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ABSTRACT

Electrochromic materials that simultaneously enable optical modulation and charge storage offer a promising route toward
multifunctional energy systems. Herein, we report a scalable synthesis of a nickel cobalt phosphate-MXene (NCP/Ti;C,)
composite engineered to couple fast ion transport with structural robustness. Using microwave-assisted deposition followed by
spin coating, we constructed a conductive Ti;C, network that intimately overlays the NCP matrix, forming an architecture that
overcomes the transport limitations and instability typically observed in MXene-phosphate hybrids. The optimized NCP/Ti;C,
film delivered a high coloration efficiency (~140 cm?/C) and retained over 75% of its optical contrast after 1000 switching cycles.
It further exhibits an exceptional specific capacitance (~2300 F/g at 1 mV/s), reflecting markedly enhanced charge-storage
kinetics. Assembled into an asymmetric electrochromic supercapacitor with activated carbon, the device achieved an energy
density of ~15Wh/kg at a power density of ~1600 W/kg and maintained ~85% capacitance retention over 5000 cycles.
These combined optical and electrochemical performances position the NCP/Ti;C,//AC system as a compelling platform for
next-generation wearable and multifunctional energy-storage technologies.

1 | Introduction sources, such as wind [1, 2], solar [3-5], and hydropower [6, 7].
However, the intermittent nature of these resources highlights

The growing demand for electric and hybrid electric cars and the urgent need for efficient energy storage and conversion

electronic gadgets has prompted researchers to focus on the
development of energy storage devices with multifunctional, high
energy and power densities, and extended lifespans. Increased
environmental concerns have spurred the use of natural energy

technologies that can meet rising global energy demands [8, 9].
Electrochromic energy storage devices (EESDs), a subclass of
multifunctional supercapacitors, have emerged as promising can-
didates because they not only enhance energy storage efficiency but
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also provide esthetic and functional value, particularly in modern
architecture [10-13]. When integrated into building facades, such
as glass skyscrapers, EESDs offer dual advantages: they improve
the visual appeal through voltage-induced color modulation,
while simultaneously contributing to energy efficiency by storing
excess energy for auxiliary applications, such as lighting [11, 13].
Despite these advantages, the practical deployment of EESDs
remains limited, primarily because of their modest energy storage
performance and poor cycling stability. These limitations stem
from the redox-driven charge storage mechanism, which involves
continuous ion insertion and extraction processes that accelerate
material degradation [11, 13].

To address these challenges, the design of composite materials
with synergistic properties has been proposed as a route for
improving both their performance and durability. Bimetallic
phosphates (BMPs) are particularly attractive because of their
open-framework microporous structures, which are composed
of tetrahedral PO,*>” anions and bimetallic cations, providing
a large surface area and multiple ion migration channels
for enhanced electrochemical activity [14-16]. However, their
intrinsic pore size (<2nm) restricts electrolyte ion diffusion,
limiting their rate capability [17]. To overcome these limita-
tions, integrating BMPs with highly conductive Ti;C, MXene is
a promising strategy, as MXene offers a large surface area, ex-
cellent electrical conductivity, and efficient ion transport path-
ways [13, 18, 19]. This synergistic combination facilitates rapid
electron/ion transfer and enhances structural stability, thereby
enabling the design of high-performance hybrid electrodes.
Among MXenes, Ti;C, is particularly attractive for hybridiza-
tion because of its hydrophilic surface chemistry and compati-
bility with spin-coating deposition techniques [13, 18, 19].

In this study, nickel cobalt phosphate (NCP) was integrated
with Ti;C, MXene through a rapid microwave-assisted syn-
thesis and a sequential spin-coating technique. Optimization
using response surface methodology and central composite
design (RSM/CCD) allowed for precise control of the compo-
sition and structure. Compared with previously reported NCP/
MZXene-based electrodes, the present work demonstrates an
enhanced specific capacitance (2270 F/g at 1mV/s), higher
coloration efficiency (132.68 cm?/C), and superior optical con-
trast retention (75% over 1000 cycles), highlighting the novelty
of the optimized NCP/Ti;C, architecture and its potential for
next-generation EESDs.

2 | Experimental
Materials

21 |

Titanium aluminum carbide (Ti;AlC,, 400 mesh, 99.9%) was
obtained from Xiamen TOB New Energy Technology Co. Ltd.

(Xiamen, China). Sodium phosphate dibasic (Na,HPO,) and
lithium hydroxide (LiOH) were purchased from Merck KGaA
and Alfa Aesar, respectively. Cobaltous chloride hexahydrate
(CoCl,-6H,0) and activated carbon (AC) were supplied by
Across, while hydrochloric acid (HCI, 37%), lithium fluoride
(LiF), and fluorine-doped tin oxide (FTO)-coated glass substrates
were procured from Sigma-Aldrich. Nickelous chloride
hexahydrate (NiCl,-6H,0), ethanol, and acetone were obtained
from Fisher Scientific. Deionized water was used throughout all
stages of electrode material preparation and device fabrication.
All chemicals were used as received without further purification.

2.2 | Synthesis and Modification of NCP/Ti;C,
Electrode

The NCP/Ti;C, electrode was synthesized and optimized using
Design Expert software (version 12). RSM/CCD was employed
to optimize the NCP/Ti;C, electrode fabrication. Specifically,
the optimization process focused on two key parameters: the
concentration of NCP and Ti;C,, with the specific capacitance
serving as the sole surface response variable. The detailed
ranges of the parameters are listed in Table 1.

Microwave-assisted synthesis was adopted to rapidly produce
high-purity NCP and Ti;C, powders under mild conditions.
NCP was prepared by mixing 0.1M NiCl,-6H,0, 0.1M
CoCl,-6H,0, and 0.2M Na,HPO, in a Teflon vessel with stir-
ring for 30 min, followed by microwave treatment at 124°C
(4°C/min) for 10.5 min. The resulting powder was dried at 80°C
for 12 h. Nickel phosphate (NP) and cobalt phosphate (CP) were
synthesized in a similar manner, omitting the cobalt or nickel
precursor, respectively.

Ti;C, MXene was produced by selectively etching the Al compo-
nent from TizAlC, MAX phase using a 2.5M LiF and 6 M HCl
solution. TizAlC, (0.5g) was gradually added under constant
stirring and sonicated for 30 min, and then subjected to micro-
wave treatment at 40°C (1.5°C/min) for 40 min. The etched Ti;C,
was washed repeatedly with deionized water via centrifugation at
10,000 rpm until a neutral pH was achieved, followed by 60 min of
ultrasonic exfoliation under an inert atmosphere. The exfoliated
TizC, sheets were recovered by centrifugation (10,000 rpm,
10 min) and freeze-dried to yield Ti;C, powder.

The NCP/Ti;C, electrode was fabricated using a sequential
spin coating process. Based on the experimental design outlined
in Table 1, solutions of NCP and TisC, were prepared at
100 mg/mL in ethanol. First, 0.2mL of the NCP solution
(20-180 mg/mL in ethanol) was spin-coated onto a conductive
glass substrate (1500 rpm, 30s) and dried at 60°C for 1h. Sub-
sequently, 0.2 mL of Ti;C, dispersion (1-3 mg/mL in ethanol)
was applied to form the hybrid NCP/Ti;C, electrode, followed

TABLE 1 | Listof independent parameters, notation, unit, actual, and coded level of the respective independent parameters.
Actual Coded level
Parameters Notation Unit Low Middle High Low Middle High
Concentration of Ti;C, A mg/mL 1 2 3 -1 0 1
Concentration of NCP B mg/mL 20 100 180 -1 0 1
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FIGURE 1 | Schematic detailing the synthesis procedure of NCP/Ti;C,.

by oven drying at 70°C for 2 h. The resulting electrode exhibited
a mass loading of 0.37 mg/cm® in a three-electrode system
(3ES). A schematic diagram illustrating the synthesis procedure
of NCP/Ti;C, is presented in Figure 1. This microwave-assisted
spin-coating strategy establishes a continuous, conductive Ti;C,
network over the NCP layer, promoting intimate interfacial
contact and efficient electron/ion transport. The Ti;C, overlayer
not only enhances electrical conductivity but also mechanically
stabilizes the NCP during repeated charge-discharge cycles.
Compared with previously reported MXene-phosphate or
binary metal phosphate electrodes, the optimized NCP/Ti;C,
composite delivered a superior specific capacitance and cycling
stability, highlighting the synergistic interplay between the
redox-active NCP and the conductive Ti;C, scaffold.

2.3 | Material Characterization

The morphology of NCP/Ti;C, was analyzed using field
emission scanning microscopy (FESEM JEOL:JSM7800F) and
high-resolution transmission electron microscopy (HRTEM,
Zeiss Libra 200FE). The confirmation analysis of NCP/Ti;C,
was performed using Fourier-transform infrared spectroscopy
(FTIR, Perkin Elmer Spectrum 1000), Raman spectroscopy
(WITec GmbH, 532 nm), X-ray diffraction analysis (XRD, Shi-
madzu with Cu K radiation, 41 = 1.54), and X-ray photoelectron
spectroscopy (XPS, Thermo Scientific K-alpha).

2.4 | Electrochemical Measurements

The electrochemical experiments were systematically catego-
rized into electrochromic and supercapacitive analyses. For

— .

Microwave Synthesis

Ready for
Characterization

Ti;sC, powder

electrochromic characterization, a 3ES was employed, with the
NCP/Ti;C, composite functioning as the working electrode, a
saturated calomel electrode as the reference, and a platinum
wire as the counter electrode. The supercapacitive behavior was
assessed using both three- and two-electrode setups. In the two-
electrode system (2ES), the NCP/NCP/Ti;C, composite and AC
served as the positive and negative electrodes, respectively,
separated by filter paper immersed in 1M LiOH electrolyte,
which was consistent across all configurations. The electro-
chromic properties of the NCP/NCP/Ti;C, composites were
examined using an Autolab spectrophotometer. The key eval-
uated parameters included CE, AT, bleaching time (f,), and
coloration time (t.). AT quantifies the transmittance difference
between bleached and colored states, while f, and t. denote the
durations required to reach 95% of AT during bleaching and
coloring, respectively. The coloration efficiency was determined
using Equation (1):

CE = A(OD) _ Ay —Ac’ 1)
Q4 Qq

where Ay, Qq, and OD denote the absorbance in the bleached/
colored state, charge density, and optical density, respectively.
The durability of the NCP/TisC, electrode was evaluated over
1000 switching cycles at a wavelength of 671 nm. Electro-
chemical characterization was performed on a VIONIC work-
station equipped with INTELLO software, enabling cyclic
voltammetry (CV), galvanostatic charge-discharge (GCD), and
electrochemical impedance spectroscopy (EIS). CV and GCD
measurements were conducted across a range of scan rates and
current densities to probe the electrolyte response and charge
storage behavior of the NCP/Ti;C, hybrid. EIS spectra were
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acquired from 100 kHz to 1 Hz using a 10 mV AC perturbation
to extract resistive components associated with the active
material. The specific capacitance, power density, and energy
density were calculated using Equations (2-5).

av
Qs = f . (2)
my
IAt
Q=—, ©)
m
p= E X 3600’ )
At
= &XxAV (5)
2 X 3.6

where fIdV, v,m,I, At,P, AV and E represents the inte-

grated area under the CV curves, scan rate (V/s), mass of active
material (g), current (A), discharge time (s), power density
(W/kg), operating voltage (V), and energy density (Wh/kg),
respectively. The long-term electrochemical stability of the
NCP/Ti;C, electrode was evaluated using a Neware Battery Tester
(BTS4000-5V10 mA) over 5000 continuous charge-discharge
cycles.

3 | Results and Discussion
3.1 | Physical Studies

XRD analysis was performed to study the phase compositions of
the electrode materials. Figure 2a shows the XRD patterns
of NP, CP, Ti;C,, NCP, and NCP/Ti;C,. The NP exhibited
XRD patterns at 20.8° (001), 33.42° (031), 35.44° (210), 38.58°
(004), 40.78° (140), and 44.11° (14-1), which were assigned to
the crystal structure of NP monoclinic (JCPDS No. 00-033-0950)
[10, 12]. The CP demonstrated XRD patterns at 10.72° (110),
13.32° (020), 18.62° (011), 24.89° (11-1), 28.24° (111), 30.78°
(10-2), 37.66° (102), 41.12° (21-1), 46.06° (20-2), 47.74° (211),
51.96° (113) and 55.6° (051), which are attributed to the
monoclinic crystal system of CP (JCPDS No. 01-082-0521)
[10, 12]. In contrast, TizC, exhibited XRD patterns at 6.54°
(002), 19.90° (004), 28.34° (006), 35.21° (008), 38.8° (104) and
60.71° (110), which belong to the Ti;C, MXene in its crystalline
form (JCPDS No. 00-032-1383) [10, 20-22]. The XRD pattern of
NCP exhibits a combination of NP- and CP-type reflections,
confirming the successful formation of the mixed-phase mate-
rial. In the optimized NCP/Ti;C, composite, the diffraction
pattern retained the characteristic reflections of both NCP and
Ti;C,; however, several low-intensity NCP peaks were notice-
ably weakened or indistinct. This attenuation likely arises from
the homogeneous dispersion of NCP nanoparticles across the
Ti;C, surface, overlap between weak NCP reflections and more
intense TizC, peaks, and partial peak broadening induced by
microwave-assisted synthesis. Such suppression and broaden-
ing effects are well documented in MXene-based hybrid systems
[23, 24] and typically indicate strong interfacial coupling rather
than the absence of a constituent phase. Complementary
XPS analysis (Figure 2d-k) further corroborated the successful

microwave-assisted formation of the NCP/Ti;C, composite.
The crystallite dimensions were estimated using the Scherrer
equation. For the dominant NCP/Ti;C, peak at 26=10.72°
(110), the crystallite size was calculated to be 111.73 nm,
whereas the peak at 20=13.32° (020) yielded a size of
145.11 nm. Crystallites exceeding ~50 nm are generally classi-
fied as large, suggesting a more ordered lattice with reduced
defect density, which is often associated with improved elec-
trical conductivity in mixed-phase composites [25].

FTIR analysis (Figure 2b) was conducted to identify the func-
tional groups in electrode materials [26]. The FTIR spectrum of
NP shows characteristic peaks at 578 and 1020 cm™, which
correspond to the Ni—OH bending vibration and stretching
vibration of P—O, respectively [27]. The FTIR spectrum of CP
shows distinctive peaks at 863 and 1020 cm™", which are at-
tributed to the vibration modes of Co—O and the stretching
vibration of P—O, respectively [28]. In contrast, the FTIR spec-
trum of Ti;C, shows two prominent peaks at 1641 and
524cm™, which correspond to C=0 and Ti—O, respectively
[29]. Overall, the FTIR spectra of NCP and NCP/Ti;C, exhibited
all the characteristic peaks of the individual composites. Addi-
tionally, the broad peak at approximately 3443 cm ™ is ascribed
to the O—H stretching vibration [30, 31]. Compared with the
pristine NCP and Ti;C,, several FTIR peaks of the NCP/Ti;C,
composite exhibited slight shifts in wavenumber and variations
in intensity. These spectral changes can be attributed to inter-
facial interactions between the surface functional groups of
TisC, (—OH, —F, —0) and the metal-oxygen/phosphate bonds
(Ni—0, Co—0, and P—O) of NCP [32, 33]. Such interactions lead
to changes in bond polarity and local electronic environments,
resulting in peak shifts. Partial charge transfer and lattice strain
introduced during the microwave-assisted synthesis further
contribute to these vibrational modifications [34]. Therefore,
the FTIR peak shifts provide evidence of strong chemical cou-
pling and successful hybridization between NCP and Ti;C,.

Raman spectroscopy (Figure 2c) was employed to probe the
vibrational modes of the NCP/Ti;C, electrode. The spectrum
reveals distinct peaks at 151, 500, and 632 cm™", corresponding
to TiC vibrations, confirming the presence of Ti;C, MXene
[35, 36]. Furthermore, the as-prepared NCP/Ti;C, electrode
exhibited characteristic peaks at 1337 and 1525cm™", repre-
senting the D and G bands of graphitic carbon, respectively
[35, 36]. The peak near 500 cm™" is attributed to Ni—0/Co—O
stretching, whereas the feature around 1000 cm™! arises from
P—O vibrations [37, 38]. Notably, several Raman bands of NCP/
Ti5C, show slight shifts and broadening relative to pristine NCP
and TizC,, indicative of interfacial coupling and charge transfer
between Ti;C, layers and NCP species, which modify local bond
force constants and vibrational frequencies [34, 39]. These
spectral modifications corroborate strong electronic and struc-
tural interactions at the NCP/Ti;C, interface, consistent with
FTIR analysis and confirming the successful integration of the
two components.

XPS was employed to elucidate the chemical states and
surface composition of the optimized NCP/Tis;C, electrode
(Figure 2d-k). The survey spectrum confirms the presence of
P, C, Ti, O, F, Co, and Ni, consistent with the incorporation of
NCP species on the MXene scaffold (Figure 2d). The O1s region
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FIGURE 2 | (a)XRD patterns of NP, CP, Ti3C,, NCP, and NCP/Ti;C,. The symbols “#,” “,” and “¥” indicate the NP, CP, and Ti;C, composites,
respectively. (b) FTIR and (c) Raman spectra of NP, CP, Ti;C,, NCP, and NCP/Ti;C,. (d-k) XPS spectra of NCP/Ti;C,.

(Figure 2e) comprises three dominant contributions centered
at 531.5, 533.5, and 535.5eV, corresponding to lattice metal-
oxygen bonds (Ni—O/Co—0/Ti—0), carbonyl (C=0), and mixed
C—0/P=0 species, respectively [40, 41]. These signals reflect the
coexistence of metal oxides/hydroxides and phosphate-related
moieties, which are known to participate in redox reactions and
facilitate proton-coupled electron transfer.

The F1s spectrum (Figure 2f) displays components at 685.5,
687.5, and 688.5 eV, assigned to surface —F terminations (F—C/
C—Ti—F,), residual Al-F, and Ti—F—Ti, respectively, indicating

that partial F-termination of MXene persists after hybrid
formation [42]. Such terminations often modulate interfacial
wettability and pseudocapacitive kinetics. The Cls envelope
(Figure 2g) shows well-resolved Ti—C, C—C, and C—O contri-
butions at 285.18, 287.28, and 290.50 eV, confirming the integ-
rity of the Ti;C, backbone and the presence of surface oxygen
functionalities [43]. The P2p spectrum (Figure 2h) exhibits the
expected doublet at 133.5 (2P3,) and 135.6 €V (2P;,,), consistent
with oxidized phosphate species, suggesting strong interfacial
coupling between NCP nanostructures and the MXene substrate
[44]. The Co2p spectrum (Figure 2i) shows Co**/Co*" features
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with characteristic spin-orbit doublets at 783.18 (2ps;,) and
798.38€eV (2py/), accompanied by satellite peaks at ~788.18
and 805.18 eV. These satellites are indicative of high-spin Co
states commonly associated with electroactive layered oxyhydr-
oxides [45-47].

Similarly, the Ti 2p region (Figure 2j) contains peaks at 456.08,
460.48, and 465.58 eV, attributable to Ti-F, Ti-O (2ps/,), and
Ti-O (2p;,2), confirming partial surface oxidation alongside
fluorinated sites [19, 48]. Such mixed surface terminations are
known to enhance ion accessibility and interlayer charge
transfer. Finally, the Ni2p spectrum (Figure 2k) shows Ni**/
Ni** doublets at 857.78 (2ps/») and 875.58 eV (2p;,,), together

Ti

Ti

with satellites of Co2ps,, and Co2p,,, at 862.18 and 879.78 eV,
respectively [47, 49]. The coexistence of multiple oxidation
states highlights the redox-active nature of Ni and Co sites
within the hybrid, which collectively contribute to the en-
hanced pseudocapacitive performance.

3.2 | Morphology Studies

FESEM was used to analyze the structural characteristics of the
samples in their as-prepared state. Figure 3a shows the FESEM
image of CP, which exhibits an irregular, plate-like structure.
In contrast, the FESEM image of NP in Figure 3b reveals an

Ni
Co Co

Ni

N 1 2 3 4 5
Fu

h i i

FIGURE 3 | High magnification FESEM images of (a) CP, (b) NP, (c) NCP, (d) Ti5C,, and (e) NCP/Ti5C,. The inset shows low-magnification
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FESEM images of the as-prepared composites. (f) TEM image and (g) EDX spectrum of NCP/Ti;C,. Inset shows the SAED pattern of NCP/Ti;C,.

(h-m) Elemental mapping of NCP/Ti;C,.
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aggregated, irregular morphology. Remarkably, the microwave-
assisted combination of CP and NP precursors resulted in a unique
flower-like morphology for the NCP sample. The FESEM images
show that the NCP structure lacks the agglomerated features
observed for NP. Instead, NCP possesses an open, porous archi-
tecture that is likely advantageous for ion diffusion and electron
transport kinetics during electrocatalysis [12]. As shown in Fig-
ure 3d, TizC, exhibits a nanosheet-like morphology, demonstrating
that Ti;C,-MXene was successfully delaminated and exfoliated.
Notably, the addition of Ti3C, to NCP to produce NCP/Ti;C, did
not alter its morphology. The presence of both the flower-like
morphology of NCP and nanosheet-like morphology of TisC,
(Figure 3e) is expected to produce a synergistic effect and boost the
electrochemical performance of the NCP/Ti;C, electrode. In
addition, the insets of Figure 3a—e show low-resolution FESEM
images, which confirm the uniform distribution of the composite
materials. HRTEM and selected area electron diffraction pattern
(SAED) analyses were conducted to further confirm the structure
and crystallinity of the as-prepared NCP/Ti;C, electrode. The
findings revealed clear and observable lattice fringes, which sig-
nified the successful preparation of the NCP/TisC, electrode
(Figure 3f). The larger lattice fringe is attributed to the NCP, while
the smaller one is ascribed to the exfoliated Ti;C,. The presence of
both NCP and Ti;C, is expected to enhance the electrochromic and
supercapacitive properties of NCP/Ti;C, electrode. The resulting
SAED patterns (Figure 3g, inset) demonstrate that the as-prepared
NCP/TisC, electrode was polycrystalline owing to the existence of
a distinct diffraction loop, which may be indexed to the (002) and
(110) planes of CP. The SAED patterns were consistent with the
XRD results. Figure 3g shows the EDX spectrum of the NCP/Ti;C,
electrode, with peaks corresponding to the elements present in
NCP/Ti;C,, confirming its successful formation. Elemental map-
ping analysis (Figure 3h-m) established the existence of all ele-
ments in the NCP/Ti;C, electrode, indicating the successful
deposition of these elements.

33 | ANOVA of NCP/TisC,

The fabrication of NCP/Ti;C, electrodes was systematically
optimized using CCD within the RSM framework. As detailed in

Table 2, 11 experimental trials were conducted by varying Ti;C,
and NCP concentrations to evaluate specific capacitance and
validate the predictive accuracy of the surface response model.
The reduced quadratic model, selected through RSM analysis,
demonstrated robust statistical reliability with an R2? value of
0.9966 (Table 3), confirming its ability to explain 99.66% of the
variance in the data set. The model's significance (p <0.05)
and the negligible lack-of-fit term (p > 0.05) further validate its
suitability for predicting electrode performance [50, 51]. Among the
model terms, factors A (Ti;C, concentration), B (NCP concentra-
tion), and their quadratic interactions (A%, B?) exhibited statistically
significant contributions, highlighting their critical roles in mod-
ulating specific capacitance. The optimization constraints (Table 4)
yielded an NCP/Ti;C, electrode with a specific capacitance of
655.98 F/g, which was consistent with the model prediction. The
residual standard error (RSE) of 0.04% (Table 5) highlights the
precision of the model, while an average RSE of 0.83% across
triplicate validations reflects a predictive accuracy of 99.17%. These
results confirm the reliability of the model as a quantitative tool for
guiding electrode synthesis and performance optimization.

The diagnostic plots in Figure 4a (normal probability plot of
residuals) and Figure 4b (predicted vs. actual values) corrobo-
rate the model's validity. The linear distribution of residuals in
Figure 4a confirms the normality of the error distribution,
whereas the tight clustering of data along the regression line in
Figure 4b reinforces the predictive reliability of the model.
Figure 4c shows a perturbation plot illustrating the sensitivity of
the specific capacitance to perturbations in Ti;C, (4) and NCP
(B) concentrations, aligning with the statistical significance of
these factors. The quadratic relationship between variables is
further evidenced by the elliptical contours in the 2D contour
plot (Figure 4d) and the pronounced curvature of the 3D
response surface (Figure 4e). These features indicate a syner-
gistic interaction between the Ti;C, and NCP concentrations,
wherein simultaneous adjustments amplify specific capacitance.
This behavior aligns with the significance of the quadratic terms
(A% B? in the derived regression equation (Equation 6). The
strong interdependence between these parameters, as shown in
Figure 4e, highlights the necessity of balanced optimization to
maximize electrode performance.

TABLE 2 | Experimental and predicted specific capacitance of NCP/Ti;C, electrode via RSM/CCD.

Specific capacitance (F/g)

Run  A: Concentration of Ti;C, (mg/mL) B: Concentration of NCP (mg/mL) Experimental Predicted
1 3 100 439.141 464.72
2 2 100 655.98 618.27
3 2 20 394.366 405.07
4 3 180 192.161 170.13
5 1 180 153.937 128.29
6 1 100 383.363 416.17
7 2 100 645.483 618.27
8 2 180 279.344 327.03
9 3 20 258.41 254.87
10 2 100 611.726 618.27
11 1 20 206.788 199.63
Battery Energy, 2026 7 of 16
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TABLE 3 | ANOVA for NCP/Ti;C, synthesis.

Source Sum of squares df Mean square F-value p value
Model 0.4894 5 0.0979 288.93 < 0.0001 Significant
A 0.0106 1 0.0106 31.27 0.0025 Significant
B 0.0276 1 0.0276 81.33 0.0003 Significant
AB 5.306E-8 1 5.306E-8 0.0002 0.9905
A2 0.1087 1 0.1087 320.76 < 0.0001 Significant
B2 0.2268 1 0.2268 669.42 < 0.0001 Significant
Residual 0.0017 5 0.0003
Lack of fit 0.0012 3 0.0004 1.57 0.4116 Not significant
Pure error 0.0005 2 0.0003
Cor total 0.4911 10
Standard deviation 0.0184
Mean 2.53
Coefficient of variation 0.7262
R’ 0.9966
Adjusted R 0.9931
Predicted R 0.9769
Adequate precision 45.3136
TABLE 4 | Optimization parameters goal.
Limit
Name Goal Lower Upper
Molarity of Ti;C, (mg/mL) Within limits 1 3
Molarity of NCP (mg/mL) Within limits 20 180
Specific capacitance (F/g) Maximize 153.937 655.98
TABLE 5 | Predicted and experimental specific capacitance and RSE conducted under optimum conditions.
Specific capacitance (F/g)

Concentration of Ti;C, Concentration of NCP
Solution (mg/mL) (mg/mL) Predicted Experiment RSE (%)
1 2.1019 90.9419 655.727 655.980 0.04
2 2.1019 90.9419 655.727 645.483 1.56
3 2.1019 90.9419 655.727 649.914 0.89

Log,,specific capacitance = +1.51519 + (0.870606A)
+ (0.008506B) ©
— (1.43968 X 107°AB)
— (0.207111A2) — (0.000047B?).

3.4 | Electrochemical Studies

Figure 5a shows the absorbance spectra of the NCP/Ti;C,
electrode at three different potentials (0, 0.3, and 0.5 V), and the
inset of Figure 5a shows a digital photograph of the different
applied voltages. The findings indicate that the highest potential

(0.5V) corresponds to the highest absorbance intensity due to
the darker color (black) of the electrode material. Conversely,
the lowest potential (0V) displayed the lowest absorbance
intensity owing to the light color (bright green) of NCP/Ti;C,
at low voltages. Interestingly, the transmittance spectra
(Figure 5b) show a trend opposite to that of the absorbance
spectra. This is because the electrode material is less opaque at
low applied voltages than that at high voltages [10, 12]. Notably,
the NCP/Ti;C, electrode showed a high CE of 132.68 cm?/C,
which is analogous to MXene-based electrochromic materials
such as NW/P,W;,Ni/Ti;C,Ty (30.7 cm?/C) [52], V,CT, MXene
(91.1cm?/C) [53], FTO-PsW5o/TisC,T, (77.48cm?/C) [54],
WO,/Ti;C,T, MXene (126.00cm?/C) [55], and NCP/V,CT,
(104.00 cm?/C) [56] (Table 6). Transmittance spectra versus
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FIGURE 5 | (a) Absorbance versus wavelength. Inset shows digital photographs of NCP/Ti;C, at 0 and 0.5V. (b) Transmittance of

NCP/Ti;C,; as a function of wavelength. (c) Transmittance of NCP/Ti;C, as a function of time at 671 nm. (d) Optical contrast retention at 671 nm for

1000 cycles. The insets show the first and 1000th cycles of transmittance versus time.

TABLE 6 | Electrochromic performance of NCP/Ti;C, electrode compared with state-of-the-art systems.
Material CE (cm?/C) AT (%) Stability (%) References
NW/P,W,Ni/Ti;C,T, 30.70 9.30 — [52]
V,CT, MXene 91.10 53.98 83.70 (200 cycles) [53]
FTO-PsW5,/TizC,Ty 77.48 16.80 — [54]
WO;/TizC,T, MXene 126.00 57.61 — [55]
NCP/V,CT, 104.00 30.85 64.29 (1000 cycles) [56]
NCP/Ti;C, 132.68 28.69 75.00 (1000 cycles) This study

time (Figure 5c) were performed to analyze the AT, t., and t,.
The findings show that the NCP/Ti;C, electrode is capable of
achieving a moderate AT of 28.69%, a fast t. of 13.16s, and
a fast f, of 13.04s, signifying the remarkable electrochromic

performance of electrode materials. Furthermore, the optimized
NCP/Ti;C, electrode was subjected to stability tests (Figure 5d),
and the findings showed a remarkable retention of 75% even after
1000th cycles. Figure 5d (inset) shows the transmittance spectra
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for the first and 1000th cycles. Overall, the NCP/Ti;C, electrode NCP and Ti;C, to elucidate the synergistic contributions of
can be regarded as a good material for electrochromic applications both components. Figure 6a shows the CV profiles, where the
due to its fast switching time and good AT retention. NCP/TisC, electrode exhibited the largest enclosed area and

most pronounced redox features. This enhancement indicates a
The electrochemical behavior of the synthesized NCP/Ti;C, higher charge storage capability arising from the improved
composite was evaluated and compared with that of pristine electrical conductivity and increased number of electroactive
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sites introduced by the integration of Ti;C, MXene [57]. In
contrast, pristine NCP and Ti;C, exhibited weaker redox peaks
and lower current responses. The broadened and intensified
redox peaks of the NCP/Ti;C, composite confirm that the in-
terfacial coupling between NCP and Ti;C, promotes fast fara-
daic reactions while maintaining capacitive buffering, resulting
in a hybrid charge-storage mechanism [57]. The GCD curves
shown in Figure 6b further support this observation. The NCP/
Ti;C, electrode displayed the longest discharge time, indicating
a substantially higher specific capacity than that of the indi-
vidual components. The visible voltage plateau suggests a pre-
dominant faradaic contribution, which is more stable and
extended for the NCP/Ti;C, composite. In contrast, both NCP
and Ti;C, exhibited very short discharge durations. The im-
proved kinetics and prolonged discharge of NCP/Ti;C, reflect
the reduced internal resistance and more efficient electron
transport pathways facilitated by the conductive MXene layers
[10]. The EIS results (Figure 6¢) provide further insights into
the interfacial and transport characteristics. The NCP/Ti;C,
electrode exhibited the smallest semicircle diameter in the
high-frequency region compared to pristine NCP and pristine
TisC,, corresponding to the lowest charge-transfer resistance
(Rcy)- This outcome highlights the role of Ti;C, in enhancing
electronic conductivity and improving the electrode—-electrolyte
interface [58]. Additionally, the steeper slope in the low-
frequency region indicates superior diffusion behavior and
faster ion transport within the NCP/Ti;C, composite. Overall,
the combined CV, GCD, and EIS analyses demonstrated that
the NCP/Ti;C, composite exhibited significantly improved
electrochemical performance compared to its individual con-
stituents. The enhanced redox activity, prolonged discharge
stability, reduced charge transfer resistance, and improved ion
diffusion collectively confirm the strong synergistic interaction
between NCP and Ti;C,. This synergy enables faster reaction
kinetics and more efficient charge storage, making the com-
posite a promising electrode material for high-performance
energy-storage applications.

Figure 6d shows the cyclic voltammograms of the NCP/Ti;C,
electrode recorded at scan rates ranging from 1 to 10 mV/s.
Measurements were conducted in a 3ES configuration
comprising a platinum counter electrode, an SCE, and the
NCP/Ti;C, working electrode immersed in 1M LiOH aqueous
electrolyte. The voltammograms exhibited well-defined and
scan rate-independent profiles, with no discernible shifts in the
anodic or cathodic features. The pronounced redox couple
observed at low scan rates indicates battery-type charge storage,
which is consistent with previous reports [10, 12]. As the scan
rate increases, the redox signature becomes progressively
attenuated, likely reflecting the kinetic limitations associated
with ion diffusion and restricted electrolyte penetration into the
electrode architecture at higher sweep speeds [10, 12]. This
behavior correlates with a substantial decrease in the stored
charge, from 2270F/g at 1mV/s to 743F/g at 10mV/s
(Figure 6e). Complementary galvanostatic charge-discharge
measurements performed at current densities from 1 to 5A/g
using the same 3ES (Figure 6f) revealed mildly plateaued pro-
files, further substantiating the battery-type electrochemical
response of the NCP/Ti;C, electrode [10, 12]. Notably, the GCD
curve also achieved 0.5V, which is consistent with the potential
window of CV analysis. Additionally, the discharging time

decreased with increasing current densities, which reduced the
specific capacitance at higher current densities (Figure 6g). In
summary, both CV and GCD analyses showed a reduction in
specific capacitance at high sweeping rates and high current
densities, respectively, due to the behavior of electrolyte ions
that did not have enough time to penetrate the bulk of the NCP/
Ti;C, electrode. EIS was performed in the same 3ES as CV and
GCD to determine the resistance of the NCP/Ti;C, electrode
(Figure 6h). The equivalent circuit (Figure 6h, inset) consists of
an equivalent series resistance (ESR), R, constant phase ele-
ment (CPE), Warburg line (W), and tangent line (T). It is
important to highlight that the fitting of this equivalent circuit
yielded a remarkably low chi-square value (7.04 X 107%), dem-
onstrating an excellent fit of the circuit to the experimental
data. Furthermore, a low R (1.2Q) indicates fast reaction
kinetics between the electrode materials and electrolytes,
whereas a moderate ESR (23.92 Q) indicates a low internal
resistance [59, 60]. In addition, a straight Warburg line almost
perpendicular to the x-axis represents the capacitive behavior of
electrode materials [59, 60]. In addition to CV, GCD, and EIS
analyses, the Dunn method is important for studying the con-
tribution of diffusion reactions to charge storage. The contri-
bution ratios of the diffusion-controlled and diffusion-limiting
reactions were evaluated using CV curves at diverse sweep
rates. Equations (7) and (8) were used to perform Dunn's
method.

i=av, @)
iV)=Ikv+ kzvl/zor@ =kv'/2 + k, (8)
V2

where i represents the current response, i(V') denotes the cur-
rent at a fixed potential, and v is the scan rate, while a, b, k;, and
k, are fitting parameters used to describe the electrochemical
process. The relationship between log(current) and log(scan
rate), as shown in Figure 6i, is commonly used to determine the
b-value. A b-value close to 0.5 indicates a diffusion-controlled
process, whereas a value approaching 1 indicates a surface-
controlled (capacitive) process [45]. As shown in Figure 6i, a
b-value of 0.44 was obtained, confirming that the NCP/Ti;C,
electrode predominantly underwent a diffusion-controlled pro-
cess. Figure 6j shows the anodic and cathodic peaks for the
NCP/Ti;C, electrode, which shows a linear relationship, signi-
fying that the electrode materials mainly undergo a diffusion-
controlled process [45]. Notably, the anodic and cathodic peaks
for the NCP/Ti;C, electrode also exhibited an R? value close to
1, indicating a reversible capability and confirming the battery-
grade property of the NCP/TisC, electrode [45]. Figure 6k
shows the CV curves distinguishing the diffusion- and
diffusion-limited-controlled processes. The analysis revealed
that the NCP/Ti;C, electrode exhibited predominantly
diffusion-controlled behavior, accounting for 90.94% of the
process (green), while the diffusion-limited contribution was
only 9.06% (orange), consistent with the previously determined
b- and R*values. Figure 6l further quantifies the contribution at
various scan rates (1-10 mV/s). As the scan rate increased, the
proportion of diffusion-controlled processes decreased, reflect-
ing the inherently slower kinetics of diffusion-limited mecha-
nisms compared to the faster diffusion-limiting processes [45].
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FIGURE 7 | (a)CV curves of AC and NCP/Ti;C, at 10 mV/s, (b) CV curves of NCP/Ti;C,//AC at different potential windows, (c) CV curves of
NCP/Ti;C,//AC at various current densities (20-200 mV/s), (d) Line graph of Cy, of NCP/Ti;C,//AC versus scan rates, (¢) GCD curves of NCP/
TisC,//AC at various potential windows, (f) GCD curves of NCP/Ti;C,//AC at several current densities (2-7 A/g), (g) Ragone plot of NCP/Ti;C,//AC
in comparison with reported literature, and (h) Stability retention of NCP/TizC,//AC at 5000th cycle. The inset shows the GCD curves of
NCP/Ti;C,//AC at the first and 5000th cycles. (i) Nyquist graph of NCP/Ti;C,//AC before and after stability.

This consequence is in concord with the CV analysis, where the
redox peaks became less prominent upon increasing sweeping
rates, signifying a reduction in the diffusion-controlled process
at high scan rates.

Figure 7 shows the CV curves of the AC and NCP/Ti;C, elec-
trodes at 10 mV/s. AC was used as the negative electrode, and
NCP/Ti;C, was used as the positive electrode. The AC electrode
exhibited the behavioral characteristics of an EDLC, whereas
the NCP/Ti;C, electrode exhibited properties comparable to
those of a battery. By combining these materials in the NCP/
TisC,//AC device, the synergistic effect of the high theoretical
specific capacitance of NCP/Ti;C, and the excellent stability of
AC can be realized. As shown in Figure 7b, CV analysis was
performed at different operating voltages to observe the capa-
bilities of the electrode material to achieve certain potential
windows. Consequently, the NCP/Ti;C,//AC device has the
potential to reach a maximum operating voltage of 1.5V. Fur-
thermore, the NCP/Ti;C,//AC device underwent CV analysis at

different scanning rates (20-200 mV/s) to calculate the charge
storage capacity of the NCP/TizC,//AC device (Figure 7c).
Figure 7d shows the line graph of specific capacitance at various
scan rates, and the findings show that the NCP/Ti;C,//AC
device can achieve a specific capacitance of 280 F/g at 20 mV/s.
Notably, the line graph shows a decreasing trend in the specific
capacitance with increasing scanning rates for the same reason
described earlier in the 3ES CV analysis. As shown in Figure 7e,
GCD at different operating voltages was performed to validate the
outcomes of Figure 7b, and the results showed agreement
between both analyses. GCD analysis was also performed at dif-
ferent current densities (2-7 A/g) to estimate the specific energy
and specific power of the as-prepared NCP/Ti;C,//AC device.

As a result, the NCP/Ti;C,//Ac device produced a high energy
density of 14.5 Wh/kg at a power density of 1500 W/kg (2 A/g).
In addition, at high current densities (7 A/g), the NCP/Ti;C,//
AC device maintained a high energy density of 8.75 Wh/kg at a
power density of 5250 W/kg. Notably, the energy density and
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TABLE 7 | Comparison of the energy density, power density, and stability of the NCP/Ti3C,//AC device with previously reported studies.

Material Energy density (Wh/kg) Power density (W/kg) Current density (A/g) References
MXene/CNT@Ni 14.5 350 0.5 [61]
d-Ti;CN@NiCeO, 5.7 500 1 [62]
N-TisC,T, 9.57 250 0.5 [63]
MXene/MoOs3 13.4 534.6 — [64]
MXene/rGO 10.5 80.3 — [65]
MnO,/Ti;C, 8.3 221.3 1 [66]
NCP/TisC,//AC 14.50 1500 2 This study
NCP/TisC,//AC 8.75 5250 7 This study

power density achieved are comparable with the other pub-
lished literature on MXene based devices such as MXene/
CNT@Ni film (14.5 Wh/kg, 350 W/kg) [61], d-Ti;CN@NiCeO,
(5.7 Wh/kg, 500 W/kg) [62], N-TisC,T, (9.57 Wh/kg, 250 W/kg)
[63], MXene/MoO; (13.4 Wh/kg, 534.6 W/kg) [64], MXene/rGO
(10.5Wh/kg, 80.3W/kg) [65], and MnO,/TisC, (8.3 Wh/kg,
221.3 W/kg) [66] (Table 7). Figure 7h shows the stability test of
the NCP/Ti;C,//Ac device. Notably, the NCP/Ti;C,//AC device
preserved 82.89% of its initial capacitance after 5000 cycles. The
NCP/TisC,//AC device was stable during the first 2000 cycles
but gradually degraded in performance thereafter. This decline
can be attributed to the faradaic charge-storage mechanism
inherent to the NCP/Ti;C, electrode, where repeated redox
reactions induce structural strain, surface oxidation, and partial
detachment of the active material from the current collector
[67, 68]. The NCP/TisC,//AC device thus undergoes progressive
mechanical and interfacial wear owing to the recurring insertion
and extraction of electrolyte ions during charge-discharge pro-
cesses [67, 68]. As illustrated in the inset of Figure 7h, the GCD
curves of the first and 5000th cycles reveal a slightly larger IR
drop and shorter discharge duration after cycling, indicating an
increase in internal resistance and reduced electrochemical
reversibility. Similarly, the Nyquist plots (Figure 7i) show that the
Warburg line became slightly longer and the semicircle diameter
marginally increased after cycling, signifying higher charge-
transfer resistance and slower ion diffusion. These observations
confirm that the gradual capacitance fading mainly originates
from the faradaic reaction-driven degradation of the NCP/Ti;C,
electrode and the accompanying increase in interfacial resistance.

4 | Conclusion

The NCP/Ti;C, electrode was successfully synthesized using
versatile microwave and spin-coating techniques. The NCP/Ti;C,
electrode was optimized using RSM/CCD to enhance both its
electrochromic and supercapacitor performance. Based on the
optimization tool, the NCP/Ti;C, electrodes exhibited excellent
surface response predictability with an average RSE of 0.83% and
a good model predictability of up to 99.17%. In addition, the 3ES
study comprising CV, GCD, and EIS concluded that NCP/Ti;C,
is an excellent electrode material in electrochromic and super-
capacitor applications owing to the high specific capacitance
generated and low resistance produced. Dunn analysis further
confirmed that the NCP/Ti;C, electrode mainly undergoes a

diffusion-controlled process. Furthermore, the 2ES study
revealed that the NCP/Ti;C,//AC device possessed excellent
specific capacitance, high specific energy, high specific power,
and good stability retention. All analyses, including 3ES and 2ES,
confirmed the potential of NCP/Ti;C, electrodes for implemen-
tation as multifunctional energy storage devices. Future work
may focus on integrating the NCP/Ti;C, electrode into practical
electrochromic devices (e.g., smart windows) and exploring its
suitability for wearable energy-storage systems. Emphasis should
be placed on flexible substrates, durability testing, and pairing
the electrode with solid-state or gel electrolytes to enable real-
world implementation.
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