
Engineered conversion of TiN from 2D Ti₂C MXene: A tailored synthetic 
strategy for high-performance microsupercapacitor applications

Hafis Hakkeem a,1, Shridhar Hegde a,1, Erdenebayar Baasanjav a, Johnbosco Yesuraj a,  
Jae-Kwang Kim b, Jung Sang Cho c, Chandra Sekhar Rout a,d,*, Sang Mun Jeong a,e,*

a Department of Chemical Engineering, Chungbuk National University, 1 Chungdae-ro, Seowon-Gu, Cheongju, Chungbuk, 28644, Republic of Korea
b Department of Energy Convergence Engineering, Cheongju University, Cheongju, 28503, Republic of Korea
c Department of Engineering Chemistry, Chungbuk National University, Cheongju, 361-763, Republic of Korea
d Centre for Nano and Material Sciences, Jain University, Jain Global Campus, Jakkasandra, Ramanagaram, Bangalore, 562112, India
e Advanced Energy Research Institute, Chungbuk National University, 1 Chungdae-ro, Seowon-Gu, Cheongju, Chungbuk, 28644, Republic of Korea

A B S T R A C T

Transition metal nitrides are of recent interest for energy storage applications due to its conductivity, chemical stability and pseudocapacitance. However, the low 
surface area and oxidation susceptibility limits its extensive use. Herein, we propose a new synthesis route for Titanium nitride (TiN) from MXene (Ti2C), where TiN 
holds on to the morphological advantages of MXene. The accordion structured TiN, modified with carbon agglomerations promises high surface area for better 
electrode-electrolyte interaction. MXene is annealed with a mixture of urea, polyethylene glycol (PEG) and boric acid to obtain TiN. A detailed XRD and XPS study 
revealed that urea serves as the nitrogen source, PEG facilitates carbon agglomerations and boric acid acts as an oxidation inhibitor during synthesis. A promising 
specific capacitance of 23 mF cm− 2 was attained in a three-electrode configuration, retaining 84 % of its initial value after 10,000 charge/discharge cycles. 
Furthermore, a symmetric microsupercapacitor device was fabricated, which shows 10 mF cm− 2 specific capacitance with energy density of 632 μWh cm− 3 at a 
power density of 19 mW cm− 3. The device exhibits dominant EDLC behavior with robust electrochemical stability, as evidenced by 94 % capacitance retention and 
95 % coulombic efficiency after 10,000 charge–discharge cycles.

1. Introduction

Transition metal nitrides have been a recent interest for energy 
storage device owing to their low cost, conductivity, chemical stability 
and pseudocapacitance. Partially filled d orbitals of the transition metals 
enables surface redox reactions, while the d band crossing Fermi level 
imparts semi-metallic conductivity. Moreover, the presence of nitrogen 
enhances its corrosion resistance, rendering the material chemically 
stable and less prone to degradation. These factors make TMNs a 
favorable candidate for electrochemical energy storage devices. Nitrides 
of titanium, vanadium and molybdenum are being widely explored in 
recent times, not only for its energy storage applications but for other 
fields like catalysis, photonics, sensors, protective coatings etc. 
[1,2,3,4]. Among TMNs, Titanium nitride is one of the most favored 
material for energy storage devices when stability, conductive scaffold 
and reproducibility are prioritized. TiN combined with MXene is used 
for its adsorption capacity and catalytic effect in Li–S batteries by Luo 
et al. [5]. Pyramidal structured TiN film, reactively sputtered, exhibited 

excellent pseudocapacitive behavior, with good cyclic stability and 
conductivity [6]. Several more works on TiN and TiN based composites 
as energy storage material have been reported before [7].

Chemical vapor deposition (CVD), atomic layer deposition (ALD) 
and magnetron sputtering are some of the prominent methods to syn
thesize TiN films [8]. Mouchani et al. prepared TiN/TiON nanotubes by 
plasma enhanced CVD method for supercapacitor applications, with 85 
% capacitance retention after 6000 cycles [9]. Hao et al. synthesized 
titanium nitride thin films grown on Si substrate by DC magnetron 
sputtering method. The SiNWs/TiN electrode showed high specific 
capacitance of 113.55 F g− 1 and a capacitance decay of 12.4 % after 
2000 cycles [10]. These methods often involve hazardous and expensive 
precursors like TiCl4, TDMAT, Ti target etc. Although widely employed, 
the high capital cost of equipment and inability to produce bulk quan
tities makes these methods less attractive for scalable synthesis. Elec
trochemical deposition has also been employed as a synthesis route for 
TiN in various applications, including supercapacitors and the hydrogen 
evolution reaction (HER) [11]. In some cases, anodization is used to 
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generate oxide precursors of titanium and molybdenum, which are 
subsequently converted into their respective nitrides [12]. Rahman et al. 
used electrochemical deposition technique to synthesis TiN super
capacitor electrodes which delivers 53.66 mF s− 2 specific capacitance 
with a retention of 95 % after 10,000 cycles [13]. Though having 
excellent supercapacitor performance, industrial scaling for bulk elec
trode powder production is challenging. Electrodeposited films also 
exhibit poor repeatability due to sensitivity to deposition parameters 
[14]. Another widely used method is calcinating oxides of transition 
metals in ammonia atmosphere. Corn shaped TiN electrodes with 
excellent pseudocapacitance were synthesized by annealing TiO2 shell 
in ammonia atmosphere [15]. The specific morphology helped it to 
achieve a high specific capacitance of 20.7 F cm− 3 at 1 V s− 1. Recently, 
Zhou et al. synthesized TiN based ZnO nanoparticles for supercapacitor 
applications [16]. TiN nanobuds were synthesized from TiO2 by 
annealing in ammonia atmosphere. This synthesis route enables bulk 
production of TiN powder; however, it relies on ammonia, a hazardous 
gas. Recently, there have been reports discussing strategies in which 
ammonia for nitridation is generated in-situ within the reaction cham
ber, thereby mitigating safety concerns [17]. Guo et al. used melamine 
as the nitridation agent in the synthesis of TiN/C, which exhibit high 
specific capacitance [18].

In recent studies, MXene is being used as a potential precursor, for its 
morphological advantages and chemical properties [19,20]. Park et al. 
produced vertically aligned TiO2 by laser irradiation on MXene/Gra
phene composite [21]. Similarly, porous nitrogen-doped C/TiO2 derived 
from PANI/MXene composite was demonstrated to have excellent 
supercapacitor behavior and EMI shielding [22]. Urbenkowski et.al re
ported the synthesis of transition metal nitrides like V2N and Mo2N by 
ammoniation of carbide MXenes at high temperature, where replace
ment of carbon with nitrogen led to metallic conductivity over semi
conductor conductivity of parent carbides [23]. 2D TiN-C sheets have 

been proved to be an efficient polysulfide trap for Li–S batteries 
consequently improving its cycling stability. These sheets were prepared 
by sintering Ti₃C₂ MXene in an ammonia atmosphere [24].

Here a new synthesis route is proposed where Ti2C MXene is used as 
the primary precursor for TiN synthesis. A mixture of Ti2C, urea, PEG 
2000 and boric acid is annealed to obtain TiN decorated with carbon 
agglomerations. The synthesis procedure is illustrated in Fig. 1 (a). The 
accordion structure of MXene is retained in the synthesized TiN, 
enabling high effective surface area for electrode-electrolyte interaction. 
Ammonia for nitridation is in-situ generated by urea. PEG 2000 brings 
agglomerated carbon networks on the TiN structure, and improves the 
morphological and electrochemical aspects of the material. PEG gener
ates reactive oxygen species (ROS) when annealed at high temperature, 
leading to undesirable oxidized residues in the product. The role of boric 
acid is to prevent this oxidation. Role of each component in the pre
cursor mixture is understood from the comparative study of XRD and 
XPS analysis of the synthesized TiN, Ti2C-NC and Ti2C-N. Ti2C-NC is 
prepared by annealing Ti2C with urea and PEG, while Ti2C-N is prepared 
by annealing Ti2C with urea alone. Ti2C-900 sample is prepared by 
annealing Ti2C alone in the same conditions. To meet the growing de
mand for miniaturized energy storage, a microsupercapacitor device 
was fabricated using the synthesized TiN material. Its compact design 
and small footprint make it well-suited for integration into various ap
plications, particularly in microelectronics. The practical applicability of 
the device is demonstrated by powering an LED using four micro
supercapacitors connected in series.

2. Material synthesis

The detailed synthesis processes of Ti2C, Ti2C-900, Ti2C-N, Ti2C-NC, 
and TiN materials are as follows: At first, Ti2C was synthesized by se
lective acid etching of Ti2AlC MAX phase using LiF and HCl. In 20 mL of 

Fig. 1. (a) Schematic diagram of TiN synthesis, (b) XRD and (c) Raman spectra of Ti2C-900, Ti2C-N, Ti2C-NC, and TiN materials.
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9 M HCl, 1 g of LiF was dissolved, followed by the slow addition of 1 g of 
Ti2AlC MAX phase. The mixture was stirred at 40 ◦C for 48 h. After 
etching, the solution was repeatedly washed with deionized water by 
centrifugation at 6000 rpm until the pH of the supernatant exceeded 6. 
The resulting sediment is then freeze-dried to obtain etched Ti2C ma
terial. The resultant Ti2C material was annealed at 550 ◦C for 4 h and 
then at 900 ◦C for 1 h in argon atmosphere to obtain the Ti2C-900 ma
terial. The same annealing procedure was also used to prepare Ti2C-N, 
Ti2C-NC, and TiN materials. The Ti2C-N material was synthesized by 
mixing and grinding 200 mg of Ti2C with 400 mg of urea, followed by 
the annealing process. For the preparation of Ti2C-NC material, 5.5 g of 
urea was dissolved in 1 g of PEG (dissolved in 100 mL of water) and 
dried in a hot air oven at 120 ◦C for 14 h. 400 mg of obtained mixture 
was ground with 200 mg of Ti2C for 30 min and then annealed to get the 
Ti2C-NC material. For the preparation of TiN material, 1 g PEG 2000 and 
0.15 g boric acid were dissolved in 100 mL of DI water. After that, 5.5 g 
of urea was added to the abovementioned solution mixture and dried in 
a hot air oven at 120 ◦C for 14 h. A 400 mg of dried material was 
thoroughly ground with Ti2C (200 mg) and then annealed to obtain the 
TiN material. Fig. 1 (a) demonstrates the synthesis process of TiN ma
terial. The material, characterization techniques, electrode preparation, 
and micro supercapacitors fabrication processes were provided in the SI 
sections (1–4).

3. Results and discussion

Fig. 1(b) shows the XRD patterns of the Ti2C-N, Ti2C-NC, and TiN 
materials. All materials have XRD peaks around 37◦, 42◦, 62◦, 74◦, and 
78◦, which correspond to (111), (200), (220), (311), and (222) crystal 
planes, respectively. XRD pattern of material TiN aligns with JCPDS card 

no. 96–900-1628. The oxide peaks present in Ti2C-N and Ti2C-NC be
longs to rutile TiO2 (JCPDS card no. 96–900-1682). Since Ti–N and 
Ti–C exhibit characteristic peaks at similar positions, their composi
tions cannot be accurately distinguished using XRD analysis alone. 
Dominant species in the sample is further confirmed by subsequent XPS 
analysis. It is observed that the diffraction peak intensity of the Ti2C-NC 
material is lower compared to that of the Ti2C-N material. This is 
attributed to the presence of the PEG source, which promotes greater 
TiO2 formation over TiN material. The XRD pattern of TiN exhibits more 
prominent TiN peaks compared to those of the oxidized products. This is 
due to the introduction of boric acid during the synthesis process. This is 
explained as follows: At first, two moles of boric acid (H3BO3) are con
verted into two moles of HBO2 during the annealing process. Subse
quently, during the continued annealing process, HBO2 is thermally 
converted into B2O3 [25,26]. Previous studies have shown that boron 
oxide or boric acid can act as reducing agents for graphene oxide 
[27,28]. In such cases, these boron-containing compounds help suppress 
oxidation by donating electrons or forming barrier layers. Similarly, in 
the present work, boron oxide or boric acid reduces the extent of 
oxidation during the annealing process, thereby minimizing the for
mation of oxidized products. The formation of B2O3 is further confirmed 
using the XPS analysis. The XRD pattern of Ti2AlC and Ti2C (Fig. S1) 
confirms the successful etching of the Ti2AlC MAX phase. Additionally, 
the XRD pattern of Ti2C-900 (Fig. S1) displays a combination of Ti–C 
and oxide peaks, as expected for a MXene phase annealed at elevated 
temperatures.

The Raman spectra (Fig. 1 (c)) of the Ti2C-900, Ti2C-N, Ti2C-NC, and 
TiN materials show the bands at 253, 412, and 596 cm− 1, due to the 
presence of nonstoichiometric titanium carbide material [29]. The band 
at 140 cm− 1 is due to the anatase phase of TiO2 material. The bands at 

Fig. 2. (a, b, c) Ti 2p, N 1 s and C 1 s XPS spectra of TiN material; (d, e, f) Ti 2p, N 1 s and C 1 s XPS spectra of Ti2C-NC material respectively; (g, h, i) Ti 2p, N 1 s and 
C 1 s XPS spectra of Ti2C-N material respectively.
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238, 432, and 609 cm− 1 correspond to the occurrence of the rutile TiO2 
phase [30]. The bands at 1332 and 1574 cm− 1 are due to the D and G 
bands of carbon materials [31]. The obtained results validate the XRD 
analysis.

The XPS analyses were performed on Ti2C-N, Ti2C-NC, and TiN 
samples to evaluate their oxidation states (Fig. 2). Fig. S2 (a-c) presents 
the survey spectra of all the materials, clearly showing the presence of 
Ti, N, and C peaks, thereby confirming the successful formation of the 
respective compounds. Additionally, the survey spectrum of the TiN 
material shows the presence of a boron peak, which is a result of the 
boric acid utilization during the synthesis process. Deconvoluted B1s 
spectrum (Fig. S2 d) further confirms B2O3 in the TiN material.

Ti 2p comparison: Fig. 2 (a, d, g) represents Ti 2p XPS spectra of TiN, 
Ti2C-NC, Ti2C-N samples respectively. Deconvolution of Ti 2p XPS 
spectra of TiN shows six peaks. Ti ½ states of Ti–N, Ti-N-O and Ti–O 
are at 456.2 eV, 457.6 eV and 459.7 eV respectively, while the Ti 3/2 
states of the corresponding peaks lie at 462.3 eV, 463.6 eV and 465.4 eV. 
The peak positions of the aforementioned bands for Ti2C-NC and Ti2C-N 
are at nearly same positions. In addition to those peaks, XPS spectra of 
Ti2C-N shows Ti–C peaks at 456 eV (Ti 2p 1/2) and 461.8 eV (Ti 2p 3/2) 
indicating the strong presence of TiC in the material. Notably, Ti 2p ½ 
Ti–N peak in TiN sample is more intense than the corresponding peak in 
Ti2C-NC sample, denoting better stoichiometry and lesser disorder [32]. 
The reason for high intense Ti–N peak is the oxidation inhibiting 
property of boric acid under annealing. Boric acid, under high temper
ature (~500 ◦C) decomposes into B2O3 and acts as an oxidation inhib
itor. It is reported that at elevated temperatures, boric acid transforms 
into a glassy liquid that coats the material surface, thereby preventing 
further oxidation [33]. Thus, under a well-defined chemical environ
ment, more of nitrate species from urea decomposition reacts with Ti 
giving a predominant TiN phase.

N1s comparison: Fig. 2 (b, e, h) shows N 1 s spectra of samples TiN, 
Ti2C-NC and Ti2C-N respectively. Deconvolution of the spectra of TiN 
(Fig. 2 b) gives Ti–N, Ti-N-O, Pyridinic N, Pyrrolic N, N–C and N–O 
peaks at 397.3, 398.1, 398.7, 399.8, 400.6 and 401.7 eV respectively. 
Corresponding peaks for the N 1 s spectra of Ti2C-NC and Ti2C-N are at 
nearly same positions. But, a remarkable change in the peak width is 
observed for N–C bond and N–O bond. Nitrogen‑oxygen peak of Ti2C- 
N is barely detectable while other two materials show broad and intense 
N–O peaks. PEG upon annealing undergoes oxidative degradation 
causing release of reactive oxygen species, which readily reacts with 
nitrogen from urea and gives nitrate groups [34]. This is the reason for 

the broad and intense N–O peak of Ti2C-NC when compared to Ti2C-N. 
Similarly, nitrogen‑carbon peak of TiN is significantly intense than that 
of sample Ti2C-NC and Ti2C-N. This remarkable change is also due to the 
presence of boric acid in the TiN precursor. As more nitrate species is 
caused to react with the carbon species instead of oxygen, N–C peak 
intensity increases and N–O peak intensity decreases w.r.t Ti–N peak. 
The less intense Ti-N-O peak w.r.t Ti–N peak for TiN sample when 
compared to that of Ti2C-NC, also suggests the oxidation inhibiting ef
fect of boric acid.

C1s comparison: Fig. 2 (c, f, i) depicts the deconvoluted C1s spectra 
of TiN, Ti2C-NC and Ti2C-N respectively. A peak at 283 eV, corre
sponding to C–Ti bond is present in Ti2C-N and not in the other two 
materials, confirming that the predominant phase is TiN. For TiN, C–C 
peak is shifted to lower BE (285.35 eV) when compared to that of Ti2C- 
NC (285.65 eV) and Ti2C-N (285.7 eV). The shift in peak position is due 
to the change in oxidation conditions during annealing process, under 
the influence of boric acid [35,36].

Fig. S3 (a, b) presents the morphological characterization of Ti2C- 
900, revealing a layered accordion structure. It is evident that MXene 
sheets create a particular network of slit-shaped pores that are joined by 
particular bridges to support the stacked structure. The smooth surface 
of MXenes sheets is visible in a higher magnification SEM image. Fig. 3
(a, b) shows the morphological analysis of the Ti2C-N material, which 
displays a rough surface with a closed layer structure similar to MXene 
sheets. This morphology is predominantly governed by the annealing 
process carried. During annealing, urea decomposes and releases gases 
such as NH3 and CO2, which can intercalate between the MXene layers. 
This process temporarily increases the interlayer spacing and facilitates 
the partial exfoliation or expansion of the nanosheets. As the tempera
ture rises, urea further decomposes, contributing nitrogen species that 
promote surface modification and doping. Eventually, the gaseous 
byproducts escape, leading the layers to restack, but now with altered 
surface chemistry and increased roughness. Fig. 3 (c, d) shows the SEM 
images of the Ti2C-NC material, which exhibits an aggregated structure. 
This morphology is attributed to the use of PEG during synthesis, which 
facilitates the formation of a uniform carbon layer enriched that fully 
coats the surface of the Ti2C sheets. In addition, the level of oxidation 
during annealing can lead to a complete change in morphology and 
restacking of sheets as reported by Alshareef et al. [37]. Fig. 3 (e, f) 
presents the SEM images of the TiN material, revealing that the char
acteristic accordion-like structure of the parent MXene is well preserved 
after its transformation into TiN. This retained structure, along with its 

Fig. 3. HR-SEM images of (a-b) Ti2C-N, (c-d) Ti2C-NC, (e-f) TiN materials.
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inherent porosity, greatly enhances the available surface area for elec
trode–electrolyte interactions, which is beneficial for electrochemical 
performance.

The morphological features of the TiN material were further exam
ined using TEM analysis. As shown in Fig. 4(a), the TiN exhibits a sheet- 
like structure, confirming the preservation of its layered morphology. 
The TEM lattice fringes shown in Fig. 4 (b, c) reveal interplanar spacings 
of 0.15 nm and 0.21 nm, corresponding to the (220) and (200) planes, 
respectively. These values are in good agreement with the TiN phase 
identified in the XRD pattern, as referenced by JCPDS card no 00–038- 
1420. The spot angle measurement using GATAN software reveals a d- 
spacing of 0.33 nm, which corresponds to the negligibly small TiO2 peak 
at 27◦ observed in the XRD pattern (Fig. S5). This matches well with the 
characteristic peak of rutile-phase TiO2. The selected area electron 
diffraction (SAED) pattern of TiN (Fig. 4(d)) displays distinct bright 
spots, confirming the polycrystalline nature of the material. The 
elemental mapping (Fig. 4(e)) confirm the existence of Ti, N, C, B, and O 
elements in the TiN sample. These results agree with the results from the 
XRD and XPS analyses.

4. Electrochemical analysis

The Ti2C-900, Ti2C-N, Ti2C-NC, and TiN electrodes were electro
chemically characterized comprehensively using a standard three- 
electrode system in 1 M Na2SO4 electrolyte.

The cyclic voltammetric (CV) studies of all electrodes were done in 
the potential limits ranging from − 0.3 V and 0.8 V, utilizing diverse scan 
rates from 10 to 100 mV s− 1. The CV curves of all electrode materials, 
recorded at 100 mV s− 1 (Fig. 5(a)), display nearly rectangular shape 
characteristics with no noticeable redox peaks, demonstrating the EDLC 
behavior. Furthermore, the wide potential window (1.1 V) of the CV 
curves indicates high energy density and excellent supercapacitor per
formance. Among the studied materials, the TiN electrode exhibits a 
significantly larger area under the CV curve, indicating higher charge 
storage capability. The CV curves of Ti₂C-900, Ti2C-N, Ti2C-NC, and TiN 
electrodes with increasing scan rates are shown in Fig. S6 (a-c) and Fig. 5
(b), respectively. Based on the consistent shape and pattern of the CV 
curves, the electrodes were stable within their stated voltage range at 
lower to higher scan rates. It is noteworthy that a clear increase in 
current with increasing scan rates suggests that the electrodes have ideal 
capacitive behavior for rapid charge and discharge, making the mate
rials a viable option for electrochemical capacitors.

Evaluating the charge storage kinetics is a significant factor for the 
supercapacitor, which is calculated using Eq. (1): 

log (i) = blog (v)+ loga (1) 

where, v is the scan rate (mV s− 1) and i is the peak current (A). The slope 

of the curve b can be found by plotting log v versus log i . A b value near 
0.5 signifies a diffusion-controlled capacitive process, whereas a b value 
close to 1 suggests a surface-controlled capacitive process. Fig. 5 (c) 
demonstrates that the anodic b values for the Ti2C-900, Ti2C-N, Ti2C-NC, 
and TiN electrodes are 0.67, 0.43, 0.86, and 0.78, respectively, while the 
corresponding cathodic b values are 0.54, 0.47, 0.74, and 0.75. Due to 
the intermediate b-values, the kinetic evolution of the electrode is 
further quantified by the Eq. (2)

i = k1v+ k2v1 /2 (2) 

where the k1v denotes the surface-controlled contribution and k2v1 /2 is 
the diffusion-controlled capacitive contribution process. Fig. S6 (d) and 
Fig. 5 (d) show the surface and diffusion-controlled contributions of 
Ti2C-900, Ti2C-N, Ti2C-NC, and TiN electrodes at a scan rate of 20 mV 
s− 1. The Ti2C-900, Ti2C-N, Ti2C-NC, and TiN electrodes reveal the 
surface-controlled process of 15.5 %, 7.9 %, 34.6 % and 26.3 % 
respectively, whereas the diffusion-controlled process of 84.5 %, 92.1 %, 
65.4 % and 73.7 % respectively. It is clear that a diffusion-controlled 
energy storage process accounts for the majority of the charge stored 
by all electrodes. Fig. 5 (e) demonstrates the surface and diffusion- 
controlled contribution of the TiN material at all scan rates. The domi
nant diffusion contribution is attributed to the reversible intercalation 
and deintercalation of Na+ ions within the TiN interlayers. The sheet- 
like, accordion-type morphology of TiN provides ion diffusion path
ways while maintaining structural integrity during cycling. It shows that 
as the scan rate is increased from 20 to 100 mV s− 1, the diffusion- 
controlled process tends to decrease, which is due to the time re
strictions at high scan rates. Slower scan rates improve battery-type 
capacitive behavior by giving electrolyte ions more time to infiltrate 
into the interior pores of TiN layers and participate in Faradaic re
actions. Higher scan rates prevent the ions from completely entering the 
interior pores due to the limited time. This results in a larger contribu
tion from the surface-controlled process at high scan rates [38].

The galvanostatic charge/discharge (GCD) analysis was done for 
Ti2C-900, Ti2C-N, Ti2C-NC, and TiN electrodes at a current density of 3 
mA cm− 2, as shown in Fig. 5 (f). All GCD profiles have symmetric 
charge-discharge curves, which suggests that the electrode materials 
have outstanding reversibility. The occurrence of a triangular profile in 
the GCD curves supports the EDLC property and is better associated with 
CV analysis. Fig. 5 (g) shows the GCD analysis of the TiN electrode, 
recorded using 3, 4, and 5 mA cm− 2.

The areal capacitance of the materials is calculated using Eq. (3). 

Cs =
I × Δt
A × V

(3) 

where I is the current, Δt is the discharge time, A is the area of the 

Fig. 4. TEM analyses of TiN material (a) TEM image, (b) HR-TEM, (c) fringes, (d) SAED pattern, and (e) EDS mapping analysis.
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electrode, and V is the voltage window. The Ti2C-900, Ti2C-N, Ti2C-NC, 
and TiN electrodes exhibit the areal capacitance of 0.71 mF cm -2, 2.6 mF 
cm -2, 11.04 mF cm -2 and 23.26 mF cm -2, respectively, at 3 mA cm− 2. 
Among the tested electrodes, the TiN electrode has the highest areal 
capacitance, comparable to previous reports mentioned in Table 1.

The superior supercapacitor performance of TiN is attributed to its 
accordion-like structure, which enhances surface area and ion diffusion. 
Additionally, its high electrical conductivity facilitates rapid electron 
transport while maintaining its structural stability. The higher concen
tration of surface functional groups, such as C–O and C––O, in the TiN 
electrode enhances its capacitive performance [44]. Additionally, the 
presence of pyridinic-N and pyrrolic-N species further contributes to 
efficient charge storage, as these nitrogen functionalities are known to 
promote capacitive behavior [45,46]. The TiN electrode was subjected 
to 10,000 charge-discharge cycles at 4 mA cm− 2 to evaluate its long- 
term electrochemical durability (Fig. 5 (h)). The inset of Fig. 5 (h) 
shows the 100th, 5000th, and 10000th GCD cycles of the cyclic stability 
test. After 10,000 GCD cycles, the material maintained 84 % of its initial 
capacitance and 95.4 % coulombic efficiency (Eq. S1). TiN electrode 
shows exceptional electrochemical stability due to strong mechanical 
structure and good conductivity. Reversible ion adsorption is improved 
by stable oxygen-containing surface groups (C–O, C––O) [47].

The electrochemical impedance spectroscopic studies were done for 

the TiN electrode in a symmetric coin cell assembly before and after 50 
consecutive CV curves at 10 mV s− 1, as shown in Fig. S7 (a). Corre
sponding equivalent circuit with three branches is also given as Fig. S7 
(b, c) [48]. The series resistance Rs represents the total ohmic contri
bution from the electrolyte, current collector, and contact interfaces, 
determined from the high-frequency intercept of the Nyquist plot. Prior 
to cycling, Rs is 1.35 Ω, increasing slightly to 1.60 Ω after cycling; 
however, both values remain sufficiently low to ensure good overall 
conductivity. The first R‖Q branch is associated with interfacial charge- 
transfer processes occurring at the electrode–electrolyte interface [49]. 
The constant phase element reflects non-ideal capacitive behavior 
attributed to surface roughness and the porous nature of the TiN film 
[50]. Initially, the large resistance in this branch indicates the presence 
of a native TiOx surface layer that restricts charge transfer. After 50 
cycles, the significant reduction in this resistance suggests that the sur
face becomes more electrochemically active, thereby enhancing inter
facial reaction kinetics. The second R‖Q branch corresponds to ion 
diffusion and charge storage within the porous TiN structure. Before 
cycling, the low resistance and small exponent value (n = 0) indicate a 
highly porous electrode with deep ion penetration into subsurface re
gions [51]. Following cycling, an increase in n value toward unity re
flects more ideal capacitive behavior, signifying the activation of 
internal pores and improved electrochemical utilization of the electrode. 
Finally, the capacitor in the third branch represents the ideal double- 
layer capacitance dominant in the low-frequency region, where charge 
storage is primarily capacitive in nature.

Na-ion diffusion coefficient of the material is calculated using the Eq. 
(4). 

DNa =
R2T2

2σ2
wc2F4n4A4 (4) 

where DNa represents the sodium ion diffusion coefficient. R, T, A, n, F 
and c in the equation are the gas constant, absolute temperature, 
effective area of the electrode, number of electrons transferred, faraday 
constant and concentration of sodium ion respectively. The Warburg 
impedance coefficient σw could be determined from the slope between 
Zre and ω-1/2 as shown in Fig. S7 (d). From the Eq. (4), diffusion coef
ficient is calculated to be 8.15 × 10− 11 cm2 s− 1.

In situ Raman spectroscopy was conducted during CV over 0–1 V (vs. 

Fig. 5. Three electrode electrochemical measurements of Ti₂C-900, Ti2C-N, Ti2C-NC, and TiN electrodes: (a) CV curves of all electrodes at 100 mV s− 1, (b) CV curves 
of TiN at different scan rates, (c) log i vs. log v graph, (d) diffusion contribution of TiN electrode at 20 mV s− 1, (e) capacitive and diffusion contribution of TiN 
electrode at different scan rates, (f) GCD curves of all electrodes, (g) GCD curves of TiN at different current density, (h) cycling stability and coulombic efficiency of 
TiN electrode.

Table 1 
Performance comparison with previous works.

S. 
No

Material Performance Electrolyte Ref.

1 TiN-S 15 mF cm -2 at 5 mV 
s− 1

1 M KOH [39]

2 TiVN 15 mF cm -2 at 2 mV 
s− 1

1 M KOH [40]

3 TiN 12 mF cm -2 at 2 mV 
s− 1

0.5 M 
K2SO4

[41]

4 TiN/VG (vertical 
graphene)

9 mF cm -2 at 100 mV 
s− 1

1 M Li2SO4 [42]

5 CrN 12.8 mF cm -2 at 1 mA 
cm− 2

0.5 M 
H2SO4

[43]

6 VN 19 mF cm -2 1 M KOH [43]
7 TiN 23.3 mF cm -2 1 M 

Na2SO4

This 
work

H. Hakkeem et al.                                                                                                                                                                                                                              Chemical Engineering Journal 527 (2026) 171811 

6 



Ag/AgCl) in 1 M Na2SO4 using a symmetric coin cell at room tempera
ture (Fig. S8 (a, b)). The spectra display two Raman peaks at ~453 cm− 1 

and ~ 612 cm− 1, corresponding to the titanium‑oxygen vibration band, 
indicating the Ti-O-N formation due to surface hydration and oxidation. 
These surface transformations modify vibrational modes without 
inducing notable spectral changes between anodic and cathodic scans, 
indicating the absence of redox activity or structural rearrangement 
during cycling [52]. From a supercapacitor perspective, the combina
tion of TiN with a conductive core and stable surface oxide layer ensures 
efficient charge transfer, enhanced electrolyte interaction, and excellent 
cycling durability, making it a promising candidate for high rate- 

capability, long-life energy storage systems.

5. Microsupercapacitor studies

A microsupercapacitor (MSC) device (TiN//Na2SO4//TiN) has been 
fabricated with the synthesized TiN, as shown in the schematic diagram 
(Fig. 6 (a, b)). The fabricated solid-state microsupercapacitor operates 
within a voltage window of 0 to 1.2 V. As shown in the cyclic voltam
metry curves (Fig. 6 (d)), the TiN//Na2SO4//TiN device retains a quasi- 
rectangular shape across the scan rate range of 10 to 100 mV s− 1, rep
resenting admirable electrochemical stability and good compatibility 

Fig. 6. Device studies: (a) schematic diagram of MSC device fabrication, (b) Schematic diagram of charging of symmetric TiN supercapacitor, (c) digital image of LED 
lighting with device in series assembly, (d) CV curves, (e) GCD studies, (f) cycling stability studies, (g) EIS measurement, (h) CV curves in series assembly, (i) GCD 
curves in series assembly, (j) CV curves in parallel connection, (j) GCD curves in parallel connection, and (j) Ragone plot.
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between the electrode and electrolyte. Rapid ion transport kinetics and 
electrochemical reversibility are confirmed by a nearly triangular 
charge-discharge curve that resembles an ideal supercapacitor. 
Furthermore, the rectangular shape of CV curves suggests that the 
charge storage process mostly involves EDLC. Using Eqs. (1) and (2), the 
surface-controlled and diffusion-controlled processes were determined 
for the microsupercapacitor, as shown in Fig. S9 (a). The capacitive 
contribution is calculated to be 64 % at a scan rate of 20 mV s− 1 and 
increases to 80 % at 100 mV s− 1. Fig. 6 (e) shows the GCD analysis of the 
microsupercapacitor with various current density values. All GCD curves 
establish a triangular profile, indicating the EDLC-type, which is 
consistent with the results found from the CV studies. The device offers 
an aerial capacity of 10.3 mF cm− 2 at 0.1 mA cm− 2 current density, and 
shows an acceptable rate capability of 61 % at a high current density of 
0.7 mA cm− 2 (Fig. S9 (b)). A comparison table of the fabricated TiN MSC 
with a few other reported MXene based MSC devices is given in Table S1. 
The device underwent 10,000 GCD cycles at a current density of 0.7 mA 
cm− 2 to assess the cycling stability (Fig. 6 (f)) of the TiN//Na2SO4//TiN 
microsupercapacitor. The inset of Fig. 6 (f) shows the 100th, 1000th, 
5000th and 10000th cycles of cyclic stability analysis. After 10,000 
cycles, the results show a remarkable 95.8 % coulombic efficiency and 
92 % capacity retention, indicating its great promise for useful, 
application-focused systems. Electrochemical impedance spectrum is 
given in Fig. 6 (g) and the equivalent circuit model is similar to that of 
TiN electrodes in coin cell assembly. The device shows a solution 
resistance (Rs) of 55.7 Ω and charge transfer resistance (Rct) of 155.5 Ω, 
which is ahead of some of the reported works [53–55].

To address the potential need for combining multiple MSCs in 
practical applications, the electrochemical performance of series and 
parallel configurations was investigated. For this purpose, two and three 
microsupercapacitor devices were connected in both series and parallel 
arrangements. In the CV curves of series configuration (Fig. 6 (h)), three 
connected devices exhibit an extended operating voltage window of 3.6 
V, while two devices reach 2.4 V. Notably, the GCD curve (Fig. 6 (i)) 
durations of both combinations closely match that of a single device, 
indicating efficient voltage scaling without compromising char
ge–discharge behavior. In the parallel configuration (Fig. 6 (j)), the 
operating voltage window remains fixed at 1.2 V. As observed in the CV 
curves, there is a gradual increase in the overall CV area, indicating 
enhanced charge storage. This is further supported by the GCD curves in 
Fig. 6 (k), which show a linear increase in charge–discharge time with 
additional devices.

Energy density and power density of the device is calculated using 
the following equations: 

Energy density,Ed =
I
A

∫

V.dt (5) 

where, 
∫

V.dt is the time integration over the discharge curve is GCD 

Power density,Pd =
Ed

td
(6) 

where, td is the discharge time.
The microsupercapacitor shows maximum energy density of 632 

μWh cm− 3 at a power density of 19 mW cm− 3. Ragone plot in Fig. 6 (l) 
shows the energy density of the device at different power densities and it 
is substantially higher than the other reported supercapacitors, such as 
carbon based materials like activated carbon cloth (50 μWhcm− 3 at 2 
mW cm− 3) [56], boron doped graphene (150 μWh cm− 3 at 12 mW cm− 3) 
[57], and nitrides like NiCo2O4@TiN nanofibers (83 μWh cm− 3 at 5 mW 
cm− 3) [58], TiN NW derived from TiO2 (50 μWh cm− 3 at 100 mW cm− 3) 
[59], hierarchical TiN nanoparticles-assembled nanopillars (530 μWh 
cm− 3 at 80 mW cm− 3) [60] and GaN NW (300 μWh cm− 3 at 1000 mW 
cm− 3) [61].

To demonstrate the potential for practical applications, a red LED 
was powered using a series combination of four TiN//Na2SO4//TiN 

devices, as shown in Fig. 6 (c). A video file is provided as supplementary 
data. The LED remained brightly illuminated for at least 30 s before it 
began to gradually fade, demonstrating the effective energy delivery 
capability of the TiN//Na2SO4//TiN assembly.

To assess the structural and morphological stability, the TiN slurry 
was coated onto carbon paper, subjected to 1000 GCD cycles in a 1 M 
Na2SO4 electrolyte for post-cycling characterization. Before and after 
(Fig. 7 (a, b)) cycling stability test, the XRD investigation shows no 
discernible changes in the crystalline structure of the TiN material. The 
outstanding structural stability of the TiN electrode is confirmed by the 
preservation of the original diffraction peaks corresponding to (111) and 
(200) planes without any discernible shift, widening, or emergence of 
new phases. The dominant peak at 26◦ and 54◦ belonging to graphitic 
carbon is from the carbon paper substrate. No noticeable structural 
changes were observed in the SEM images before (Fig. 7 (c, d)) and after 
cycling (Fig. 7 (e, f)) test, indicating excellent morphological stability of 
the TiN electrode. This stability can be attributed to the robust nature of 
the TiN material and its strong adhesion to the carbon paper substrate, 
which together help maintain the electrode’s integrity during prolonged 
electrochemical cycling. These results provide strong evidence for the 
excellent long-term cycling stability of the TiN material.

6. Conclusion

In conclusion, we have synthesized TiN derived from MXene by 
annealing it with urea, PEG, and boric acid. The effect of each compound 
on pristine MXene during annealing is examined through four samples 
synthesized with varying precursor combinations. Urea generates 
ammonia for the nitridation, while PEG brings amorphous carbon ag
glomerations and further modifies the MXene surface. The addition of 
boric acid to the precursor suppresses the undesirable oxidation of the 
material facilitated by PEG. The accordion structure of the pristine 
MXene was retained by the synthesized TiN along with a carbon 
network, modifying its surface, allowing superior electrode-electrolyte 
interaction. The synthesized TiN was found to be an effective super
capacitor material, demonstrating a specific capacitance of 23 mF cm− 2 

and excellent long-term stability, retaining 84 % of its capacitance after 
10,000 cycles. As a demonstration of the materials’ suitability for 
technology-oriented applications, a symmetric microsupercapacitor is 
fabricated using synthesized TiN as the electrode material. The material 
exhibits dominant EDLC behavior, delivering a specific capacitance of 
10 mF cm− 2, excellent cycling stability over 10,000 cycles, with 95 % 
coulombic efficiency and 92 % capacitance retention. The fabricated 
device shows notably higher performance with an energy density of 632 
μWh cm− 3 at a power density of 19 mW cm− 3, promising its use in en
ergy storage applications. Furthermore, the compatibility of the MSC 
device in series and parallel configurations was demonstrated with 
electrochemical measurements. The proposed synthetic strategy not 
only provides high-performance TiN material for supercapacitor appli
cations but also offers a versatile route for synthesizing transition metal 
nitrides from various MXenes.

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.cej.2025.171811.
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