomposite (Fig. 3a) exhibits peaks for Ti, N, W, and 

O, thereby validating the effective amalgamation of the two constituents. The presence of these 

components in appropriate ratios signifies composite creation and the lack of contaminants, 

indicating a well-integrated hybrid structure. The EDS mapping of the TiN-W18O49 
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nanocomposite (Fig. 3b) demonstrates the homogeneous distribution of Ti, N, W, and O inside 

the material. This uniform distribution of components indicates a robust interaction between the 

TiN and W18O49 phases, facilitating effective charge transfer and ion storage inside the 

composite. The uniform distribution of TiN and W18O49 enhances the material's electrochemical 

performance by reducing conductive routes and offering several active sites for ion adsorption.

Fig.3 (a) EDX analysis of TiN-W18O49 nanocomposite, and (b) EDS mapping

4. Electrochemical performance of prepared electrodes in three-electrode system

4.1 Cyclic Voltammetry (CV) Analysis

Figure. 4(a-c) shows the CV curves for the W18O49, TiN, and TiN-W18O49 nanocomposite 

electrodes. The scan speeds ranged from 10-50 mV.s-1, and the potential window ranged from 0-

0.5 V (Ag/AgCl as the reference electrode). The mixed charge-storage mechanism in the W18O49 

electrode is mainly made up of surface pseudocapacitance from reversible W6+/W5+ redox 

processes and partial electric double-layer capacitance (EDLC). The CV profiles of this electrode 

are almost rectangular, with weak redox humps (Fig. 4a). The current response, which increases 

with the scan rate, shows that ions can easily go back and forth, indicating good electrochemical 

reversibility. Fig. 4b shows that the TiN electrode exhibits a low current density and a steady CV 

shape, as it is a metal conductor with an enormous EDLC contribution and a negligible Faradaic 

contribution. TiN does not play a significant role as a redox-active component; rather, it 

primarily serves as an efficient electron transport channel. The TiN and W18O49 nanocomposite, 

on the other hand, has better pseudocapacitive behavior, with a broader contained CV zone and 

more obvious redox features (Fig. 4c). The quick electron transport of TiN and the many redox-

active sites of W18O49 work together to make this improvement happen. The composite structure 

enables fast ion diffusion and improved charge-transfer kinetics. Fig. 4d shows the CV curves of 

W18O49, TiN, and TiN- W18O49 nanocomposite at a constant scan rate of 20 mV.s-1.
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The composite electrode has a much higher current density than its individual parts, which shows 

that the better electrochemical performance is attributable to electronic interaction and interfacial 

coupling between TiN and W18O49 and not just an extra effect. This link stabilizes redox 

processes and makes electrical conductivity better throughout cycling. So the charge-storage 

kinetics by observing at the slope (b-value) in Fig. 4e, which shows how log (i) and log (v) are 

related. The TiN-W18O49 nanocomposite electrode is closer to 1 than either W18O49 (0.632) or 

TiN (0.698) since its b-value is 0.789. Thus, a surface-controlled pseudocapacitive mechanism, 

rather than a diffusion-limited faradaic reaction, regulates the composite electrode. A higher b-

value indicates a faster rate and a faster charge response. Fig. 4f shows that both diffusion and 

surface processes happen at the same time in the composite electrode. It also shows that the 

anodic and cathodic peak currents are directly related to the square root of the scan rate (V1/2). 

During cycling, both the anodic and cathodic peak currents grow symmetrically. This shows that 

redox processes are highly reversible and that stable ions are added or removed. The surface 

redox reactions involved during the charge storage mechanism are:

𝑇𝑖𝑁 + 𝑂𝐻―↔𝑇𝑖𝑁𝑂𝐻 +  𝑒― (5)

At the high potential, the oxidation occurred like

𝑇𝑖𝑁 + 2𝑂𝐻― ↔𝑇𝑖𝑂 + 𝑁𝐻― + 𝐻2𝑂 +  𝑒― (6)

While the storage behavior of W18O49 involved following reactions

𝑊18𝑂49 +𝑥𝑂𝐻― +𝑥𝑒―↔ 𝑊18𝑂49―𝑥(𝑂𝐻)𝑥 (7)

𝑊6+ + 𝑒― ↔ 𝑊5+ (8)

𝑇𝑖𝑁 +  𝑊18𝑂49 +𝑥𝑂𝐻― ↔𝑇𝑖𝑁∗ + 𝑊18𝑂49―𝑥 (𝑂𝐻)𝑥 +𝑥𝑒― (9)

The charge is kept in the TiN-W18O49 composite by a combination of surface pseudocapacitance 

and fast electron movement between the interfaces. TiN has highly conductive routes and can 

participate in reversible surface redox processes with OH ions. W18O49, on the other hand, 

largely contributes through W6+/W5+ redox reactions that happen with OH- adsorption 

/intercalation. The close TiN-W18O49 nanocomposite hetero-interface improves capacitance, rate 

capability, and cycling stability by facilitating rapid electron transport, lowering charge-transfer 

resistance, and enabling better use of electro active sites.
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Fig.4 Cyclic voltammetry analysis of, (a) W18O49,  (b) TiN, (c) TiN-W18O49 nanocomposite at 

scan rate of 10-50 mV.s-1, (d) Comparative analysis of all electrodes at 20 mV.s-1, (e) b value, 

and (f) Peak current plot

4.2 Electrochemical Surface Area (ECSA) and Interfacial Charge Storage Mechanism 

Figure 5(a-d) compares the electrochemical surface area (ECSA) of W18O49, TiN, and the TiN-

W18O49 nanocomposite electrodes using cyclic voltammetry experiments. The ECSA values 

indicate the number of charge-storage active sites that are electrochemically accessible. They are 

based on the capacitive current response at scan rates between 10- 50 mV.s-1. Fig. 5a shows that 

the ECSA ( ≈ 0.22 mF cm-2 at 50 mV.s-1) of the TiN-W18O49 nanocomposite is substantially 

greater than that of TiN and W18O49 purely. The composite architecture allows the electrolyte to 

reach more electrochemically active sites due to this significant gain. The synergistic interfacial 

contact between TiN and W18O49 prevents particle aggregation, creates a large number of hetero 

surfaces, and makes the electrolyte more wet able. All of these things boost ECSA. Fig. 5(b-d) 

demonstrate how the ECSA changes with the scan rate for the W18O49, TiN, and TiN-W18O49 

nanocomposite electrodes. When scan rates increases, ECSA increases steadily across all 

electrodes. These results show that surface sites are being activated more slowly and that ions are 

more readily accessible. The oxygen-deficient W18O49 shows surface-controlled redox activity, 

as seen in Fig. 5b. Most of the time, reversible W6+/W5+ redox events occur near the surface. Still, 
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the relatively low absolute ECSA indicates limited electrical conductivity and that the active sites 

are only used part of the time. In Fig. 5c TiN shows a slight increase in ECSA with scan rate, 

which is expect from a material with metallic conductivity and charge storage primarily due to 

electric double-layer capacitance (EDLC). Even though it has excellent electron transport, its 

overall ECSA is limited because there aren’t any strong Faradaic reactions. The TiN-W18O49 

nanocomposite has the highest absolute ECSA and the steepest increase of all the scan rates (Fig. 

5d). This behavior shows that TiN serves as a scaffold that carries electrons, accelerating the 

movement of charges to the active sites in TiN-W18O49, on the other hand, has a lot of redox-

active centers. The surfaces being so close together lets electrons and ions move quickly between 

them, making the most of the active sites already there. The chemical reason the TiN-W18O49 

nanocomposite has a higher ECSA is that it contains oxygen vacancies, which increase the 

electronic density and accelerate surface redox processes. The interface between TiN and W18O49 

exhibits strong electronic coupling, lowering the charge-transfer barrier and facilitating electron 

mobility. Because the electrochemically active interface is larger, electrolyte ions can reach 

deeper surface areas without diffusing. These behaviors work together to create a 

pseudocapacitive process that occurs primarily at the surface. In this process, charge storage is 

regulated by reversible redox reactions rather than slow bulk diffusion. The TiN-W18O49 

electrode has a much greater ECSA, which gives it its high specific capacitance and rate 

capabilities. Increasing the size of the ECSA improves both energy storage efficiency and cycling 

stability. This is because it promises more active sites for charge accumulation and faster kinetics.
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Fig.5 (a) Electrochemical surface area of all electrodes at 50 mV.s-1, (b) W18O49, (c) TiN, and (d) 

TiN-W18O49 nanocomposite at 10-50 mV.s-1

Table.2 Electrochemical active surface area of W18O49, TiN, and TiN-W18O49 nanocomposite at 

1-5 A.g-1

Electrochemical Active Surface Area (mF.cm-2) Scan Rate (mV.s-1)

W18O49 TiN TiN-W18O49

10 0.00744 0.01182 0.04353

20 0.01125 0.01656 0.08696

30 0.01500 0.02366 0.13045

40 0.01859 0.02957 0.17425

50 0.02231 0.03431 0.21769

4.3 Capacitive Diffusion Contribution
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To quantitatively clarify the charge-storage kinetics of W18O49, TiN, and TiN- W18O49 

nanocomposite electrodes, the capacitive and diffusion-controlled contributions were examined 

by a power-law connection between current (i) and scan rate (v):

𝑖(𝑉) = 𝑎𝑣𝑏 (10)

Where a, and b are constants that can be changed. The value of b shows what the main way to 

store charge is: To further differentiate the current response at a specific potential, the total 

current was delineated using the equation:

𝑖(𝑉) =  𝑘1𝑣 +  𝑘2𝑣1
2 (11)

Where: 𝑘1𝑣 represents the surface capacitive contribution (including EDLC and fast surface 

redox), 𝑘2𝑣1
2 corresponds to diffusion-controlled faradaic processes.

By fitting CV curves at different scan rates W18O49 shows that the diffusion contribution 

decreases from 91 % to 73 %, while the capacitive contribution starts at 09 % at 10 mV.s-1 and 

increases to 27 % at 50 mV.s-1. The redox transitions of W6+/W5+ are linked to the bulk 

intercalation and deintercalation of electrolyte ions into the W18O49 lattice, which is where this 

phenomenon starts. At higher scan speeds, the storage process changes slightly to surface-

controlled reactions, since there isn’t enough time for deep ion diffusion. Fig. 6b shows that as 

the scan rate increases from 10 to 50 mV.s-1, TiN’s capacitive contribution increases from 13 % 

to 33 %. This is more than W18O49’s contribution. The diffusion factor also drops from 87 % to 

67 %. This improvement is due to TiN’s metallic conductivity and surface-dominant charge 

storage, which primarily lead to charge accumulation via shallow redox reactions and rapid 

surface adsorption. But the presence of a diffusion contribution means that some of the 

electrolyte ions that come close to the surface participate.

The capacitive contribution of the TiN-W18O49 composite (Fig. 6c) rises from 27 % at 10-50 

mV.s-1, while the diffusion contribution drops from 73 % to 49 %. This activity confirms a 

charge-storage mechanism in which TiN provides a highly conductive network for rapid electron 

transport, while W18O49 offers redox-active sites and the capacity to intercalate ions. The hetero-

interface shortens ion-diffusion pathways and speeds up surface redox kinetics. Scanning at 
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higher rates shows better rate capability because capacitive processes are more critical than 

diffusion-limited processes. In Fig. 6d, the shaded area shows the capacitive current and the total 

CV response at 50 mV.s-2 for the TiN-W18O49 nanocomposite electrode. The broad overlap 

between total and capacitive currents supports the idea that surface-controlled processes store 

more than 50 % of the charge at high scan speeds, which is consistent with the 51 % capacitive 

contribution.

Fig.6 (a-c) Capacitive-Diffusion analysis of W18O49, TiN, and TiN-W18O49 nanocomposite at 10-

50 mV.s-1, (d) Capacitive behavior of TiN-W18O49 nanocomposite at 50 mV.s-1

Table.3 Capacitive diffusive contribution of W18O49, TiN, and TiN-W18O49 nanocomposite at 
10-50 mV.s-1

W18O49 TiN TiN-W18O49Scan Rates 
(mV.s-1) Cap (%) Diff (%) Cap (%) Diff (%) Cap (%) Diff (%)

10 09 91 13 87 27 73
20 14 86 18 82 33 67
30 17 83 24 76 39 61
40 22 78 29 71 45 55
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50 27 73 33 67 51 49

4.4 Electrochemical Impedance Spectroscopy (EIS)

Figure.7(a-b) shows the Nyquist plots of the W18O49, TiN, and TiN-W18O49 nanocomposite 

electrodes. These graphs show the interfacial charge-transfer behavior and ion transport kinetics. 

All electrodes exhibit a small semicircle in the high-frequency region and an inclined line in the 

low-frequency region. This suggests that charge-transfer resistance and ion diffusion processes 

work together. The high-frequency intercept on the real axis shows that the solution resistance 

(Rs) is 0.45 Ω for W18O49, 0.50 Ω for TiN, and 0.54 Ω for TiN-W18O49 nanocomposite. This 

means the electrodes have about the same resistance to contact and to the electrolyte. The TiN-

W18O49 heterostructure has a semicircle diameter of just 1.38 Ω, which is much lower than the 

diameters of TiN (2.50 Ω) and W18O49 (3.89 Ω). The composite electrode exhibits much faster 

interfacial electron-transport kinetics. When oxygen-vacancy-rich W18O49 and highly conductive 

TiN come into contact with each other, they create efficient electron transport channels and 

lower interfacial polarization, which lowers Rct. The steeper low-frequency region for TiN-

W18O49 also indicates better capacitive performance and shorter ion diffusion paths, as the 

electrolyte is easier to reach. In short, the TiN-W18O49 heterostructures better rate capability and 

electrochemical performance are due to its better electrochemical kinetics, which are shown by 

its lower charge-transfer resistance, similar solution resistance, and better ion transport.

Fig.7 (a) EIS plot of W18O49, TiN, and TiN-W18O49 nanocomposite, (b) Zoom view

Table.4 Rs and Rct calculation from EIS data

Electrodes W18O49 TiN TiN-W18O49
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Rs 0.45 0.50 0.54
Rct 3.89 2.50 1.38

4.5 Galvanostatic Charge discharge (GCD)

Figure. 8(a-d) shows the GCD curves for the W18O49, TiN, and TiN-W18O49 nanocomposite 

electrodes. The curves were recorded at 1-5 A.g-1 within a potential range of 0-0.5 V (versus 

Ag/AgCl). Using the GCD profiles can help to better understand the reversibility, charge-storage 

kinetics, and internal electrochemical mechanisms. The TiN-W18O49 electrode exhibits a longer 

discharge time at 3 A.g-1 than the other two electrodes, indicating a higher specific capacitance 

(Fig. 8a). The W18O49 electrode exhibits a shorter discharge time and a nonlinear voltage profile, 

typical of pseudocapacitive behaviour driven by reversible W6+/W5+ redox processes. The 

electric double-layer capacitance (EDLC)-dominated behaviour of TiN is substantiated by its 

relatively symmetric and linear GCD curves, arising from its metallic conductivity and limited 

redox activity, which distinguish it from other materials. Fig. 8(b-d) show the GCD curves for 

W18O49, TiN, and TiN-W18O49 at current densities of 1 to 5 A.g-1.

As the current density increases, the charge-discharge time decreases for all electrodes. This is 

because ions don’t diffuse as well at greater rates. Interestingly, the TiN-W18O49 nanocomposite 

(Fig. 8d) keeps quasi-symmetrical GCD patterns even at high current densities. This suggests 

that the charge moves quickly and that the material can be reversibly electrochemically modified. 

The low internal resistance is due to the rapid ion exchange at the W18O49 surface and the 

efficient electron transport through the TiN network, as shown by the maintained discharge 

shape and the lower IR drop. Fig. 8e shows how specific capacitance and current density are 

related. The TiN-W18O49 nanocomposite electrode exhibits the highest particular capacitance 

across all current densities and maintains most of its initial capacitance even at 5 A.g-1. The 

improved rate performance is due to the higher electrical conductivity of TiN, the many redox-

active sites of W18O49, and the shorter ion transport pathways that come from strong interfacial 

contact. W18O49 has a lower rate capability because its conductivity limits its rate, while TiN has 

a moderate capacitance because it doesn’t undergo significant Faradaic reactions. Fig. 8f shows 

the coulombic efficiency of each electrode at different current densities. The TiN-W18O49 

nanocomposite has very few parasitic reactions and charge-discharge cycles that are very easy to 

reverse. Its coulombic efficiency is always close to one. This stability is due to the strong hetero 
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interface, which prevents structural damage and irreversible redox reactions during cycling. 

Table 5 shows the results of the rate capability test on the electrodes, which were measured at 

current densities ranging from 1 to 5 A.g-1. The W18O49 electrode has a specific capacitance of 

238 F.g-1 at 1 A.g-1, but this value slowly reduces to 110 F.g-1 at 5 A.g-1. This shows that the 

electrode has low electrical conductivity and only partially uses redox-active sites at higher rates. 

The TiN electrode, on the other hand, exhibits higher capacitance, with 742 F.g-1 at 1 A.g-1 and 

506 F.g-1 at 5 A.g-1. This is because it has good metallic conductivity and efficient charge 

transport. The TiN-W18O49 nanocomposite exhibits the highest specific capacitance of all the 

current densities tested. It reaches 1482 F.g-1 at 1 A.g-1 and stays at 860 F.g-1 even at 5 A.g-1. The 

composite electrode’s better rate performance shows how TiN and W18O49 work together. TiN 

allows electrons to move quickly, and W18O49 has many redox-active sites, which improve 

charge storage and rate stability.

Fig.8 Galvanostatic Charge-Discharge comparison of W18O49, TiN, TiN-W18O49 at 3 A.g-1, (b) 

W18O49, (c) TiN, (d) TiN-W18O49 nanocomposite at 1-5 A.g-1, (e) Specific capacitance, (f) 

Coulombic Efficiency at 1-5 A.g-1

Table.5 Specific capacitance calculations from GCD graphs of W18O49, TiN, and TiN-W18O49 

nanocomposite at 1 to 5 A.g-1
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Specific capacitance Current density 
(A.g-1) W18O49 (F.g-1) TiN (F.g-1) TiN-W18O49 (F.g-1)

1 238 742 1482
2 221 688 1368
3 156 627 1068
4 138 562 952
5 110 506 860

Table.6 The coulombic efficiency of W18O49, TiN, and TiN-W18O49 nanocomposite from 1 to 5 

A.g-1

Coulombic Efficiency (%)Current density 
(A.g-1) W18O49 TiN TiN-W18O49

1 81.26 86.36 93.84
2 81.50 86.19 93.70
3 81.29 86.12 93.70
4 81.18 86.02 93.67
5 81.06 85.92 93.65

5. Asymmetric Device (TiN-W18O49//AC)

The asymmetric supercapacitor device depicted schematically in Fig. 9a, functions within a 

broader voltage range of 1.3 V and comprises a positive electrode made of TiN-W18O49 

nanocomposite and a negative electrode consisting of activated carbon (AC). There are holes in 

the W18O49 lattice that are involved in surface redox reactions, and the very conductive TiN 

moves the electrons to the outside circuit. When ions flow toward both electrodes simultaneously, 

the electric double-layer capacitance (EDLC) at the AC electrode and pseudocapacitive faradaic 

processes at the TiN-W18O49 nanocomposite electrode work together to store charge. This charge 

input significantly improves the process of building the total charge. Fig. 9b illustrates the cyclic 

voltammetry (CV) curves for the TiN-W18O49//AC asymmetric device at 10 mV.s-1. The device 

shows a steady, asymmetric CV over a wide voltage range of 1.3 V, indicating that the 

asymmetric supercapacitor assembly functioned. The TiN-W18O49 nanocomposite electrode’s 

dominant pseudocapacitive activity makes it seem very different from an ideal rectangular form. 

This is because of reversible redox reactions between W+6/W+5 couples and surface-confined 

reactions that are helped by oxygen vacancies. The AC electrode primarily enables rapid charge 

adjustment by functioning as an EDLC. The CV curves in Fig. 9c were made by scanning at 
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speeds of 10-100 mV.s-1. Keeping the curve’s shape at high scan rates means that ions move 

quickly, and the rate capacity is high. The enhanced current response with increasing scan rate 

indicates that electrons can move rapidly through the TiN conductive framework and that 

electrolyte ions can quickly reach the active W18O49 sites. In pseudocapacitive systems, a small 

amount of polarization is expected at higher scan speeds due to diffusion-limited kinetics. Fig. 9d 

shows galvanostatic charge-discharge (GCD) curves for different current densities (1-7 A.g-1). 

The quasi-triangular profiles with modest voltage plateaus provide more evidence for the 

existence of EDLC and faradaic charge storage mechanisms. The more active sites are used up 

when discharge times are longer, and current densities are lower. The discharge time decreases 

as the current density increases because deep redox-active areas are harder to reach and ion 

diffusion is limited. Fig. 9e shows (Table 7), the device has a high specific capacitance of 251.5 

F.g-1 at 1 A.g-1; however, this drops to 83.3 F.g-1 at 7 A.g-1. Because only sites accessible from the 

surface can contribute to charge storage at higher current densities, kinetic limitations account 

for a significant part of the capacitance decay. Fig. 9f shows the results of electrochemical 

impedance spectroscopy (EIS). The narrow intercept on the real axis indicates that TiN has good 

electrical contact and high intrinsic conductivity. This also reveals that the internal resistance (Rs) 

is low. The nearly vertical line in the low-frequency zone indicates that ions can move easily and 

that capacitive behaviour is optimal. The rapid faradaic kinetics at the TiN-W18O49 

nanocomposite interface is corroborated by the absence of a discernible semicircle, signifying 

that the charge-transfer barrier is insignificant.
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Fig.9 (a) Asymmetric supercapacitor TiN-W18O49//AC device, (b) CV window of TiN-W18O49 

and AC, (c) CV analysis at 10-100 mV.s-1, (d) GCD results of TiN-W18O49//AC at 1-7 A.g-1, (e) 

Specific capacitance vs current density, and (f) EIS plot 

Table.7 Specific capacitance, Energy density, and Power density calculated from TiN-

W18O49//AC asymmetric device

Current density
(A.g-1)

Specific Capacitance 
(F.g-1)

Energy density 
(Wh.kg-1)

Power density 
(W.kg-1)

1 251.5 58.91 648.5
2 227.6 53.42 1290.6
3 183.5 43.06 1962.2
4 159.9 36.80 2597.6
5 125.8 29.52 3187.6
7 83.3 20.72 4564.9

Figure. 10a shows the Ragone plot of the TiN-W18O49//AC asymmetric supercapacitor for 

different current densities. It highlights the trade-off between power density and energy density. 

The device can offer a high energy density of 58.91 Wh.kg-1 at a power density of 648.5 Wh.kg-1, 

even at a low current density of 1 A.g-1. This is because it uses the active material efficiently and 

gives the electrolyte ions enough time to reach redox-active sites. As the current density 
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increases from 2 to 7 A.g-1, the energy density decreases from 53.42 to 20.72 Wh.kg-1. On the 

other hand, the power density goes up from 1290.6 to 4564.9 W.kg-1. Due to kinetic limitations, 

the inverse correlation between the two variables intensifies at elevated current densities: 

diffusion-controlled faradaic processes are inhibited, and surface-dominated charge storage is 

preferred. The device has an excellent rate capability, even at a high power density of 3187.6 

W.kg-1  (5 A.g-1), and it keeps a good energy density of 29.52 Wh.kg-1. The material’s excellent 

performance is due to the combined effects of TiN’s highly conductive electron transport 

network and W19O49’s redox-active sites and pseudocapacitance generated by oxygen vacancies. 

An AC negative electrode in an asymmetrical design immediately increases energy density by 

widening the working voltage window, as demonstrated by:

𝐸 = 1
2
𝐶𝑉2 (12)

In above equation E is energy density, C is the device capacitance, and V is the operating voltage. 

Fig. 10b shows how stable the TiN-W18O49//AC asymmetric device is over time when a high 

current density of 10 A.g-1 is used. The device’s ability to retain 91.1 % of its original 

capacitance after 10,000 charge-discharge cycles demonstrates strong electrochemical endurance. 

After a slight decline at the beginning of each cycle, capacitance stabilizes. This is generally 

explained by electrode activation and electrolyte wetting. This means that the process of storing 

charge is very reversible. The TiN-W18O49 nanocomposite is strong enough to prevent excessive 

volume changes during ion insertion and removal. Efficient charge equilibrium between the 

electric double-layer AC negative electrode and the pseudocapacitive positive electrode, 

alongside robust interfacial coupling between TiN and W18O49, ensures stable electron pathways 

and inhibits material degradation.
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Fig.10 (a) Energy density vs Power density, (b) Capacitance retention of TiN-W18O49//AC at 10 
A.g-1 

Table.8 Comparative electrochemical performance of electrodes material based on tungsten 
composite materials

Materials Specific 
Capacitance 

(F.g-1)

Current 
density (A/g)/ 

Scan Rate

Potential 
Window (V)

Retention (%) @ 
No of Cycles

Ref.

CoWO4 378 2 mV/s -0.3 to 0.4 95@4000 [29]
Urchin like 
W18O49

315 1 -0.5 to 0.4 110@7000 [30]

W18O49@C 588.3 1 -0.4 to 0.4 88@ 5000 [31]
WO3 microspher 797.05 0.5 -0.35 to 0.2 100.47@2000 [32]
WO3/PANI 168 1.28 mA/cm2 0.5 to 0.7 60@1000 [33]
Ti/IrO2/WO3 46 20 mV/s 0.2 to 1.2 50@100 [34]
OMC/WO3-x 175 2 mV/s -0.2 to 0.7 N/A [35]
Sm2(WO4)3 326 2 mV/s -0.4 to 0.4 90@4000 [36]
W18O49 nanowires/ 
PANI

440 2 -0.6 to 0.2 N/A [37]

Graphene 
nanosheets-WO3

143.6 0.1 0.0 to 1 N/A [38]

ZnS-W18O49 517 1 -0.1 to 0.0 98.1@10,000 [39]
TiN-W18O49 1482 1 0.0 to 0.5 91.1@10,000 This 

Work

6. Conclusion 

A TiN-W18O49 nanocomposite heterostructured electrode was successfully produced and 

extensively studied for high-performance supercapacitor applications. Structural and 

morphological analyses validated the creation of the heterostructure, integrating the superior 

electrical conductivity of TiN with the pseudocapacitive properties of W18O49. Electrochemical 

investigations revealed that the TiN-W18O49 nanocomposite markedly surpasses its constituent 

elements, displaying minimal solution resistance (Rs = 0.54 Ω) and diminished charge transfer 
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resistance (Rct = 1.38 Ω), signifying effective electron transport and improved interfacial kinetics. 

The prepared electrodes exhibited distinct redox peaks in cyclic voltammetry (0.0-0.5 V, 10-50 

mV.s-1) and attained a substantial specific capacitance of 1482 F.g-1 at 1 A.g-1 in three electrode 

system. The asymmetric supercapacitor TiN-W18O49//AC device maintained 91.1 % of retention 

after 10,000 cycles, achieving a maximum energy density of 58.91 Wh.Kg-1 and a power density 

of 4564.9 W.Kg-1. The results underscore the synergistic interaction between TiN and W18O49, 

positioning the heterostructure as a suitable electrode material for advanced high-performance 

supercapacitors.
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