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Abstract
The titanium dioxide  (TiO2) semiconductor’s wide band gap property restricts its appli-
cation in a variety of fields. To ensure cost-effectiveness and time efficiency, researchers 
emphasized material modeling and theoretical analysis. This study employs a Density 
Functional Theory approach to investigate how the presence of transition metal elements 
(TME) like rhodium (Rh) and rhenium (Re) affects the optoelectronic properties of  TiO2. 
The study was carried out using the VASP software package and the plane-wave pseudopo-
tential technique. The formation energy, electronic band structure, and optical properties of 
 TiO2 were affected by the addition of both Rh and Re as doping materials. The outcomes 
of the band structure and total density of states (TDOS), point out notable alterations in 
the energy gap (Eg) of  TiO2. The plot of the band structure illustrates that the introduc-
tion of Re leads to a more substantial reduction in the  TiO2 band gap compared to Rh. The 
introduction of numerous sub-states into the band gap causes the valence band to approach 
the conduction band at the Gamma point. The band gap reduction caused by the addition 
of Rh and Re TME is confirmed by the relocation of the TDOS to lower energies in the 
doped  TiO2 structure. Furthermore, significant changes in the partial density of states of 
 TiO2 upon Re doping have been observed at the bottom of the conduction band, highlight-
ing the effectiveness of Re doping in modifying the electronic band structure of  TiO2. The 
outcomes of band structure and TDOS proved that TME with high atomic mass is certain 
to decrease  TiO2’s band gap to the range required for usage as a photocatalytic material. 
Rh and Re doping in  TiO2 alter their optical properties, making them suitable for optoelec-
tronic devices.
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1 Introduction

The photoelectrochemical splitting of water on titanium dioxide  (TiO2) electrodes has 
sparked significant interest in  TiO2 as a highly promising photocatalytic material. This is 
mainly due to its cost-effectiveness, non-toxic nature, and long-term stability against cor-
rosion (Hoffmann et al. 1995). unfortunately,  TiO2 suffers from a notable efficiency draw-
back as it can only respond to ultraviolet light, which constitutes less than 5% of the total 
solar energy spectrum (Chen et al. 2018). This limitation arises from its intrinsic band gap, 
which is reported to be 3.2 eV for anatase (Yu et  al. 2015; Samsudin and Hamid 2017; 
Sharma et al. 2023). Consequently, numerous approaches have been suggested to overcome 
this limitation and enhance the photocatalytic efficiency of  TiO2 within the visible spectra 
region of electromagnetic waves. Hopefully, a doping technique has been broadly studied 
and established to be an effective solution for extending the range of spectral response of 
 TiO2 and improving its photocatalytic performance (Ma and Sauer 2013; Mazierski et al. 
2019; Ruiz et al. 2023; Nair et al. 2022; Patil et al. 2019).

Farzaneh et al. (2022) employed density functional theory (DFT) in their investigation 
of aluminum (Al) and copper (Cu) substitutional doping in anatase  TiO2, aiming to opti-
mize the utilization of a broad spectral range during solar irradiation by producing anatase 
 TiO2 with lower band gaps. In a study by Tian and Liu (2006), they conducted calculations 
involving substitutional S doping at the Ti site, resulting in a reduction of the band gap in 
anatase  TiO2, with a red shift of the absorption edge. In their work, Ye et al. (2023) uti-
lized first-principles density functional theory to compute and model the electronic band 
structure and associated optical characteristics of intrinsic and various rare earth elements 
(La, Ce, Hf, and Pr) doped anatase  TiO2. The computed outcomes reveal that the energy 
band gap values of the doped samples are narrower compared to pure  TiO2. Among these, 
Ce-doped anatase  TiO2 exhibits the smallest band gap, measuring 1.756 eV, and displays a 
notable enhancement in its light absorption efficiency within the visible spectrum. Numer-
ous studies have shown that by using appropriate dopants, the band of  TiO2 can be engi-
neered, making it a better visible light-active photocatalyst (Muthukrishnan et al. 2023).

TiO2 exists in three different crystalline forms: one rhombic form called brookite and 
two tetragonal forms known as rutile and anatase (Eddy et al. 2023; Verma et al. 2017). 
Obtaining brookite in laboratory conditions is difficult, whereas rutile and anatase are more 
readily prepared. In its bulk form, rutile represents the stable phase. However, the anatase 
structure is typically favored when using solution-phase preparation methods for  TiO2. The 
two main factors that explain these observations are the material’s surface energy and the 
chemistry of its formation (Mazierski et al. 2019). It has been discovered that the surface 
energy of anatase is lower than that of brookite and rutile (Coronado et  al. 2008). The 
diverse range of experimental conditions employed to synthesize various  TiO2 phases is a 
complicating factor in comprehending nanoparticle formation. This variation makes it chal-
lenging to accurately compare and analyze the underlying mechanisms (Kondamareddy 
et al. 2018).

Optoelectronics has witnessed remarkable advancements in recent years due to its 
potential applications in various cutting-edge technologies, such as photovoltaics, light-
emitting devices, and sensors (Zhang et al. 2022; Liu et al. 2022). One of the key strate-
gies for optimizing the performance of optoelectronic structures lies in the incorporation of 
functional nanomaterials.  TiO2, being a prominent semiconductor material, has garnered 
significant attention due to its exceptional electronic and optical properties (Ahmed and 
Hasan 2023; Armakovic et  al. 2023). Integrating  TiO2 with metal elements presents an 
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intriguing prospect for tailoring the optoelectronic behavior of metal-based devices, poten-
tially leading to superior performance and enhanced efficiency.

This research delves into the influence of introducing Re and Rh elements on the opto-
electronic properties of TiO2 using comprehensive first-principles simulations. Precisely, 
the study utilizes the Vienna Ab initio Simulation Package (VASP) and employs the plane-
wave pseudopotential method in conjunction with density functional theory (DFT). DFT is 
a common ab initio technique. Concerning several material properties, such as equilibrium 
material structure, electronic band structure, and phonon properties, it may successfully 
predict them given the initial unit cell structure. The frequency-dependent dielectric func-
tion may be computed using these results in the dielectric function models. Then, using 
EM theory, bulk materials’ and nanostructures’ radiative characteristics can be calculated 
(Bao and Ruan 2010). This powerful combination of computational tools offers a highly 
accurate and reliable approach for analyzing electronic structure, optical properties, and 
charge transport mechanisms of materials at the atomic level. Thus, the study focused on 
investigating the charge transport properties of the doped  TiO2 system, including conduc-
tivity and optical dielectric constant. A thorough understanding of the charge transport 
behavior is imperative in designing efficient optoelectronic devices and elucidating the 
charge transfer mechanisms between  TiO2 and dopant elements.

2  Computational method and theoretical description

The VASP which is based on DFT and uses a plane-wave pseudopotential approach, was 
used in this calculation (Hafner 2008, 2007). The exchange–correlation (XC) interaction 
was characterized using the generalized gradient approximation (GGA) within the Perdew-
Burke-Ernzerhof for solids (PBEsol) approach (Perdew et al. 1996, 2008). All calculations, 
including those involving Band Structure (BS), Density Of States (DOSs), and Optical 
Properties (OPs), employ this function. The energy of XC  (EXC) is a function of density 
and its gradient in GGA. The GGA overestimates lattice constants while underestimating 
energy band gaps. This is because GGA interprets electron–electron correlations wrongly, 
which are particularly pronounced in strongly correlated materials like  TiO2 (Perdew et al. 
1996). The DFT + U approach, also known as mean-field Hubbard correction, attempts to 
solve this self-interaction problem by introducing a repellent on-site potential U (Anisimov 
et al. 1991). Consequently, we utilize the GGA + U approach in which the d-orbitals of Ti, 
Rh, and Re, respectively, have Hubbard potential U values of 8.5, 7, and 7 eV (Rasul et al. 
2022; Tesch and Kowalski 2022).

Figure 1a shows the structure of anatase  TiO2 in which titanium (Ti) atoms and six oxy-
gen (O) atoms are bonded, each oxygen atom bonds to three titanium atoms, forming an 
octahedral geometry. Tetragonal  (P42/mnm space group) primitive unit cell of anatase  TiO2 
has lattice parameters with values of a = b = 3.79925 Å and c = 9.56435 Å, consistent with 
the experimental data (Howard et al. 1991; Maeda and Yamada 2007). This TiO2 anatase 
structure’s conventional unit cell is used to create a super-cell with dimensions 2 × 2 × 1, 
as shown in Fig.  1b. It has 48 atoms in total  (TinO2n) and is restricted to the condition 
n + 2n = N.

In this study, the substitutional technique is taken into account. Since the Ti and Rh 
(Re) atoms have comparable radii, replacing a Ti atom with a Rh (Re) atom is better ener-
getically than replacing an O atom. To reduce interference between periodic images of the 
dopant atoms, our supercells only have one dopant atom (Taylor and Bruneval 2011). This 
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creates the structure  Tin−1X1O2n, where X is the doping element. This means a doped sys-
tem with  Ti15Rh(Re)O32 configuration for our super-cell. This translates to a corresponding 
doping concentration of 6.25%, as demonstrated in Fig. 1b. The energy convergence test 
indicates a system’s stability. The doped  TiO2 systems’ lattice constants and substitutional 
atom positions are optimized. According to the convergence test, the plane-wave cutoff 
kinetic energy remains consistent at 570 eV for both the pure and doped systems. Monk-
horst–Pack was used for the Brillouin zone k-point sampling 12 × 12x10 and 15 × 15x10 
for pure and doped systems, respectively (Monkhorst and Pack 1976). In the optimization 
process, energy, energy change, force convergence, and maximum displacement tolerances 
are 3.5 ×  102 eV, 6.3 ×  10–2 eV, 3.5 ×  102 eV/ Å and 1 ×  10–4 Å, respectively.

3  Results and discussion

3.1  Band structures and density of states

The analysis of the physical characteristics of materials heavily relies on the electronic 
properties, including the electronic band structure (EBS) and DOS. These electronic char-
acteristics provide valuable insights into how materials interact with light and other exter-
nal stimuli, impacting their overall behavior and functionalities. The EBS provides crucial 
insights into the energy ranges, known as energy bands, where electrons have a probability 
of occupying. It also identifies energy ranges that cannot be occupied, referred to as the 
band gap. This band gap is significant as it influences the electrical and optical properties 
(Ops) of materials, including their conductivity and ability to absorb or emit light (Sarkar 
et al. 2023; Ullah et al. 2024). Understanding the electronic band structure is crucial in pre-
dicting and interpreting the behavior of electrons in materials, making it an essential aspect 
of material analysis in various scientific and technological fields (Raia et  al. 2023). For 
semiconductors and insulators, determining the electronic band gap involves computing 

Fig. 1  a The typical unit cells of anatase  TiO2 structures depicted using a ball-and-stick representation. The 
Ti and O atoms are colored gray and orange, respectively, b the 2 × 2x1 super-cell contains 48 atoms with 
 Ti15Rh(Re)O32 configuration. Dopant concentration: 6.25%
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the difference between the energy levels of the conduction band minimum (CBM) and the 
valence band maximum (VBM). Calculations of electronic band structure offer an under-
standing of the possible electronic transitions from the VBM to the CBM (Williamson 
et al. 2017). Figures 2 and 3 display the electronic band structure outcomes for pure  TiO2 
and  TiO2 doped with Rh (or Re), respectively, along the same direction in the Brillouin 
zone.

In both figures, to calculate the value of energy band gap CBm and the VBM are desig-
nated. The band gap value of the pure  TiO2 is 3.20 eV, while the band gap values of both 
Rh and Re-doped  TiO2 are 1.90 and 0.20 eV, respectively. This is effective in making an 
efficient optoelectronic material based on  TiO2. The pure  TiO2 band gap value (Fig. 2a) is 
comparable with that of the experimental value (Yu et al. 2013; Ahmed et al. 2021). It’s 
interesting to note that in the EBS of doped  TiO2, the CBm and the top of the valence band 
(VB) both reside at the same position, indicating the direct band gap transition in the doped 
samples, making it more favorable for certain optoelectronic applications like light emis-
sion or absorption. The direct band gap property is significant as it affects the material’s 
ability to efficiently interact with photons and participate in various optical processes. The 
reduction of the band gap in  TiO2 upon doping clarifies that when exposed to light illumi-
nation, Rh(Re) doped  TiO2 displays improved photocatalytic activity and photoconductiv-
ity. This decrease in band gap allows the material to efficiently absorb a broader range 
of photons, enabling more effective utilization of light energy for photocatalytic processes 
and promoting better photo-conductive behavior. These improved properties make Rh(Re) 
doped  TiO2 a promising candidate for various prospective applications in photocatalysis 
and optoelectronics (Chen et al. 2012; Ma et al. 2020).

It’s remarkable to note that the changes in atomic mass influence significantly the 
band gap. The result of the current work indicates that the band gap decreases more 

Fig. 2  Band structure and TDOS of pure  TiO2 anatase
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significantly with higher atomic mass. The results of pure  TiO2 compared to  TiO2 doped 
with Re and Rh established the fact that the band gap reduction is more favorable with 
Re doping due to its higher atomic mass (186.207 amu) compared to Rh (102.9055 
amu). To our knowledge the atoms of higher atomic radius such as Re will relocate 
efficiently within the structure of  TiO2 and due to their higher atomic mass will pro-
vide more electrons compared to lower atomic mass elements of the periodic table. 
Consequently, the band structure analysis achieved in the present study demonstrates 
that transition metal elements (TME) with higher atomic masses successfully diminish 
 TiO2’s band gap, rendering it appropriate for application as a photocatalytic material. 
Furthermore, the electronic configuration of elements of the periodic table may support 
our assumptions. For example, Re, with an atomic number of 75 and an electron con-
figuration of [Xe]  4f145d56s2, possesses 2 valence electrons, whereas Rh, with an atomic 
number of 45 and an electron configuration of [Kr]  4d85s1, has 1 valence electron. Con-
sequently, the inequality in valence electrons (VEs) may influence the band gap. The 
TME with higher valence electrons contributes significantly to the introduction of more 
impurity states within the band gap, thereby reducing the  TiO2’s band gap efficiently. 
The higher number of VEs in Re compared to Rh results in Re being more effective in 
reducing  TiO2’s band gap (Schwarz 2010; Shabalin and Rhenium.  2014).

Most of the published data showed a similar trend for the reduction in energy band 
gap for doped anatase  TiO2 (Tian and Liu 2006; Ye et al. 2023; Liu et al. 2014). Ghu-
man and Singh (2013) also reported that red shifting in Rh-doped rutile  TiO2 results 
from charge transfer occurring between Rh and  TiO2 conduction or valence bands; or 
due to d-d transitions within the crystal field. Nonetheless, these mid-gap states come 
with a drawback since they can function as recombination centers, consequently lead-
ing to a notable decline in photocatalytic efficiency (Rasul et  al. 2022). According to 
Niishiro et al. (2007), this recombination is predominantly attributed to the creation of 
 Rh4+.

To show the establishment of the EBS of pure and Rh(Re) doped  TiO2, the Partial Den-
sity Of States (PDOS) diagrams are shown in Fig. 4. A comprehensive understanding of 
the composition and origin of the calculated bands can be attained by thoroughly analyz-
ing the PDOS. The reference point for the Fermi level is established at zero. In Fig. 4a, 
the PDOS of pure  TiO2 is depicted. It is evident that the valence band (VB) is composed 
of upper and lower bands. The lower VB is primarily influenced by O-2 s orbitals span-
ning from −15.9 to −17.5 eV, while the upper VBs close to the Fermi energy are mainly 
contributed by O-2p and Ti-3d orbitals, ranging from −4.7 to 0 eV. Additionally, the con-
duction bands (CBs) are influenced by Ti-3d and O-2p orbitals, situated within the energy 
range of 3.2 to 4.8 eV. As a result, one can say that, the O-2p mainly dominates the VB, 
and the CB is primarily correlated with the Ti-3d (Zhu et al. 2014). The findings confirm a 
significant hybridization occurring between the O-2p and Ti-3d states in proximity to the 
CB. Furthermore, the energy range from 0 to 3.2 eV constitutes the band gap. The PDOS 
of Rh and Re-doped  TiO2 are shown in Fig.  4b, c. It’s noticeable that a distinct region 
is formed between the Fermi energy and the upper valence band. Furthermore, the con-
duction bands are notably lowered, extending to lower energy levels. However, the intro-
duction of Rh atoms’ 4d orbitals leads to a reduction in the energy gap, as illustrated in 
Fig. 4b. It is evident that in the case of Re-doped  TiO2, the distinct region becomes more 
pronounced and the conduction bands are further lowered, extending to even lower energy 
levels which caused to decrease in band bap compared to Rh-doped  TiO2. This effect is 
depicted in Fig.  4c. Furthermore, the states of Ti from the VB lie near 3  eV, while the 
states Rh and Re contribute in the VB ranges from 5 to 8 eV.
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3.2  Optical properties

Given that  TiO2 plays a vital role in optoelectronic devices, examining the impact of Rh/
Re doping within the  TiO2 lattice becomes crucial. Numerous optical properties, includ-
ing the refractive index, dielectric function, energy loss function, absorption coefficient, 
conductivity, and reflectivity, serve to clarify the complex interaction between light and 
matter. These properties collectively contribute to a deeper comprehension of the behav-
ior of materials when exposed to light, thereby influencing their potential applications in 
optoelectronics.

The optical characteristics of a solid can be explained using its dielectric function ε, 
which delineates how the material reacts linearly to electromagnetic radiation. Conse-
quently, it governs the way radiation propagates within a medium. For a static field, ’e’ 
takes on a real value, while in the context of a dynamic field, it becomes a complex func-
tion expressed as follows: ε (ω) = ε1(ω) + i ε2 (ω), where ε1(ω) represents the real part and 
ε2(ω) signifies the imaginary part. These functions are dependent on the frequency of the 
field or the energy of the photon (Biskri et al. 2016). The dielectric function, a fundamental 

Fig. 4  PDOS of the a pure, b Rh, and c Re-doped  TiO2
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macroscopic property of materials, serves as a foundation for deducing various other prop-
erties. It delineates how a material reacts to an external electromagnetic (EM) field that 
varies with time. The reaction to an external field (or photons) across the spectrum from 
far-infrared to ultraviolet bands can be ascribed to various mechanisms. These encompass 
impurity effects, optical phonons, free carriers, excitons, and inter-band electronic transi-
tions. The significance of each mechanism varies based on the wavelength and the spe-
cific material under consideration (Bao and Ruan 2010). The ε2(ω) characterizes the opti-
cal absorption within the crystal. It can be computed by evaluating the momentum matrix 
elements between occupied and unoccupied electronic states within the first Brillouin zone 
(Biskri et al. 2016). Furthermore, ε2(ω) obtained through the definition of direct transition 
probability, primarily describes the electron transitions from occupied states to unoccupied 
states. Meanwhile, the peaks in the imaginary component signify specific energy levels 
where electrons uptake energy, transitioning from lower (valence) to higher (conduction) 
energy states. This process typically involves the absorption of photons or electromagnetic 
radiation. (Yu et  al. 2012). According to the Kramers–Kronig relationship, ε1(ω) can be 
derived by integrating over a considerably wide frequency range, utilizing the differential 
coefficient of ε2(ω) (Bao and Ruan 2010):

Herein, C and V represent the conduction and valence bands, respectively. BZ refers to 
the first Brillouin zone, K is the electron wave vector, ||e.MCV

(K)||
2 is the momentum transi-

tion matrix element, ω is the angular frequency,  C1 and  C2 are constants, and  EC(K) and 
 EV(K) denote the inherent energy levels of the conduction and valence bands, respectively.

To discern the impact of Rh/Re doping, it is essential to compare these optical proper-
ties between the pure  TiO2 and their doped counterparts, as portrayed in Fig. 5. This com-
parative analysis offers valuable insights into how the introduction of dopants influences 
the optical behavior of materials, paving the way for enhanced optoelectronic applications. 
The utilization of Maxwell’s equations proves informative, allowing us to derive various 
optical properties directly from the complex dielectric function.

The real component of the dielectric function clarifies polarization phenomena, while 
the imaginary component illustrates the energy dissipation taking place within the system. 
Figure 5a, b illustrate the ε1(ω) and the ε2(ω). In low-energy regions, the real component 
of the dielectric function exhibits a rise alongside photon energy, culminating in its peak 
magnitude around the point where the energy reaches approximately ~ 4.38 eV. Beyond 
this particular energy threshold, the ε1(ω) experiences a sharp decline and drops below 0 
near 5.0 eV. The drop of ε1(ω) below zero gives a negative value, which signifies a situ-
ation where the incoming photon beam loses intensity due to energy dissipation into the 
medium, leading to the emergence of metallic characteristics. The drop of ε1(ω) from its 
maximum value can be correlated with the ascent of ε2(ω), implying the occurrence of 
inter-band transitions (Ezzeldien et al. 2021).

The highest peaks in the real part occur at energy levels of 4.3 eV for pure  TiO2, 
4.34 eV for Rh-doped  TiO2, and 4.4 eV for Re-doped  TiO2. These peaks signify elec-
tron transitions from the valence band’s peak to the conduction band’s lowest point. 
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The redshift occurs because of a narrowing of the band gap, leading to a rise in inten-
sity as electronic transitions increase (Rizwan et al. 2024; Ayub et al. 2024). The ε2(ω) 
value is zero at 0 eV for the pure  TiO2 sample, signifying the absence of energy dissipa-
tion (absorption) within undoped  TiO2. In contrast, the doped system exhibits a positive 
ε2(ω) value, indicating energy dissipation even at 0 eV. The ε2(ω) curve highlights four 
prominent peaks observed at energy levels of 3.25, 4.48, 4.98, and 5.72 eV for the pure 
 TiO2 sample, corresponding to the absorption at these energy levels.

Based on the absorbance spectrum of pure and Rh(Re) doped  TiO2 presented in 
Fig. 6a, pure  TiO2 exhibits noteworthy absorption features. Notably, the absorbance pro-
file reveals distinct absorption peaks at around 246 and 265 nm. However, two note-
worthy observations are evident in the Rh(Re) doped  TiO2. Firstly, there is a notice-
able shift in the absorption peaks towards lower energy levels. Secondly, the sharpness 
of the peaks is diminished, which could potentially be attributed to mixed transitions. 
These observations collectively highlight the intricate changes in the optical behavior 
of the material due to Rh(Re) doping, pointing towards a modification in the underlying 
electronic structure and interaction with light. The optical absorption peaks can be cor-
related with the electronic transitions between Ti-d3 and O-2p, as well as Rh-4d (Re-5d) 
states (Ahmed et al. 2021).

Fig. 5  a the ε1 and b ε2 parts of the dielectric function of the pure and Rh(Re) doped  TiO2



Band structure study of pure and doped anatase titanium dioxide…

1 3

Page 11 of 17 1249

From the relation between the absorption coefficient and incident energy shown in 
Fig. 6b, it is noteworthy that the absorption edge of (Rh-Re)-doped  TiO2 shifts to lower 
energy compared to that of pure  TiO2. This shifting can be explained based on a considera-
ble reduction in the energy band gap, as evidenced in Fig. 3. A noteworthy pattern emerges 
when comparing the transmittance and reflectance spectra of the present samples, depicted 
in Fig. 6c and d, respectively. The outcomes indicate that the transmittance is maximized 
over the whole points where the reflectance (absorbance) is minimized. This observation 
underscores a strong correlation between these optical properties. Furthermore, it is evi-
dent that doping significantly alters the optical absorption spectra of  TiO2.

The complex refractive index, consisting of the refractive index (n(ω)) and extinction 
coefficient (k(ω)), plays a crucial role in linking the electronic and optical characteristics of 
materials. Studying the complex refractive index gains access to a comprehensive under-
standing of the underlying electronic structure, allowing them to predict how a material 
interacts with light across a range of energies or frequencies. This insight aids in design-
ing and optimizing materials for various applications, such as photovoltaics, optoelectron-
ics, and sensors (Abdullah et al. 2015; Abdulwahid et al. 2016). Using the acquired ε1(ω) 
and ε2(ω), the refractive indices and extinction coefficients were computed. The subsequent 
relationships between the dielectric function and complex refractive index underscore 
the significance of the optical dielectric function in determining n and k as shown below 
(Rocquefelte et al. 2004):

Fig. 6  a absorbance spectrum, b absorption coefficient, c transmittance, and d reflectance of the pure and 
Rh(Re) doped  TiO2
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Figure 7a, b illustrates the spectra of n(ω) and k(ω) for the pure and Rh(Re) doped  TiO2. 
In both pristine and doped  TiO2 samples, the n(ω) exhibited a decline in values with longer 
wavelengths, whereas it displayed an ascent with shorter wavelengths. This decreasing 
trend can be attributed to the optical dispersion characteristics of the materials (Hussain 
et al. 2023). In the case of Re-doped  TiO2 and pure  TiO2, the static n values are determined 
to be 2.21 and 1.97, respectively. This observed increase in the static n values towards 
higher values upon Re-doping corroborates the shift of  TiO2’s semiconducting nature 
towards that of a metallic material. This transformation was further substantiated by the 
considerable reduction in the energy band gap, as illustrated in Fig. 3b, which will support 
this finding.

An association exists between k(ω) and the absorption spectrum, wherein the absorption 
spectrum explains the absorption of energy within materials when subjected to light of spe-
cific energies. Consequently, the k(ω) value quantifies the extent of light absorption in  TiO2 
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after modification by doping. A material is considered transparent when its extinction coef-
ficient, K(ω), is zero at a specific wavelength. Conversely, when K(ω) is unity or higher, the 
material exhibits stronger absorption, which is a characteristic feature of metals (Fatima 
et al. 2023). In the case of pure  TiO2, it is evident that the k(ω) remains at zero for photon 
energy up to ~ 2 eV, which is related to its band gap. This absence of k(ω) results in zero 
absorption. This observation underscores the alignment between k(ω) and the absorption 
spectrum. As the value of k(ω) increases, the absorption also increases, and conversely. For 
instance, the k(ω) value that is closest to its highest value correlates to maximum absorp-
tion, and it subsequently falls as the material’s absorption further declines. Also, it was 
clear that the intensity of a series of sharp peaks for pure  TiO2 sample localizing at 3.32, 
4.26, and 5.04 eV was reduced significantly upon incorporating Rh and Re to the matrix, 
which can be attributed to the interaction between the dopants and the  TiO2 matrix, and the 
change in the electronic structure of composites (Li 2015).

Semiconductor optical conductivity is the state in which the conductivity process is 
caused by illumination. The photoconductive phenomenon is the physical process that can 
be exploited in optoelectronic applications of semiconductors (Yu et  al. 2012; Sumanth 
et al. 2022). This phenomenon can be explained based on the real component of the opti-
cal conductivity (σ(ω)) shown in Fig. 7c. In the case of pure  TiO2, for instance, when the 
photon energy remains below 2.5 eV, the optical conductivity registers at a value of 0. As 
the incident photon energy reached 3 eV, a series of distinct peaks appeared, and the con-
ductivity reached its maximum value in the vicinity of 5 eV. The intensity of σ(ω) peak 
decreases upon incorporating Rh(Re)-dopant to the matrix, supporting the result of ε2(ω).

Figure 7d shows the theoretical energy loss function (L(ω)) calculated from DFT for the 
pure and Rh(Re) doped  TiO2. The plasma frequency (maximum value of energy loss func-
tion) for both structures (Rh-doped  TiO2 and Re-doped  TiO2) decreases. The highest of the 
energy loss function corresponds to an energy range where electrons, often not constrained 
or localized to their lattice sites, undergo plasma oscillations in response to light exposure 
(Cherqui et al. 2016; Aziz et al. 2017).

4  Conclusions

From the insights of this study, it has appeared that incorporating Rh-Re TMS into the 
TiO2 is a novel approach to alter the structural, electronic, and optical properties of the 
resulting  TiO2 doped matrix. These modifications have been validated through the utiliza-
tion of first-principles calculations grounded in DFT. The effective manipulation of  TiO2’s 
electronic band structure via Rh-Re doping is effectively showcased by comparing the 
band structures and partial density of states (PDOS) before and after doping. This compari-
son relies on well-established principles in the analysis of band structures. The theoretical 
assessment of the band gap and optical characteristics pertaining to the pure and doped 
samples exhibits a noteworthy concurrence with the experimental results. The emergence 
of Rh-Re density of states contributes to a reduction in the optical band gap after doping, 
from 3.20 eV for pure  TiO2 to 1.90 and 0.20 eV for Rh-doped and Re-doped  TiO2, respec-
tively; this, in turn, results in a pronounced redshift in the absorption edge of  TiO2 upon 
the introduction of dopants.
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