Vol. 38, No. 2 (2026), 491-498 €5 -
ASIAN JOURNAL
OF CHEMISTRY

Asian Journal of Chemistry;

ASIAN JOURNAL OF CHEMISTRY

5an Journal of ChemS:

https://doi.org/10.14233/ajchem.2026.35092

Green Synthesis of Ni-Fe co-doped TiO2 (Nio.osFeo.0s Ti0.902)
Nanoparticles for Enhanced Supercapacitor Applications

E. KRISHNAKANTHY® and P. MOHAN KUMAR?™
!Material Research Centre, School of Engineering, Presidency University, Bangalore-560064, India
2Department of Physics, School of Engineering, Presidency University, Bangalore-560064, India

*Corresponding author: E-mail: mohankumar.p@presidencyuniversity.in

Received: 17 October 2025 Accepted: 15 January 2026 Published online: 31 January 2026 AJC-22268

This work reports the green synthesis of Ni and Fe co-doped TiO2 nanocomposites via solution combustion using aloe vera gel as bio-fuel.
The prepared Nio.osFeo.0sTio.0O2 composition was confirmed by XRD and Raman spectroscopy, which showed anatase phase retention
and successful substitution of Ti** by Ni?* and Fe®*, inducing lattice distortion and local symmetry defects. SEM revealed reduced particle
size and improved dispersion due to co-doping. Electrochemical studies including cyclic voltammetry, galvanostatic charge—discharge
and impedance spectroscopy demonstrated enhanced capacitance, energy density and charge transfer dynamics in NiFeTiO2 compared to
pure and Fe-doped TiO2. The NiFeTiOz2 electrode achieved a high specific capacitance (140 F g%), energy density (280 Wh/kg) and power
density (54 kW/kg), highlighting the complementary role of binary doping in improving conductivity and pseudocapacitive behaviour.
Overall, green synthesis and transition metal co-doping offer a sustainable route to high-performance supercapacitor electrode materials.
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INTRODUCTION

The energy demand has increased in pace with the spread
of technological advancements. A new energy demand is
emerging and this makes way for new-generation energy
storage systems as well as renewable (convertible) energy
sources [1,2]. On the other hand, the transportation of such
renewable energy from the generation point to the application
point is still another troublesome job. Therefore, the develop-
ment of high-performance, high-capacity and stable energy
storage devices has been drawn a great deal of attention as
one of the most promising solutions. Tremendous progresses
of energy storage devices including conventional capacitors
and batteries have been already made all over the world.
However, the commercial applications are still behind the
global demand [3-5]. Under this circumstance, the full growth
of energy storage systems (ESS) emerges as a major theme
being pursued by a legion of scientific experts and second-
generation lithium-ion batteries (LiB), fuel cells, dielectric
capacitors and supercapacitors (SC) are four prevalent exam-
ples owing to their high specific energy, power density, high
sustainability, long cyclic life and low environmental impact
[6-9].

In recent years, electrochemical research has attracted
considerable interest owing to growing concerns over energy
and environmental challenges, electrochemical investigations
have become increasingly prominent. Since its discovery [10,
11], TiO2 has been extensively used in applications like battery
photo-anodes, water splitting, supercapacitors and dye removal.
With its high surface area and sturdy framework, nanostruc-
tured TiO, NPs shows promising application in both electrical
double-layer and pseudocapacitive supercapacitors. Still, its
wide band gap (~3.0-3.2 eV) and naturally low conductivity
limit its electrochemical efficiency [12,13]. These factors result
in low faradaic activity and elevated internal resistance, ulti-
mately restricting its capacitance and energy output. Therefore,
boosting the electrochemical behaviour of TiO; is key for
advancing its role in supercapacitor devices.

A highly effective approach to addressing the limitations
of TiO; involves doping with transition metals. Introducing
metal ions can create additional energy states [14,15], increase
the density of charge carriers and induce defect sites particu-
larly oxygen vacancies that helps to reduce the band gap and
enhance electrical conductivity. For instance, Ni?* and Fe®* ions
can replace Ti** within the TiO, crystal lattice, generating
localised gap states that improve conductivity [16,17]. Studies
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have demonstrated that Ni doping helps stabilise the anatase
phase of TiO,, decreases its band gap and increases both
conductivity and the number of active sites. Likewise, Fe
doping lowers TiO’s band gap from 3.1 eV to approximately
2.8 eV as the iron concentration increases, due to Fe®* energy
levels overlapping with the conduction band [18,19]. This
reduction in band gap through Ni or Fe doping enhances
electrical conductivity and expands redox activity, similar to
the effects observed when TiO; is hydrogenated, which intro-
duces Ti®* states and structural disorder to boost conductivity
and pseudo-capacitance. Beyond individual dopants, co-doping
TiO, with both Ni and Fe can produce synergistic effects. co-
Doping typically induces more substantial modifications in
both the structural and electronic characteristics of TiO, com-
pared to single-element doping. The simultaneous presence
of Ni2*/Ni®* and Fe?*/Fe** redox pairs introduce multiple active
sites and promotes the formation of oxygen vacancies, enhan-
cing charge transfer dynamics and supporting increased pseudo-
capacitive behaviour.

From an electrochemical standpoint, Ni/Fe co-doped TiO,
benefits from both electrical double-layer capacitance and
Faradaic pseudo capacitance. The incorporated Ni and Fe ions
introduce additional redox-active centres, supplementing the
inherently limited Ti**=Ti* redox couple, thereby enhancing
charge storage capabilities [20]. The redox pairs Ni?*/Ni** and
Fe?*/Fe3* contribute actively during charge-discharge cycles,
leading to improved specific capacitance and an extended
potential window. Furthermore, the co-doping reduces the
band gap, increasing electronic conductivity and lowering
equivalent series resistance (ESR), which facilitates high-rate
cycling. The integration of green, plant-assisted synthesis
further enables precise control over nanostructure and phase
composition in an environmentally responsible manner. For
the first time, Ni and Fe co-doped TiO2 nanoparticles were
successfully prepared through a solution combustion techni-
que. The study revealed a notable enhancement in electro-
chemical behaviour, with the interpretation of results provided
herein.

EXPERIMENTAL

Preparation of Ni and Fe co-doped TiO2 NPs: A solu-
tion combustion route was employed to synthesise nanocom-
posites of TiO,, Fe and Ni, using aloe vera gel as a green fuel
source [21]. For this method, 20 mL of freshly extracted aloe
vera gel was blended with 80 mL of deionised water and then
filtered to extract the required gel. This filtered gel was used
as fuel in the combustion process. To obtain a final composi-
tion of NioosFeo05Tio90>, the precursor salts-titanium(1V) iso-
propoxide, ferric nitrate nonahydrate and nickel(ll) nitrate
hexahydrate (all compounds, with a purity of 99.99%, Sigma-
Aldrich) were precisely added into silica crucible, provided
with 10 mL of aloe vera gel. After thorough mixing with a
magnetic stirrer for 30 min, the crucibles were placed inside a
muffle furnace pre-set to 450 + 10 °C. The exothermic reaction
initiated combustion, which finished within 15 min, yielding
the nanocomposites. Finally, the products underwent calcina-
tion at 500 °C for 3 h.

Characterisation: As prepared TiO,, Fe-doped TiO,, Niand
Fe co-doped TiO; nanoparticles were characterised to under-
stand their structural, morphological and electrochemical
features. Structural analysis was carried out using X-ray diff-
raction (Bruker D2 Phaser) was used to study the structural
phases, while surface morphology was analysed by scanning
electron microscopy (SEM-EDX, ZEISS). Raman spectro-
scopy was conducted using an (Enspectra Raman microscope)
and electrochemical measurements were performed with a
CHI608E electrochemical workstation.

RESULTS AND DISCUSSION

Identification of phase structure and crystallite size:
Fig. 1 displays the XRD results of Ni and Fe co-doped TiO»,
which were utilised to analyse structural features, phase com-
position and lattice parameters of the sample. XRD analysis
revealed distinct peaks at 25.18°, 36.03°, 37.94° 48.06°,
54.13°,55.18°, 62.63°, 68.92°, 70.30° and 75.10° matching the
(101), (103), (004), (200), (105), (211), (204), (116), (220) and
(215) planes of anatase TiO, (JCPDS No. 21-1272) respec-
tively [22-24]. Due to the close similarity in ionic radii among
Ti*, Fe® and Ni?*, no separate iron or nickel oxide phases
were observed in the XRD patterns. This implies that Fe3* and
Ni2* ions were incorporated into the TiO; structure by substi-
tuting Ti** sites [25,26]. Furthermore, ICDD reference id 00-
041-0214 confirms the formation of iron nickel titanium oxide
and the variation of peak intensity, slight peak shift confirms
the addition of dopants.
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Fig. 1. XRD patterns of Graphic representation of TiO,, Fe doped TiO,, Ni

and Fe co-doped TiO, NPs

The crystallite size and structural characteristics of Ni and
Fe co-doped TiO; were examined using Scherrer’s equation
and the Williamson-Hall (W-H) method. The crystallite size
can be calculated using the Scherrer equation as follows:
KA
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where D stands for the crystallite size; A is the wavelength of
CuKa radiation (1.5406 A); B indicates the full width at half
maximum of diffraction peak; K is a shape factor (0.94) and
0 represents the diffraction angle at the peak maximum. The
corresponding lattice parameters were computed using the
following set of equations:

A
D(hkl) = m (2
12 h°+k*> I?
=0 t= ©)
d ey a c

The term dg refers to the distance between atomic planes
indexed by (hkl), A is the wavelength of the X-ray used, 6 is
the corresponding diffraction angle and (hkl) indicates the
specific set of lattice planes. For anatase-phase TiO,, the crystal
system is tetragonal with equal a and b parameters, while c is
distinct (a = b # ¢) [26]. The crystallite sizes and lattice para-
meters for Ni and Fe co-doped TiO2 nanoparticles are summ-
arised in Table-1, reveal a noticeable decrease in crystallite
size with the incorporation of dopant ions.

TABLE-1
CRYSTAL SIZES OF TiOz, Fe DOPED TiOz,
Ni AND Fe co-DOPED TiO2 NPs

Crystal size (nm)

Sample
Scherrer’s W-H
TiO2 8.18 6.91
FeTiO> 7.27 4.30
NiFeTiO2 7.14 3.73

Raman analysis of Ni and Fe co-doped TiO2: The Raman
spectral changes reflect factors such as non-stoichiometry,
structural imperfections, phase variations and bond structure
modifications [27]. Fig. 2 illustrates the Raman spectra of pure
TiO,, Fe doped TiO2, Ni and Fe co-doped TiO, samples, all
samples exhibit six prominent Raman-active vibrational
modes: Eq (146.27 cm™), Eq (196.11 cm™), B1g (396.52 cm™),
Aig + Big (515.13 cm™) and E4 (640.31 cm™?), which are
characteristic of the anatase of TiO,. The presence of these
modes confirms the retention of the anatase crystal structure
across all compositions [28,29]. The Raman E4 mode centred
at 145 cm showed a marginal shift to higher wavenumbers
and reduction in intensity, as shown in Fig. 2. This observed
shift and intensity change suggest the formation of structural
defects, attributed to the substitution of Ti** by Ni?* and Fe®*
in the host lattice. These observations are in good agreement
with XRD results.

Surface morphology: Scanning electron microscopy
(SEM) was employed to examine the surface morphology of
the samples and the results are shown in Fig. 3, providing a
comparative analysis of pure TiO; (a-b), Fe-doped TiO- (c-d)
and Ni and Fe co-doped TiO; (e-f) nanostructures. At low
magnification (Fig. 3a), the TiO, sample displays irregular,
aggre-gated particles forming loosely bound microstructures.
The high-magnification image (Fig. 3b) reveals densely packed,
nanocrystalline particles with an average size of 146.5 nm,
after incorporation of Fe as a dopant (Fig. 3c-d) leads to notice-
able changes in morphology. At low magnification (Fig. 3c),

NiFeTiO,
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Raman spectra of Graphic representation of TiO,, Fe doped TiO,,
Ni and Fe co-doped TiO, NPs

Fig. 2.

Fe doped TiO- displays smaller, more spherical particles with
reduced agglomeration. High-magnification imaging (Fig.
3d) indicates an average particle size of approximately 144.3
nm. The co-doping of TiO2 with Ni and Fe (Fig. 3e-f) results
in pronounced morphological refinement. Low-magnification
SEM imagery (Fig. 3e) reveals a microstructure consisting of
finely dispersed secondary clusters, in contrast to the dense
agglomerates observed in pure TiO2. The high-magnification
image (Fig. 3f) confirms a significant decrease in particle size,
with an average of 85.41 nm. This reduction in crystallite size
and improved particle dispersion are likely due to the syner-
gistic effect of Ni and Fe ions disrupting lattice continuity,
This SEM analysis reveals a structural evolution marked by
reduced particle agglomeration and improved nanoscale uni-
formity, which correlates strongly with improved electro-
chemical behaviour. Fig. 3g,h,i displays EDX results, which
serve as a crucial analytical technique for determining the
elemental composition of the materials. The spectra confirm
the presence and distribution of Ni and Fe in the co-doped TiO,
and provide the corresponding weight percentages of each
element.

Electrochemical studies: Electrochemical evaluations such
as cyclic voltammetry (CV), galvanostatic charge-discharge
(GCD) and electrochemical impedance spectroscopy (EIS)
were conducted to assess the electrochemical behaviour of
the fabricated electrodes [30-32]. These experiments were
performed using a CHI608E electrochemical workstation within
a conventional three-electrode system including a working
electrode, an Ag/AgCI reference electrode and a platinum
counter electrode with 1 M Na,SO, aqueous solution acting
as electrolyte. All the pure TiO,, Fe doped TiO2, Ni and Fe
co-doped TiO, samples were loaded with an active material
mass of about 0.022 g. Cyclic voltammograms were obtained
at various scan rates (10-50 mV/s) using a 1 M NazSO; elect-
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n

Element Weight Weight (%) Atomic
line (%) Error (%)
CK 5.39 +1.06 10.01
OK 49.89 13.62 69.54
TiK 3964 112 18.46
FeK 3.38 0.59 1.35
NiK 170 0.73 0.64
Total 100.00 100.00

ENT = 15,00 WV
WO = 80mm

Element Weight Weight (%) Atomic
line (%) Error (%)
CK 1970 $1.29 30.05
OK 4880 £1.92 55.87
TiK 2669 0.81 10.21
FeK 4.81 1378 3.87
Total 100.00 10.00

T Element Weight Weight (%) Atomic
line (%) Error (%)

CK 1970 $1.29 30.05
OK 5468 11.82 70.97
TiK 40.56  0.95 20.81
Total 100.00 100.00

Fig. 3. Surface morphology and EDX spectra of TiOz (a, b, g), Fe doped TiOz (c, d, h), Ni and Fe-co doped TiOz2 (e, f, i) NPs

rolyte and the observed redox behaviour aligns well with the
previously reported studies [33].

Cyclic voltammetry studies: As shown in Fig. 4a-c, the
cyclic voltammograms of pure TiO, Fe doped TiO2, Ni and
Fe co-doped TiO, demonstrate a direct relationship between
scan rate and current. The observed symmetry of the CV curves
indicates good reversibility in redox reactions. Furthermore,
with increasing scan rate, the redox peaks exhibit a shift-
oxidation peaks moving to higher potentials and reduction
peaks to lower-suggesting diffusion-limited kinetics. An
enlarged CV area at lower scan rates in doped samples reflects
enhanced charge storage, contributing to improved specific
capacitance. The nature of this response suggests that the
electrode combines pseudo-capacitance with double-layer
capacitance, resulting in capacitor-like behaviour which is
highly desirable for energy storage applications [34].

To better understand the charge retention mechanism,
the log peak current (l,) against log scan rate (V) is plotted,
which yielded a straight-line relationship, as seen in Fig. 5a-c.
Aslope of 1 indicates ideal capacitive behaviour, while a slope
of 0.5 represents a diffusion-controlled process. Intermediate
slopes (0.5-1) point to a combination of both mechanisms.
The extracted b-values for TiO,, Fe-doped TiO», Ni and Fe
co-doped TiO, (Table-2) fall within this range, confirming a

hybrid storage mechanism. To isolate and quantify these con-
tributions, we plotted V°° versus 1/V°° as depicted in Fig. 5d-f.
The slope and intercept of the fitted line represent ki (capa-
citive) and k; (diffusion-controlled) respectively. As specified
in Table-2, the consistent observation that k; < ko confirms
that the dominant mechanism is diffusion-controlled. Also, the
increasing trend in k. with adding dopants with TiO, under-
scores a growing preference towards diffusion-based energy
storage.

TABLE-2
CONSTANTS (b, ki1, k2) AND WARBURG COEFFICIENT DATA
OF TiO, Fe DOPED TiO2, Ni AND Fe co-DOPED TiO2 NPs

Samples b k1 k2 6 ()
TiO2 0.7218 7.14x10® 374x10Y 1333
Fe doped TiO2 0.5102 490x10' 268x10' 1268
Ni and Fe co- 0.5110 3.40x10' 1.86x10%° 511
doped TiO2

Electrochemical impedance spectroscopy (EIS): As
illustrated in Fig. 6a,c,e, the Nyquist plots for TiO2, Fe doped
TiO2, Ni and Fe co-doped TiO; reveal high-frequency semi-
circles representing solution resistance (Rs) and low-frequency
lines associated with Warburg diffusion. Upon doping, these
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Fig. 5. (a-c) Plots of log Ip vs. log V and (d-f) Plots of i/\VV°5vs. V%5 of TiOz, Fe-doped TiOz, Ni and Fe co-doped TiO2 NPs

plots shift to higher frequencies, indicating improved ionic
movement, better electrode-electrolyte contact and lowered
surface resistance. Fig. 6b,d,f presents the Warburg coefficients,
derived from the slope of Z’ versus w ¥, which describe the
ion transport behaviour. The significantly lower ¢ value for
NiFeTiO, suggests superior diffusion of ions compared to
FeTiO, and pure TiO,. This is attributed to enhanced conduc-
tivity and better ion accessibility due to co-doping. The reduced
semi-circular arc in the NiFeTiO, impedance spectrum further
confirms its lower charge transfer resistance. In contrast,
FeTiO; and TiO, show higher  values and less defined arcs,

indicative of higher resistance and slower ion dynamics. There-
fore, NiFeTiO, demonstrates better electrochemical kinetics,
making it a more efficient material for applications such as
supercapacitors and batteries.

Galvanostatic charge-discharge (GCD): Galvanostatic
charge-discharge (GCD) tests were performed on TiO,, Fe doped
TiO2, Ni and Fe co-doped TiO, nanoparticles over a potential
range from -1 V to 1 V at a constant current density of 3 mA
g, as depicted in Fig. 7. The resulting triangular GCD pro-
files indicate a highly reversible charge/discharge behaviour,
typical of capacitive materials. The extended discharge dura-
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Fig. 6. EIS of TiOz, Fe doped TiO2, Ni and Fe co-doped TiO2 NPs

tion observed for the NiFe-doped sample implies greater
capacitance relative to pure TiO2and Fe doped TiO2. Overall,
the GCD results for TiO2, Fe doped TiO», Ni and Fe co-doped
TiO2nanoparticles demonstrate impressive capacitive character-
istics with excellent reversibility and rate performance.

In addition, egn. 4 was used to estimate the specific capa-
citance.

A
Co 2mkAV @)

where A is the integrated area under the curve; m stands for
the mass of electrode material; k corresponds to the scan rate;
and AV signifies the voltage range and indicates the applied
voltage window. The specific capacitance (Csp) values were
found to be 14 F g* for pure TiOz, 67 F g for Fe-doped TiO-
and 140 F g* for Ni and Fe co-doped TiO.. This trend reflects
the well-known relationship between reduced particle size
and enhanced electrochemical performance [35].

The performance of capacitive materials in battery rese-
arch is generally assessed through their energy and power
densities, as calculated using eqns. 5 and 6. Table-3 summ-

TABLE-3
ENERGY AND POWER DENSITIES OF TiOz,
Fe DOPED TiO2, Ni AND Fe co-DOPED TiO2 NPs

Energy densi Power densit:
SEEES (V\%/ kgl) Y (Kw kg)) ¢
TiO2 18.82 36
FeTiO: 134 44
NiFeTiO> 280 54

arises the energy and power density values for TiO,, Fe doped
TiO2, Ni and Fe co-doped TiO2 nanoparticles. Fig. 8 shows
the cycle stability and Coulombic efficiency of Ni and Fe co-
doped TiO,.

The comparison of diverse synthesis techniques, electrolyte
systems, specific capacitance, retention capabilities and cycle
numbers are reported in Table-4.

. 1
Energy density (E)=——— 5
ay y (E) 2., (AVY ®)

. E
Power density (P) N (6)
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Conclusion

In this work, Ni and Fe co-doped TiO, hanomaterials were
synthesised through combustion method, utilising aloe vera
gel as a sustainable fuel. This method produced smaller crystal
structures and introduced defects into the TiO, lattice, as
shown by XRD and Raman spectroscopy. Surface morpho-
logy observed through SEM showed reduced particle size
along with improved dispersion. Addition of Ni and Fe created
many active sites and oxygen vacancies, which improved the
material’s ability to store and move charge. Electrochemical
tests showed the co-doped materials had higher capacitance,
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Fig. 8. Cycle stability and coulombic efficiency Ni and Fe co-doped TiO,
NPs

better energy storage and lower resistance than undoped TiO5.
The enhanced performance stemmed from a combination of
double-layer capacitance and pseudocapacitive behaviour,
delivering excellent stability and efficiency. Fe-doped and
NiFe co-doped TiO, nanomaterials exhibited a distinct shift
from surface-controlled to diffusion-limited charge storage, as
indicated by reduced pB-values. This transformation contributed
to improved energy storage capabilities, making these mater-
ials well-suited for hybrid supercapacitors and battery-type
applications. Compared to pure TiO», the doped electrodes
showed higher energy capacity, faster charge/discharge resp-
onse and outstanding cycling durability, underscoring their
potential in next-generation energy storage systems. Overall,
this green synthesis technique demonstrates that plant-based
co-doping is a promising way to create high-performing, sus-
tainable materials for future energy storage and supercapacitor
applications.
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TABLE-4
COMPARISON OF PREPARATION METHODS, ELECTROLYTE SOLUTIONS,
SPECIFIC CAPACITANCE, CAPACITIVE RETENTION AND CYCLE NUMBERS

Specific

Retention

Cycle

Materials Preparation method Electrolyte capacitance (F g'%) (%) number Ref.
Ni%* doped SrTiOs nanoparticles Ball milling method 3 M KOH 142 86 3000 [36]
Ni doped TiO2 nanowires Electrospinning 3 M KOH 200 100 5000 [37]
rGO nanosheets with NiO and TiO2  Solvothermal 1 M KOH 793.6 89.37 5000 [38]
SnS@Ni/SnO2 Hydrothermal process 1 M KOH 157 88 4000 [39]
rGO/NiO@TiO2-RNT Hydrothermal technique 1 M KOH 325 83 5000 [40]
Ni-Mn-oxide Wet chemical synthesis 1 M NazSO4 269 97 3000 [41]
Ni-MOF Chemical oxidation KOH/ 154.3 90 3000 [42]
method KaFe(CN)s
NCOPS Hydrothermal 2915.6 80.39 4000 [43]
Ni-doped AgFeO: Precipitation method 3 M KCOH 339.08 84 1000 [44]
NiFe co-doped TiO2 Solution combustion 1 M Naz2SO4 140 97.57 3000 Present
method work
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