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ARTICLE INFO ABSTRACT
Keywords: The Cu-doped titanium oxide (Cu/TiO2) nanocomposite was systematically prepared using the
Cu/TiO, innovatively feasible incipient wet impregnation method. Notably, the samples were derived from
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the raw materials through water dilution only. The successful formation of the host anatase TiO2
phase was confirmed by the characteristic peaks observed in the acquired X-ray powder
diffraction (XRD) spectrum, which displayed intense peaks attributed to Cu®" scattering sites,
indicating the formation of crystallite Cu/TiO2 nanostructures. Dielectric measurements revealed
that Cu/TiO, possesses a higher dielectric permittivity compared to undoped TiOg. The con-
ductivity for both structures exhibited a decreasing trend with increasing temperature. Interest-
ingly, the measured optical properties indicated that Cu/TiO; exhibited the minimum energy gap
and maximum refractive index. This was further validated by qualitative time-dependent density
functional calculation on a stable structural model, which was confirmed through semi-empirical
molecular dynamic calculations. Thus, we have demonstrated the capability of our innovatively
feasible synthesis method to produce the industrially important Cu-doped TiOs.

1. Introduction

In contemporary times, there is a notable focus on electrochemical capacitors as a means of energy storage. This emphasis is
primarily driven by their rapid charge and discharge properties, substantial power density, cost-effectiveness, extended lifespan, and
eco-friendly nature [1,2]. A diverse range of oxide semiconductors, such as TiOp, MnO2, NiO, MoOs, Co304, among others, is
commonly employed as electrode materials in the context of supercapacitor applications [3]. It is widely acknowledged that titanium
dioxide possesses exceptional dielectric properties and exhibits cost-effective faradaic charge storage behavior [4,5]. However, the
utilization of TiO, as a standalone electrode material for supercapacitors yields comparatively subpar performance [6]. Therefore,
combining TiO, with various metals or nonmetals (e.g., Cu [7], Ni [8], Mn [9], Co [10]) leads to a decrease in bandgap energy,
improvement in optical response, and an increase in charge carrier concentration. These collective effects contribute to the
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improvement of super-capacitive characteristics and power conversion efficiency in the novel system [11,12]. Krishnan et al. [13]
conducted a study whereby they observed that the use of nickel as a dopant in titanium dioxide nanofibers resulted in enhanced
conductivity and improved specific capacitance. Specifically, they noted an increase in specific capacitance from 40 to 179 Fg ! ata
current density of 1 A g 1. An enhanced specific capacitance was observed by a separate research group subsequent to the introduction
of a 2 % Ta dopant into titanium dioxide. The researchers discovered that the specific capacity of 2 % Ta-doped titanium dioxide
nanofibers was measured to be 199 F g1, whereas pure TiO exhibited a specific capacity of 111 F g~ under the same experimental
conditions of a scan rate of 5mV/s in a 1 M sulfuric acid electrolyte. Furthermore, these materials have demonstrated exceptional cycle
stability, with a retention rate of around 100 % in specific capacity after undergoing 3000 cycles [14]. Conversely, the impact of
doping on the participation of charge carriers in the electrical conduction of semiconductors might be significant [15]. Copper has been
widely employed by numerous researchers as a dopant to manipulate the optical and dielectric properties of TiO5. Nevertheless, the
synthesis methodology employed in these studies is intricate and sometimes time-consuming [15,16]. Hence, our research was driven
by the motivation to concentrate on the efficient synthesis of Cu/TiO, through a simple incipient wet impregnation technique,
eliminating the requirement for surfactants.

Two things make this work advantageous: first, we show that our simple and practical synthesis method works, and second, the
resulting Cu/TiOy has various optical and electrical applications [17]. These applications include, but are not limited to, super-
capacitors and composites for effective dye-sensitized solar cells [18-20]. Since, novel catalytic activities can be achieved via the
systematic doping of TiO, with various metals as reported, for instance, by Shu et al. who demonstrated the novel photocatalyst
activity of the Cu-CuyxO/TiO2 composite [21].

The synthesized material in our work, Cu/TiO,, was subjected to X-ray diffraction examination to clarify its main properties and
potential uses. Additionally, the dielectric, conductivity, and optical characteristics of Cu/TiO5 and TiO, nanostructures were studied.
Consequently, the goal of this work was to create a thorough framework for comprehending how Cu doping affects the chemical and
physical characteristics of the resultant nanocomposite. Furthermore, semi-empirical molecular dynamic calculations were used to
qualitatively confirm the structural stability of Cu/TiO2. To sum up, the study showed that Cu/TiO2 samples that were synthesized in a
novel and simple way have a wide range of applications and a great deal of promise for use as high-performance dielectrics and
pseudocapacitors [22].

2. Experimental
2.1. Materials

Copper chloride and titanium oxide, both of which were purchased from Sigma-Aldrich (USA) with high purity (>99 % metallic
trace basis), were used as starting ingredients to synthesize the metal oxide particles. The aqueous solutions required for the composite
synthesis using the straightforward incipient wet impregnation approach were made using deionized water. Every chemical that was
used in the synthesis process was used in the exact purity that the supplier had provided.

2.2. Sample preparation

We strictly adhere to the protocol described in our earlier work [23], which is depicted in Fig. 1 below. This protocol just used the
incipient wet impregnation approach to prepare the Cu/TiO,. In this approach, the mixture had to be constantly stirred for around 30
min in order to achieve the dispersion of undoped TiO, in water (1 g: 5 ml).

One weight percent (wt. %) of CuCl, was dissolved in 3 ml of deionized water and introduced to prepared mixture. To ensure the
formation of a homogeneous mixture, the prepared CuCl; solution was gradually added to the TiO4 solution. The resultant mixture was
dried in a drier set at 120 °C for 12 h. The dried samples with a 1 wt percent Cu content will be referred to as Cu/TiO». In order to form a
pellet that was used for material measurements and dielectric characterizations, about 0.30g of the finely ground powder from the
samples was carefully compressed in a hydraulic press.

3 hours
.~ 12 hours
S——a .
< —p Cu/TiO2
259 \ — 120 °C

Agitation

Fig. 1. Preparation of Cu/TiO5 nanoparticle.
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2.3. Sample characterization

The atomic phase structure of the samples was examined using XRD (X-ray Diffraction). The X-rays were generated by bombarding
a Cu target with an electron beam energized by a 40 kV power supply (at 30 mA) to produce Ka radiation with a wavelength (A) of
0.15418 nm. The temperature dependence of the samples’ dielectric properties was determined using the “Solareton Analytic”
impedance analyzer with a frequency-dependent excitation signal and a 300 mV signal amplitude.

3. Results and discussion
3.1. Characterizations of Cu-doped TiO2

3.1.1. XRD

XRD patterns for TiO5 and Cu/TiO, are shown in Fig. 2. The curved parenthesis adjacent to “R" and “A" denotes the appropriate
Miller plane indices.

The rutile and anatase phases are represented by the peaks labeled “R" and “A,” respectively. The undoped TiO; diffraction peaks at
20° = 25.3°, 37.69°, 48.03°, 53.83°, 55.01°, 62.8°, 68.8°, 70.4°, 75.2°, and 76° are accredited to the A101, A004, A200, A105, A211,
A204, A116, A220, A215, and A301 diffraction planes. According to Wang et al. [24], these planes are part of the tetragonal phase for
the anatase phase. However, for the Cu-doped sample, the XRD revealed no specific peaks relevant to the Cu dopants. This could
possibly arise from the low metallic (Cu) percentage in the analyzed sample, or it is possible that the Cu doping level may not be
resolved by the XRD. In addition, we observed no significant shift (due to doping effects) towards high diffraction angles in the XRD
peaks for the Cu/TiOs, indicating that the copper ion’s size is significantly greater than Ti4+, allowing copper to bind to the surface of
TiO, crystallites. This adsorption is governed by the surface interaction. Furthermore, the incorporation of Cu** into the TiO, structure
makes the XRD peaks for Cu/TiO4 quite intense, which may indicate the formation of a fine crystalline structure of the prepared
Cu/TiO,, in agreement with the literature [25].

3.1.2. SEM/EDS analysis

The structures of undoped TiO5 and Cu-doped TiO5 are shown in Fig. 3 using SEM images.

Comparing the images in Fig. 3 will indicate significant distinctions between the microstructures, such as the smaller average size
for the TiO, granular structure compared to that for Cu/TiO,. Overall, the aggregation of smaller particles of Cu/TiO2 may have led to
the formation of the observed semispherical granular structures seen in Fig. 3(b). The confirmation of dopant existence is given by the
EDS spectrum of Cu-doped TiOg (Fig. 3(c)). Fig. 3(c) depicts the Cu/TiO5 sample’s EDS elemental analysis, which was achieved in the
area revealed by the SEM in Fig. 3(b). Ti and O, the primary components of Cu/TiOs, display substantial X-ray peaks on the chemical
composition graph in Fig. 2, indicating that Cu is likely distributed uniformly throughout TiOs. It is possible that in this situation, Ti
and O ratios are connected to the typical 1:2 stoichiometry. The proportional weight of Cu in TiO, and the highest EDS intensity
coincide, indicating that TiO; has been efficiently doped with Cu.

3.2. Molecular dynamic calculation for rough assessment of the stability of Cu nanoparticle on TiO2 support

We performed molecular dynamic calculations based on the semi-empirical quantum tight-binding method to roughly assess the
geometrical stability of a Cu nanoparticle (for simplicity, 6 Cu atoms cluster was used) on a TiO support. The MD time was 100 ps,
resulting in the Cu/TiOg structure shown in Fig. 4. To approximately emulate the bulk TiO; structure, we constructed an extended
Ti650198 with hydrogen atoms to truncate the atomic dangling bonds on the support. Although the extended structure does not
conform to the stoichiometry of TiO», it shows no convergence problems during the calculations. Fig. 4 indicates the stability of the Cu
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Fig. 2. XRD patterns of undoped TiO; and Cu/TiOx.
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Element | Weight%  Atomic%
0K 35.50 62.32
TiK 63.61 37.29
cul 08 039

Totals 100.00

Fig. 3. Illustrates undoped TiO, (a), Cu-doped TiO, (b) in SEM images, and the EDS results for Cu-doped TiO,.

Fig. 4. The molecular dynamic calculation of the structure of Cu nanoparticle (blue balls) supported on TiO, structure (light blue and red balls)
truncated by H atoms (grey balls). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
this article.)

nanoparticle at the end of the 100 ps calculation in such a way that the nanoparticle atoms do not smear out away from the TiO5
support. Since this calculation is meant for a qualitative study of the stability of the Cu nanoparticle on TiO, support, it is convenient to
outline the calculation method here. We used the xtb software with the default GFN2-xTB parameterization method [26]. The
calculation used the NVT ensemble at 298 K with a step size of 10 fs.
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3.3. Dielectric properties

Dielectric research was conducted to explore the effect of Cu metal insertion on TiOy through the measurement of the complex

impedance, Z*. The real part of permittivity, ¢ (or dielectric constant) and imaginary part of permittivity, ¢, were calculated by using
Eq. 1, and 2 [27].

, VA
_ 1
e+ 2) W
z @

¢ :G)C()(ZZ +Zﬂ2)

Where C, is the vacuum capacitance,  is the angular frequency, Z and Z are the real and imaginary parts Z*.

In Fig. 5, the dependence of ¢ on the frequency at different temperatures (25, 50, 75, 100, and 120 °C) is illustrated for undoped
TiO; (Fig. 5(a)) and Cu/TiOg (Fig. 5(b)). The same behaviors were observed for both undoped TiO; and Cu/TiO; in Fig. 5a and b. As the
frequency decreased, the dielectric constant progressively rose, and as the frequency increased, the dielectric constant values reached a
plateau. This behavior is normal and has also been observed by several investigators [28,29]. As the number of dipoles aligned in the
direction of the applied electric field grows, the dielectric constant value increases due to the reduction of the frequency (f). However,
at higher frequencies, the number of dipoles that follow the electric field oscillation decreases. Furthermore, the variation of ¢ with
frequency demonstrates the dispersion caused by Maxwell-Wagner type interfacial polarization at low frequencies. Cu/TiO has a
higher dielectric constant value compared to undoped TiO,, possibly due to the presence of the transition metals which increase the
charge carriers in the sample.

It is commonly known that the internal energy dissipation from the applied signal is indicated by the dielectric loss, £ / & [30]. The
dielectric loss for undoped TiO5 and Cu/TiO; as a function of frequency is displayed in Fig. 6(a) and (b). For Cu/TiOs, the decrease in
dielectric loss with increasing frequency [31] is probably related to the conductivity and/or interfacial polarization. Furthermore, an
increase in the temperature results in decreased dielectric loss for both undoped TiO3 and Cu/TiOs.

3.4. AC conductivity
The real part of the conductivity, ¢, was measured by using Eq. (3).

et ®
where A is the surface area, t is the thickness, and ¢o is the permittivity of free space. The frequency response of ¢ is shown in Fig. 7(a)
and (b) at different temperatures (25, 50, 75, 100, and 120 °C) for undoped TiO, and Cu/TiO,. The conductivities of undoped TiO, and
Cu-doped TiO, display a decreasing trend with temperature. Moreover, at low frequencies, undoped TiO» and Cu-doped TiO» show a
plateau behavior, and ¢’ exhibits a frequency dependence at higher frequencies. This behavior is attributed to the increase in the ionic
response to the field.

Fig. 8(a) and (b) illustrate the experimental data of Z' versus Z" for undoped TiO» and Cu/TiOs, respectively. The equivalent
impedance circuit model used for fitting these experimental data is shown in Fig. 8(c), which includes a contact capacitor (Q1) in
parallel with a polarization resistor (R1) and an R2-Q2 parallel resistor —capacitor circuit. The fitting procedure was performed via Z
Simp Win Analyzer. Table 1 presents the data obtained from the fitting process. The ionic resistances of all samples increase with
increasing temperature. Moreover, the impedance slightly decreased after modification with Cu (see Fig. 8(b) and Table 1).
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Fig. 5. Shows the dielectric constant for undoped TiO; (a) and Cu/TiO; (b) as a function of frequency at various temperatures.
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Fig. 6. Temperature-dependent dielectric loss for (a) undoped TiO, and (b) Cu/TiO in relation to frequency.
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Fig. 7. Frequency dependence of conductivity at various temperatures for (a) undoped TiO, and (b) Cu-doped TiO,.
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Fig. 8. Variation of d Z' with Z" for (a) undoped TiO,, (b) Cu/TiO», and (c) the equivalent circuit.

3.5. Optical properties of undoped TiO2 and Cu-doped TiO,

Fig. 9(a) shows how the absorption spectra for undoped TiO, and Cu/TiO5 depend on wavelength and how adding Cu to TiO5
increases absorption. Additionally, Fig. 9(b) demonstrates how the transmission spectra of undoped TiO2 and Cu/TiO9 vary depending
on wavelength. For Cu/TiO5 the transmittance increased with the wavelength, however for the undoped TiOs it decreases because of
the different sample’s crystallizations.

3.5.1. The energy gap
The energy band gap (Eg) was determined via the absorption coefficient from Eq. (4) [32]:

ah=B(h —E,)"

(€))

n is an index that can be 1/2, 3/2, 2, or 3; h is the Planck constant; v is the frequency of incoming light; and B is constant.
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Table 1
The values of the fitting parameters for undoped TiO, and Cu/TiO,.
Samples Temperature (°C) Q1 (nF) R; (MQ) Q2 (nF) R, (MQ)
TiOy 25 0.4377 0.0077 1423.9 1.952
50 0.1272 1.1341 13.021 10.25
75 0.8065 3.4550 24.66 100.5
100 0.00182 290.57 54.661 325.12
120 0.00212 964.5 3.0591 9745.2
Cu/TiO, 25 270.9 0.2455 227.87 0.1571
50 68.65 0.1599 273.81 0.587
75 33.01 9.0434 72.312 0.5872
100 61.934 13.422 27.61 1.1452
120 0.0072 974.51 1.035 9745.6
09 0.7 —
Tio2 i
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Fig. 9. The optical absorbance (a) and transmittance (b) spectra of undoped TiO, and Cu/TiOs.

It was discovered that when n = 2, the best fit is obtained. The relationship between (ahv)? and photon energy (hv) was used to
compute the energy gap (Eg) of undoped TiO3 and Cu/TiOs, as illustrated in Fig. 10. The energy band was generated by extrapolating
the straight-line portion of the energy axis (hv) from Fig. 10 as revealed in Table 2. Lowering the value of Eg by Cu doping of TiO2 may
be related to oxygen vacancy deformation and the regularity of the anatase structure of TiO».

Additionally, variations in the energy gap might be linked to the quantum size effect brought about by the size variations in our
nanoscale grains created by dopants. The reduced Eg of the Cu/TiO, combination allows for a variety of optical applications, including
waveguides and light-emitting diodes.

3.5.2. The index of refraction

The refractive index has a major impact on the optical and material sciences. The transmittance and reflectance of materials may be
assessed using UV-vis spectrophotometer examination of the refractive index. The link between the transmittance T at normal inci-
dence and the index of refraction n is illustrated by the Fresnel equations. The values of the refractive index were calculated using Eq.

(5.

2.5%10°% 4 .
2.0x10°
€ 1.5%10° -
>
°
= 1.0%10° -
2 R
d *
5.0x10* 4
..
0.0 1 o .:' Cu/Tio2
0 1 2 3 4 5
hv (eV)

Fig. 10. The plotting of (ahw)? with the energy photon (hv) for undoped TiO; and Cu/TiOx.
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Table 2
Energy gap Eg, energy of Urbach Ey, steepness S, energy oscillation E,, energy dispersion Eg, the index of refraction at wavelength infinity n., and the
fitting parameters A and B for undoped TiO, and Cu/TiOs.

Samples Ey (eV) Eg (eV) E, (eV) Neo A B (um?) Ey (eV) S (x107%)
TiO, 3.40 15.11 3.636 2.271 3.851 1.948 5.362 0.48
Cu/TiO, 1.95 74.42 3.446 4.754 4.333 0.797 9.132 0.28
2-T+2Vy1-T
e )

Fig. 11 illustrates the relationship between wavelength dispersion and refractive index for undoped TiO3 and Cu/TiO,. Using the
best-fitting model, the values of n drop with increasing wavelength as Fig. 11 illustrates. The Cauchy dispersion relation was used to
create the data in Fig. 11(a) [33]. The curve fitting of n(A) yields Cauchy’s coefficients A and B, by using Eq. (6), as illustrated in
Table 2, where the dots are the values calculated from the transmission spectrum and the solid lines represent the curve fitting by using
Cauchy dispersion relationship as in Fig. 11 (a).

n(M)=A+ 6)

}\’2

The interior microstructure of the composite is altered during the synthesis process, giving this composite a high refractive index.
Numerous optical applications for the higher refractive index in Cu/TiO; are possible [34,35].

To roughly validate the increase in the refractive index for Cu/TiO, compared to TiO, we have calculated the real refractive index
for both materials using the default optical calculation settings in CASTEP software [36]. The calculation results are shown in Fig. 11
(b), where the refractive index for Cu/TiO5 structure is effectively higher than that for TiO,, agreeing with the general trend of the
experimental data of Fig. 11(a). The calculations employed 48-atom supercells, Ti; 5032 and CuTi;5033 having C2/c and I-4m2 space
group symmetries, respectively, with common lattice parameters (a = b = 7.532410 A, ¢=11.076582 A, a = f = 70.123°, and y =
89.99°). The lattice parameters are common to both supercells because, for simplicity, CuTi;5032 was generated from the geometri-
cally optimized Ti; 6032 by substituting the Ti (at (0,0,0) site) by Cu. We emphasize that, for qualitative and preliminary calculations,
we opted for the default settings in CASTEP. Systematic calculations will be deferred to future research.

3.5.3. Optical dispersion parameters

The single oscillator model provides the dispersion energy factor (E4) and single oscillator energy (E,), associated with the average
intensity of the optical inter-band transition and the energy separation between the valence and conduction bands. These parameters
are given by Wemple-DiDomenico via the following formula (Eqgs [7,8,37].

E,E,
n2:1+L 7
Eﬁf(hz/)2 7
2 oyt B (W)
(n* ~1) “E, E.E, ®

By plotting (n? - 1)~! with (hv)?, by using Eq. (8), E, and E4 are calculated from the slope and intercept of the linear fitting as
shown in Fig. 12 and tabulated in Table 2.

By setting the wavelength in Eq. (7) to infinity owing to the electronic transformation, it is possible to compute the index of
refraction at an infinite wavelength (n.) as in Egs. [9,10]:

E,E,
2 _ do
n, =1+ 7

0

9)

and then:

[, Ea
Ne =14/1+ Eo (10)

The values of E, and E4 for TiO3, Cu/TiO, were used to determine ny, by using Eq. (10) and listed in Table 2.

3.5.4. Urbach energy and steepness parameter

The Urbach edge, sometimes called the absorption edge, is characterized by a photon energy-dependent exponential rise in the
absorption coefficient. The exponential tail size of the absorbance edge may be determined via Urbach energy (Ey). The Urbach energy
represents the band tail width of the localized states, and the experimental relationship yields the following data for the exponential
absorption tails as in Eq. (11) [38]:

a:aoe<rv> an
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Fig. 11. (a) The refractive index dispersion with wavelengths for undoped TiO, and Cu-doped TiO,. (b) Calculated real refractive index using the

time dependent density functional theory.
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lna:lna,,+h—y (12)
Ey

In which a, is a constant. Visualizing the correlation between (Ina) and photon energy (hv), as shown in Fig. 13 and in Table 2, allows
the use of Eq. (12) to determine the Urbach energy for the samples that were utilized.

A higher density of defect states in the Cu-doped TiO2 film may be the cause of the observed increase in Ey with Cu doping [39,40].
At room temperature (T = 300 K), the steepness parameter S may be calculated as follows [41]:

T
B 1
S=E, (13)

The steepness parameter S can be calculated by knowing the Urbach energy (Ey) from Eq. (13) as in Table 2 for TiO3 and Cu/TiOs,

where Kg is the Boltzmann constant.

4. Conclusion

Employing an accessible and efficient incipient wet impregnation approach, we successfully synthesized Cu-doped TiO,. X-ray
diffraction was utilized to analyze the resulting Cu/TiO». The anatase phase and traces of the rutile phase were effectively produced, as
evidenced by the positions of the X-ray peaks according to the X-ray diffraction patterns.

The structural stability of Cu/TiO, was qualitatively validated through semi-empirical molecular dynamic calculations. In com-
parison to undoped TiO2, Cu/TiO3 exhibits a higher dielectric constant. However, with an increase in temperature, both undoped TiO2
and the Cu/TiO, demonstrate a reduction in conductivity. Additionally, at low frequencies, both undoped TiO5 and Cu/TiO; exhibit a
plateau behavior in the conductivity profile; however, at higher frequencies, they display a frequency-dependent behavior. The optical
absorbance and transmittance of the TiO5 material are influenced by the introduction of Cu particles. Cu was blended with TiO5 to
reduce the energy band gap value, making it suitable for various optical applications, including optoelectronic devices. Optical
dispersion properties at high wavelengths, such as dispersion energy, oscillation energy, and refractive index, were calculated.
Furthermore, owing to internal structural changes and crystallinity, the refractive index values for the Cu/TiO, material significantly
increased. This was further validated by density functional calculation of the optical properties of undoped TiO; and Cu/TiO; in the
optical range.
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