
6518 |  Mater. Adv., 2025, 6, 6518–6527 © 2025 The Author(s). Published by the Royal Society of Chemistry

Cite this: Mater. Adv., 2025,

6, 6518

Photoinduced supercapacitance and
photocatalytic performance of TiO2 enhanced
by electronic band structure modification using
Cu-doping

Sakshi Chaudhary,a Kanak Pal Singh Parmar, *a Prachi Jainb and Ankush Vijc

We demonstrate that doping a modest quantity of Cu impurity into anatase TiO2 enhances its

photoinduced electrocatalytic supercapacitance by about 84% and its photocatalytic activity by more

than two-fold. X-ray diffraction (XRD), Raman spectroscopy, X-ray photoelectron spectroscopy (XPS),

and electron paramagnetic resonance (EPR) spectroscopy analyses validate that the Cu dopant is fully

incorporated into the tetragonal crystal structure of the host material and creates Ti3+ and oxygen

vacancies. Furthermore, UV-vis spectroscopy and photoluminescence (PL) studies demonstrate that the

smallest optical band gap energy (Eb) of 2.85 eV and minimal recombination of photoinduced charge

carrier pairs occur at a 3% Cu doping amount. Transmission electron microscopy (TEM) images reveal

that pristine TiO2 and Cu-doped TiO2 exhibit nearly identical pebble-like nanoparticle morphologies.

This 3% Cu-doped TiO2 demonstrates more than double photodegradation (95.7%; 150 min) of a toxic

Rhodamine B dye molecule and a nearly 84% improved supercapacitance (347 F g�1; 0.5 M aq. Na2SO4;

pH = 7) compared to that of pristine anatase TiO2. Under suitable testing conditions of other

electrolytes, molecular dyes, light intensity, etc., Cu-doped TiO2 with different particle shapes may

demonstrate even greater supercapacitive behavior and photodissociation properties, leading to more

advantageous applications for photoactive Cu-doped TiO2 materials.

Introduction

Severe contamination of the environment has resulted from the
consistent use of traditional energy sources by humans.1 A major
global concern now is the scarcity of sustainable and clean
energy sources, which is driving researchers to investigate and
create safe, eco-friendly, and energy-efficient alternatives.2,3 Sun-
light is the most abundantly available natural energy resource on
Earth; therefore, catalytic reactions on the surface of semicon-
ducting materials, initiated by charge carriers generated under
solar light irradiation, offer promising pathways to effectively
address the utmost challenges of clean energy generation as well
as to mitigate industrial gaseous and water pollutants. Moreover,
the demand for energy solutions has significantly increased
worldwide, and in this regard, electrochemical supercapacitors
have emerged as a promising technology to provide quick power

delivery in various applications requiring rapid charging and
discharging cycles.

Semiconducting transition metal oxides have been at the
forefront of developing innovative solutions for clean energy
production and environmental remediation.4,5 Among the various
metal oxides, the inexpensive and nontoxic TiO2 is recognized for
its exceptional resilience in harsh acidic and basic environments.
This makes it particularly useful in practically all chemical reac-
tions, and as a result, it has always been a focus of research
studies in a variety of practical fields, including photovoltaics,
photocatalysis, sensors, charge storage, coatings, and more.6–13

However, the standalone performance of TiO2 as a semiconduct-
ing photocatalyst and an electrocatalyst is limited due to its
low light absorption, poor photoconductivity, and low ionic
diffusivity.

To address these important issues, several strategies have
been reported and used to improve the photo- and electro-
catalytic performance of the TiO2 material. Some of the often-
used strategies include intentionally impurity doping with
donors and acceptors, modifying the particle size and shape,
and creating heterojunctions using appropriate materials.14–17

It has been shown that doping TiO2 with metal and non-metal
impurities increases its electrical conductivity and decreases its
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optical bandgap energy. This selective doping technique
directly alters the intrinsic unit cell structure and boosts
photovoltaic, electrocatalytic, and photocatalytic efficiency,
enabling applications of impurity-doped TiO2 materials in
energy and environmental fields.14,16–20

Here, we report the simple alcothermal synthesis of
Cu-doped TiO2 powders and the structural characterization of
these powders using X-ray photoelectron spectroscopy (XPS),
Raman spectroscopy, UV-vis spectroscopy, photoluminescence
(PL) spectroscopy, transmission electron microscopy (TEM),
and powder X-ray diffraction (XRD). After determining the
optimal concentration of Cu (3%) dopant that produces
enhanced light absorption and charge carrier pair dynamics,
we evaluate the photoinduced catalytic and electrocatalytic
performance of this Cu-doped anatase TiO2 material under
UV-vis light exposure of a 250 W Hg-lamp (200–450 nm). This
entails using galvanostatic charging discharging (GCD) and
cyclic voltammetry (CV) tests to monitor the photodegradation
of rhodamine B dye (RhB), an industrial toxic and carcinogenic
water pollutant, as well as to assess the capacitive performance
and chemical durability of its fabricated electrodes in a neutral
(pH = 7) 0.5 M Na2SO4 aqueous electrolyte solution. Interest-
ingly, this Cu-doped TiO2 exhibits more than twice the photo-
catalytic degradation of RhB dye molecules and about 84%
higher supercapacitance under UV-vis light (250 W, Hg-lamp,
200–450 nm) conditions than pristine anatase TiO2.

Experimental section
Synthesis and characterization

Powder samples are synthesized as follows: under constant
magnetic stirring (300 rpm), a mixture is made by mixing
2 mL of acetylacetone (Merck, 99.5%) into 30 mL of 2-
methoxypropanol (Thermo-Fisher, 99.5%) inside a cylindrical
50 mL-sized Teflon vessel linked to a stainless-steel autoclave
system. Then, 7 millimoles (ca. 2.48 mL) of titanium butoxide
(Sigma Aldrich, 99.5%) were directly injected into the mixture,
resulting in a yellowish-orange color. After 30 min, 2 mL of
triple-deionized water (Millipore, 18.2 MO cm) was added
dropwise. The string was stopped after 30 minutes. The tightly
sealed system was heated in a hot-air oven (180 1C, 12 h).
The naturally cooled precipitates were filtered and washed with
ethanol 2–3 times and then dried in a microwave oven (150 1C,
2 h). The final powder sample was obtained by hand-grinding
using a mortar and pestle. To prepare Cu-doped TiO2, an
appropriate amount of copper(II) acetate monohydrate
(Thermo-Fisher, 99.5%) was added to the mixture before add-
ing titanium butoxide. The subsequent steps in the synthesis
process remain the same.

The inherent structural features and optoelectronic character-
istics of the samples were mapped out using various experimental
techniques. Powder X-ray diffraction (XRD) patterns were
recorded under ambient room temperature conditions using a
Panalytical X’Pert-Pro diffractometer (operating conditions: Ni-
filtered Cu-Ka1, l = 1.540598 Å, 40 kV, 30 mA, 0.021 s�1). Raman

(excitation DPSS laser, l = 532 nm, spectral resolution B1 cm�1)
and photoluminescence (PL; excitation LED laser, l = 280 nm,
spectral resolution B1 nm) measurements were carried out at
ambient room temperature using a RIM-U-DC Raman spectro-
photometer (RI Instruments & Innovation India). Using BaSO4 as
a calibrating reference, the optical spectra were recorded at
ambient room temperature in the range of 300 to 800 nm using
a UV-visible (UV-vis) spectrophotometer (WinUV-5000, Agilent
Technology) equipped with integrating spheres. The chemical
composition and electronic structures were investigated using
inductively coupled plasma mass spectroscopy (ICP-MS; Agilent
USA; 7900 with UHMI), high-resolution (47 meV) X-ray photoelec-
tron spectroscopy (XPS; Thermo-Fisher Scientific; Al-Ka anode
source; 1486.6 eV), and electron paramagnetic resonance (EPR)
spectroscopy (Bruker; A300-9.5/12/S/W; spectrometer). The XPS
samples were prepared as pellets, and the XPS data were then
acquired under vacuum conditions with a base pressure of
10�7 torr. The binding energies of ionic species were calibrated
to the C (1s) peak (284.6 eV) of adventitious surface carbon. The
EPR spectra were obtained at room temperature. For EPR mea-
surements, an X-band frequency of 9.843 GHz with a magnetic
field sweep range from 0 to 5000 Gauss was used. The structural
and morphological features of the powder samples were exam-
ined using a TALOS F200 X transmission electron microscope
(TEM; Thermo-Fisher) operated at 200 kV, with a point-to-point
resolution of 0.16 nm. TEM and high-resolution TEM (HR-TEM)
images were recorded on a carbon-coated copper grid.

Photocatalytic and electrochemical (EC) measurements

The photocatalytic activity of the powder was estimated
through the degraded amount of Rhodamine B dye (RhB;
Thermo-Fisher, violet color). A standard 50 mL solution of
25 ppm concentration is prepared by dissolving RhB into a
mixture (1 : 1 molar ratio) of ethanol (Thermo-Fisher, 99.5%)
and acetonitrile (Sigma Aldrich, 99.5%). A powder sample
(5 mg) was then added to this standard solution, and the
dispersion was stirred in the dark for 30 min. This dispersion
was maintained at a fixed distance (20 cm) from the light
source and then irradiated from the top with UV-vis radiation
(Techinstro vision, Hg-lamp, 250 W, 200–450 nm) under mild
stirring. For every 30-minute duration, ca. 5 mL of the collected
liquid dispersion was centrifuged (5000 rpm, 5 min), and the
remaining dye amount in the liquid supernatant (3 mL) was
estimated using a Shimadzu UV-vis spectrophotometer (UV-
2600I). The photodegradation performance (CRB) of the powder
sample was calculated using the expression (C0 � Ct)/C0, where
C0 and Ct represent the dye concentration at the starting and at
a particular time t, respectively.20

The electrode of the powder sample is fabricated as follows:
7 mg of powder, 1 mg of double-walled carbon nanotubes (SRL,
extra pure), and 1 mg of polyvinylidene fluoride (PVDF,
Thermo-Fisher Scientific, 99.9%) were mixed using a pestle
and mortar for 2 min. Then, 1 drop of N-methyl-2-pyrrolidone
(NMP, SRL, extra pure, 99.5%) was added to form a uniform
slurry. This slurry was pipetted and pasted onto half of the
conductive nickel foam (Nanoshel) using a doctor blade
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method. The electrode was then dried (90 1C, 14 h) in a hot
air oven.

All EC measurements (Potentiostat, EC-Labs Express software,
VSP-300) under dark and UV-vis light illumination (Hg-lamp,
250 W, 200–450 nm) conditions were carried out in an aqueous
0.5 M Na2SO4 (Merck; 99%) neutral electrolyte (pH = 7) using a
3-electrode setup configuration. The Pt wire is used as a counter
electrode, and Ag/AgCl (3.5 M KCl) is used as a reference electrode.
The cyclic voltammetry (CV) or galvanostatic charge–discharge
(GCD) tests were performed at various scan rates (5 to 100 mV s�1)
or current densities (0.5 to 5 A g�1), respectively. The reported
potential in this work is the reversible hydrogen electrode (VRHE)
potential, which is obtained using the equation: VRHE = VAg/AgCl +
0.205 + (0.059 � pH). For the half-cell supercapacitor, the specific
capacitance (S; F g�1), energy density (E; Wh kg�1), and power
density (P; W kg�1) were calculated using the equations: S = (I� t)/
(DV � m); E = 0.1388 � S � (DV)2; and P = (3600 � D)/t, where I =
0.5 A (applied current), t = discharge time (s), m = 7 mg (mass of
the photoactive material), and DV = 0.8 V (the applied potential
window).21

Results and discussion

The XRD patterns and Raman spectra of as-synthesized pristine
TiO2 (S0) and various Cu-doped TiO2 powder samples (1%-S1,
2%-S2, 3%-S3, and 4%-S4) are shown in Fig. 1. The XRD peaks
of all samples match well with a tetragonal crystal structure of
an anatase TiO2 phase (I41/amd space group, corner-sharing
TiO6 units, JCPDS data 073-1764). The average crystallite size
and the lattice parameters of samples were estimated from the
highest intensity 101 XRD peaks using a well-known Scherrer
equation: D = (0.9� l)/[b � cos(y)], where l = 1.5406 nm and b is
the FWHM. The XRD pattern (Fig. 1a) confirmed that incorpora-
tion of Cu into a tetragonal structure up to 3% enhances the
crystallinity and enlarges the interplanar d-spacings (d101), as

well as affects the unit cell parameters (apical direction - c and
equatorial direction - a) (Table 1). This change in the c/a ratio
is attributed to the subtle balance between the size and oxidation
states of the host Ti ions getting replaced by large-size foreign
dopant Cu ions.22,23 Also, increasing the doping amount of Cu
above 3% is expected to induce a disruption in the tetragonal
symmetry of the unit cell as well as possibly leading to excessive
defective oxygen states (vacancies), as inferred by the flipped unit
cell parameters between S3 and S4 samples, i.e., their lattice
parameters (a and c) and the corresponding interplanar d101-
spacings (Table 1).

The effect of Cu doping amount on a host TiO2 (TiO6

octahedra) lattice becomes more visible in the vibrational
Raman spectra (Fig. 1b) of the samples. The active Eg Raman
modes of the samples are symmetric stretching of Ti–O bonds,
while the B1g and A1g are symmetric and antisymmetric
bending motions of O–Ti–O, respectively. Raman-active modes
for S0 are measured at 143 cm�1 (Eg1), 193 cm�1 (Eg2), 397 cm�1

(1B1g), 515 cm�1 (2B1g + A1g), and 639 cm�1 (Eg3).24,25 Up to 3%
Cu doping, the increased intensity of the 1Eg vibration, along
with the shifting of all Raman peaks, suggests that Cu doping
enhances the coupling between Cu–O–Ti bonds and O–Ti–O
bending modes. Thus, up to 3% Cu doping has a large effect on
the apical bonds (c-axis) but only a minor effect on the
equatorial bonds (a-axis), as indicated by a maximum wave-
number shift (inset, Fig. 1b) for the S3 sample. However, the
Raman peak shifting process reverses above 3% Cu doping,
resulting in excessive distortion and perhaps the production of
more structural defects in the unit cell.25,26 Accordingly, both
XRD and Raman studies showed that the S3 sample retains the
crystal symmetry of its tetragonal lattice with optimum unit cell
modifications (c/a = 2.44) and defective states. The extent of
lattice modifications in Cu-doped TiO2 samples is expected to
alter their optical behavior and electronic characteristics. Note
that modest crystal defects, like oxidation states of metallic
cations and oxygen vacancies (electron donors), could act

Fig. 1 Indexed XRD pattern (a) and Raman spectra (b) of as-synthesized powder samples. Pristine anatase TiO2 (S0) and Cu-doped TiO2 (1%-S1, 2%-S2,
3%-S3, 4%-S4). Insets in (b) are Raman shifts in S3 with respect to S0.
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synergistically and might produce better electrical conductivity
in a material, which is pivotal for its practical uses. Hence, the
charge carrier pair separation efficiency in all the synthesized
samples is studied using the PL emission spectroscopy
technique.

The PL emission spectra plotted in Fig. 2a indicated that the
PL intensity corresponding to charge carrier pair recombination
does significantly vary with the dopant (Cu) amount. Doping
with Cu impacted the PL emission intensity at 431 nm. The
incorporation of Cu ions into the Ti lattice site is expected to
create the localized energy levels near the bottom of conduction
band (CB) edge. These localized states thus shall facilitate the
non-radiative recombination process, which would effectively
suppress the defect-related emissions.27 This reduction in PL
emission intensity at 431 nm thus can be attributed to the
distortion in the tetragonal TiO2 lattice caused by Cu doping,
which modifies the electronic environment and reduces the

pathways for the recombination of charge carrier pairs.26,27 In
a Cu-doped TiO2 sample, excessive Cu doping can detrimentally
affect the PL intensity. While Cu ions replacing Ti ions generate
oxygen vacancies in the lattice, an overabundance of such
vacancies can also serve as self-trap centers for photoinduced
charge carrier pairs. This phenomenon is evident in the PL
action spectra of the 4% Cu-doped TiO2 (S4) sample. Conse-
quently, the S3 sample exhibited the lowest PL emission inten-
sity, therefore indicating the highest conductivity among all
synthesized samples.27 Hence, this PL emission analysis pointed
out that among all the synthesized Cu-doped TiO2 samples, the
lifetime of photogenerated charge carrier pairs is optimum for
the 3% Cu-doped TiO2 (S3) sample. As a result, at this point, we
now examine the S3 sample and compare its physicochemical
characteristics with those of a reference (S0) sample.

Fig. 2(b and c) shows the UV-vis diffuse reflectance (DR)
spectra and Tauc plots of all powder samples. The light

Table 1 Physicochemical, photo-catalytic and electro-catalytic properties of samples: crystallite size (D), optical bandgap (Eb), lattice oxygen species
amount (O2�), electrocatalytic capacitance under UV-vis light (250 W Hg-lamp; SL) and dark (SD) conditions, energy density under light (EL) and dark (ED)
conditions, power density under light (PL) and dark (ED) conditions, photo-degraded concentration (CRB) and 1st order rate-constant (k1) for the RhB dye
(25 ppm). Pristine anatase TiO2 (S0) and various Cu-doped anatase TiO2 samples (1%-S1; 2%-S2, 3%-S3, 4%-S4)

Sample
Da

a

c/a
d101

a Eb O2�

SD
b ED PD

CRB k1
c SL

b EL PL

(nm) (Å) (nm) (eV) (%) (F g�1) (Wh kg�1) (W kg�1) (%) (ms�1)

S0 15.3 3.752 2.526 0.3485 3.32 0.362 188.5 16.76 252.9 42.5 6
[18.1] 9.48 [0.3489] 247.1 21.96 198.6

S1 14.9 3.753 2.488 0.3482 2.92
9.34

S2 14.8 3.754 2.469 0.3483 2.88
9.27

S3 14.3 3.768 2.442 0.3486 2.85 0.312 295.6 26.28 209.9 95.03 36
[17.3] 9.203 [0.3487] 346.3 30.78 194.7

S4 15.1 3.734 2.520 0.3471 2.89
9.41

a Inside parentheses using TEM (histograms) and HR-TEM analyses. b Using GCD curves (at 0.5 A g�1 applied current density).

Fig. 2 PL spectra (a) of all powders, highlighting that the S3 sample has the least recombination of charge pairs. Optical absorption spectra (b) and Tauc
[(ahv)1/2 vs. hv] plots (c) for samples.
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absorption of pure anatase TiO2 (S0) is attributed to the charge
transfer from its valence band (VB; O2p orbital) to the CB
(Ti3d, t2g orbitals).28,29 Doping Cu into an anatase TiO2 unit
cell shifted the absorption edges towards the higher wavelength
regime, which is expected to occur by a slight distortion of the
cation-oxygen octahedra in the tetragonal lattice, i.e., Jahn–
Teller distortion.26,29 Because Ti4+ has no response to visible
light (above 400 nm) while Ti3+ does, it is clear that the
presence of Ti3+ ions and oxygen vacancies, as confirmed by
XPS analysis later, contributed to a weaker (and stronger)
absorbance in short (and long) wavelength ranges. The UV-vis
DR spectra (Fig. 2b) of S3 indicated that Cu doping into anatase
TiO2 not only affects its VB (shallow/deep energy levels) but also
influences the localized electronic charge in the CB. The Tauc
plot analysis was used to estimate Eb values of all the samples.
As expected, initially up to a 3% Cu doping quantity, Eb

decreases (3.32 eV: S0, 2.92 eV: S1, 2.88 eV: S2, and 2.85 eV:
S3) and then begins to rise (2.89 eV: S4) upon further increasing
the Cu doping amount above 3% (see Table 1), and this result is
fully supported by the PL analysis of samples. Moreover, ICP-
MS analysis is used to determine the Cu content of the Cu-
doped TiO2 samples. This analysis confirmed that the Cu
concentration within the TiO2 lattice was 0% (S0), 0.97% (S1),
2.02% (S2), 2.98% (S3), and 4.03% (S4). These concentration
values (at %) are fairly close to the Cu quantity used during
their synthesis step. Thus, among all the Cu-doped TiO2

samples, the smallest Eb around, 2.85 eV, is estimated for the
S3 sample only.

The microscopic TEM images, HR-TEM images, and particle
size distribution of S3 and reference S0 samples are displayed
in Fig. 3. The TEM images of both samples showed uneven

pebble-like morphologies of particles, and the average particle
sizes estimated using TEM pictures range from 18.7 nm (S0) to
17.3 nm (S3), respectively. The well-ordered crystalline structure
corresponding to an anatase type tetragonal TiO2 crystal was
further confirmed in the S0 and S3 samples by their respective
HR-TEM images. There is a good agreement found between the
particle size and the interplaner d-spacing (d101) estimated using
XRD patterns and HR-TEM fringe spacing of the S0 and S3
samples (see Table 1). Thus, based on the thorough analysis
carried out above using XRD, Raman spectroscopy, PL spectro-
scopy, UV-vis spectroscopy, and TEM microscopy, it is confirmed
that S3 has the best electrically conductive properties and the
lowest Eb of 2.85 eV compared to all the other samples (Table 1).

Generally, the recombination (Fig. 2a) of charge carrier pairs
in a material takes place via the existence of its defective
anionic states (oxygen vacancies). Hence, the XPS characteriza-
tion technique is used to identify the chemical states of metallic
and the oxygen species in S0 and S3 samples. Fig. 4(a–d)
illustrates the high-resolution XPS spectra of Ti, Cu, and oxygen
species in S0 and S3 samples. Using the peak fitting (function:
pseudo-Voigt function, Lorentzian to Gaussian distribution, set
ratio B0.1), the binding energy (BE) value analysis of Ti and Cu
peaks indicated the coexistence of Ti4+ (Ti3+) and Cu2+ (Cu1+)
oxidation states in the respective S0 and S3 samples.30,31 Note
that in S0 itself, the existence of Ti3+ is suspected to be caused
by the reducing nature of the solvent (2-methoxyethanol) used
during its synthesis, which could reduce Ti ions from the Ti4+ to
the Ti+3 state (see Fig. 4b). The lower BE (ca. 0.1 eV) values of
the Ti doublet (2p3/2 and 2p1/2) thus confirm the formation of
Ti–O–Cu bonds in the S3 sample (Fig. 4a). This BE shift
likely originated due to an electron density transfer from less

Fig. 3 TEM images, HR-TEM images and particle size distribution histograms of S0 and S3 samples.
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electronegative metallic Ti4+ (Ti3+) ions to the more electronegative
metallic Cu2+ (Cu1+) ions.32,33 Fig. 4b shows the high-resolution
XPS spectra of Cu species in the S3 sample. The fitted Gaussian
peaks in XPS spectra were located at BE values of 931.9 eV and
933.1 eV, respectively, which represent the bivalent Cu1+ and Cu2+

states. The Ti3+ and Cu1+ defects might have arisen to compensate
for the oxygen vacancies in the lattice, and a reasonable Ti3+ to
Ti4+ ratio often could lead to improved light absorption due to the
formation of intermediate energy levels just below its CB edge
caused by the localized Ti3+ species and lattice oxygen (OV)
vacancies.37 This significant reduction in the Eb (see Table 1) from
3.32 eV (S0) to 2.85 eV (S3) is clearly observed in the Tauc plot
result of the samples (see Fig. 2c).

Fig. 4(c and d) displays the O1s high-resolution XPS spectra
of the S0 and S3 samples with the existence of all three types of
oxygen species.30,34 Deconvolution analysis (Gaussian peak
fitting) of the O1s peak is used to determine the lattice oxygen
(O2�) concentration, and a little 5% reduction in its value from
0.362 (S0) to 0.312 (S3) suggests that the S3 sample has a greater
OV i.e., electron donors, than the S0 sample.35 This is in line
with the results of PL spectroscopy (Fig. 2a) and CB and VB
analysis carried out using UV-vis spectroscopy (Fig. 2b). Addi-
tionally, the EPR spectra shown in Fig. 5 confirmed that the S3
sample has more OV and defect states than the S0 sample at

room temperature. Due to the low concentration of intrinsic OV

and Ti3+ centers, the S0 sample exhibited a very weak EPR
signal at g E 2.0–2.07 (nearly around 3400 Gauss). The S3
sample, on the other hand, displayed a noticeably stronger and
wider EPR signal centered at g E 2.07, suggesting a large
increase in native paramagnetic (OV) sites. This enhancement
is likely due to the substitution of Ti4+ ions by Cu2+ ions, which
leads to charge compensation through the formation of OV and
Ti3+ (Cu1+) centers. The broadening of the EPR signal further
suggests possible interactions between the Cu2+ ions and the
anatase TiO2 lattice.36 These EPR results provide strong bulk-
sensitive evidence for defect generation, complementing the
surface-sensitive XPS findings and confirming that Cu doping
effectively introduces oxygen vacancies in the anatase TiO2

crystal structure.
Thus, through the physicochemical and optoelectronic char-

acterization studies employing XRD, Raman, PL, UV-vis, XPS,
and EPR techniques, it was concluded that the smaller optical
bandgap in the S3 sample is caused by a modest and optimum
lattice distortion (c/a = 2.442) caused by Ti3+, Cu1+, and OV sites,
which in turn leads to the higher electrical conductivity of
intrinsic charge carrier pairs.33 Here onwards, we solely focus
on assessing the photo-driven catalytic and electrocatalytic
redox abilities of the S3 sample and compare them to the

Fig. 4 High-resolution XPS spectra of (a) Ti, (b) Cu, and (c–d) O (lattice oxygen-O2�; surface hydroxy radicals-OH�; surface adsorbed oxygen-Oa) of S0 and
S3 samples. A BE of B284.6 eV for the surface adventitious C1s peak is used as a calibrating reference.
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reference S0 sample. The EC activities of S0 and S3 electrodes
were evaluated using CV and GCD techniques under dark as
well as UV-vis light (Hg-lamp, 250 W, 200–450 nm) irradiation
conditions.

Fig. 6 shows the comparison of current density vs. applied
potential (vs. VRHE) characteristic curves of S0 and S3 electrodes
with fixed scan rates under dark and UV-vis light (Hg-lamp,
250 W) illumination conditions. These CV curves measured in
an aqueous 0.5 M Na2SO4 electrolyte reveal a pseudocapacitive-
type redox behavior for both the S0 or S3 electrodes,
respectively.37 A straightforward indicator of the specific capa-
city is the loop area of CV curves. The capacitive performance
of either electrode increases with an increase in the scan rate.

As expected, the significantly improved capacitive capabilities
of the Cu-doped TiO2 (S3) electrode compared to a reference
TiO2 (S0) electrode are demonstrated by its larger loop areas at
any set scan rate, irrespective of both dark and UV-vis light
irradiation conditions. Fig. 7 displays the GCD, i.e., the char-
ging/discharging vs. time curve of the electrodes. Irrespective of
light conditions, the electrodes generate a potential window of
around 0.8 V (vs. VRHE) across various applied current densities
(5–0.5 A g�1). A decrease in discharging current density from
5 to 0.5 A g�1 under dark conditions led to increased dischar-
ging time under light conditions, indicating enhanced super-
capacitive behavior. A nearly triangular shape with a slight
deviation of the GCD curves, indicating the pseudo-capacitive
behavior of the electrodes, correlated with the CV results.20,37

Under dark conditions and at a fixed low scan rate of
5 mV s�1, the calculated specific capacitance of S0 and S3
was approximately 188 F g�1 and 295 F g�1, respectively. Under
dark conditions, the nearly 57% improved electrocatalytic redox
performance of S3 over S0 can be directly ascribed to a superior
charge carrier conductivity caused by a moderate Cu doping
amount20 (see Fig. 2a). Under 250 W of UV-vis light intensity,
the specific capacitance of S0 and S3 improved to nearly 30%
(247 F g�1) and 40% (346 F g�1), which is attributed to extra
charge carriers generated by light irradiation (see Fig. 2c). The S
value of Cu-doped TiO2 (S3; 346.3 F g�1) under light conditions
was 84% higher than the S value of TiO2 (S0; 188.5 F g�1) under
dark conditions. The energy density (E) and power density (P)
values for the S0 and S3 electrodes are listed in Table 1. The S3
electrode demonstrated about a 57% greater E value and a 17%
lower P value than the S0 electrode under dark conditions.
Nevertheless, the S3 sample displayed almost the same P value
and around 40% greater E value than the S0 sample when
exposed to 250 W UV-vis light. This photoinduced charge

Fig. 5 X-band frequency (9.843 GHz) EPR spectra of S0 and S3 samples at
room temperature.

Fig. 6 Scan rate CV curves of S0 and S3 electrodes (active material B1 mg, area B0.5 cm2) under dark (a–c) and UV-vis light (d–f) irradiation (250 W Hg-
lamp) in a 0.5 M aqueous Na2SO4 electrolyte. Applied scan rate is 5 mV s�1 (Fig. 6c and f).
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generation mechanism complements conventional charge sto-
rage methods, such as pseudocapacitance, activated during the
electrical charging–discharging.

The long-term photoelectrochemical cycling stability of the
S3 electrode during the GCD test is displayed in Fig. 7e. At an
applied current density of 5.0 A g�1, it retained 94.4% of its
initial capacitance after 10 000 cycles.

Fig. 8 illustrates the time-dependent photocatalytic dissocia-
tion of the RhB dye (absorbance maximum at 554 nm) using

100 mg of the photocatalyst sample. RhB is a common hazar-
dous and carcinogenic contaminant found in industrial waste-
water. Therefore, it is frequently used as a probe molecule to
assess the photocatalytic efficiency. It should be noted that the
S0 (S3) sample eliminated 1.7% (3.2%) of 25 ppm RhB dye
concentration under dark ambient conditions through the
adsorption process in 30 minutes and thereafter (tested up to
4 hours). However, these S0 and S3 samples, which have nearly
identical nanoparticle shapes and sizes (Fig. 3), exhibited

Fig. 7 GCD curves (a)–(d) at various applied current densities and the photoelectrochemical stability (e) of S0 and S3 electrodes under dark and UV-vis
light irradiation conditions (see Fig. 6). Applied current density is 0.5 A g�1 (Fig. 7c and d).

Fig. 8 Time-course dependent absorption spectra of RhB dye (25 ppm) dissociation using S0 and S3 samples as photocatalytic materials. The light
source is a 250 W Hg-lamp (200–450 nm).

Paper Materials Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

2/
24

/2
02

5 
6:

49
:3

3 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma00414d


6526 |  Mater. Adv., 2025, 6, 6518–6527 © 2025 The Author(s). Published by the Royal Society of Chemistry

approximately 42.5% and 95.03% photodissociation of RhB
concentrations after 150 minutes of continuous light illumina-
tion. This over two-fold enhancement in the photocatalytic
degradation efficiency of S3 is directly attributed to its lower Eb

(2.85 eV) compared to that of S0 (3.32 eV), indicating a higher
concentration of intrinsic charge pairs and their effective separa-
tion, as previously demonstrated by the optoelectronic analysis
using UV-vis and PL emission studies (Fig. 2). The linear (least
squares) fit plot of log(C/C0) against the elapsed photocatalytic
reaction time provided the first-order reaction rate constant for
samples. A nearly 6-fold increase in the photocatalytic reaction
rate is demonstrated by the S3 sample compared to that of the S0
sample (Table 1).20 Note that a modest doping concentration of
Cu in TiO2 introduces defect (Ti3+ and oxygen vacancies) levels
that help in reducing the band gap and promoting the separa-
tion of photoinduced electron–hole pairs. Specifically, the Cu2+

ions, possessing a lower valence than Ti4+, introduce stable
oxygen vacancies mostly located at the O site next to the Cu1+/
Cu2+ dopants in the lattice.38 These oxygen vacancies and Cu1+

act as active sites for molecular dissociation and facilitate hole
capture, thereby reducing electron–hole recombination. How-
ever, excessive Cu doping in anatase TiO2 can negatively impact
its catalytic performance, as indicated by the PL results (Fig. 2a).
The elevated concentrations of Cu above 3% not only destroy the
symmetry of the tetragonal lattice (Fig. 1 and Table 1), but also
its Cu2+ state easily traps the photogenerated electrons, leading
to the formation of extra Cu1+ or Ti3+ ions. This scenario could
result in a short-circuiting effect where both photogenerated
charge carriers (electrons and holes) are rapidly consumed
(recombination).39

Conclusions

The global need for energy solutions and environmental pollu-
tion have increased dramatically, so in this regard, electroche-
mical supercapacitors and photocatalysis have become
promising technologies to provide rapid power delivery and
energy sustainability in a variety of practical applications. In
this work, we synthesized Cu-doped anatase TiO2 powders
using a simple alcothermal technique. When Cu is incorpo-
rated into anatase TiO2, a considerable lattice distortion is
produced, and a moderate to severe distortion can either
improve or deteriorate the optoelectronic characteristics and
vice versa. Interestingly, a significant increase in the photoca-
talytic efficiency of more than two times and an 84% enhance-
ment in electrocatalytic supercapacitance under UV-vis light
conditions is achieved with an ideal 3% Cu doping concen-
tration. This remarkable boost in catalytic performance is
directly attributed to improved light absorption and an efficient
separation of charge carrier pairs. This work highlights the
possibility of further increasing the catalytic efficiency of Cu-
doped anatase TiO2 through lattice optimization, opening the
door for creating sophisticated photocatalyst and electrocata-
lyst materials with exceptional functional qualities for energy
and environmental applications.
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