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This research employs DFT + U calculations to investigate the impact of doping with Co, Ni, Cu, and Zn on
the structural, electronic, optical, and gas sensing characteristics of rutile TiO,. The doping process results
in lattice expansion, with optimized lattice constants increasing from 4.630 A (a) and 2.980 A (c) in pure TiO,
to as much as 4.681 A and 3.143 A in Zn-doped systems. This expansion is explained by the variation in
atomic radii between Ti and the doped atoms. A reduction in the bandgap is noted across all doped
systems (pure: 3.04 eV; Co: 251 eV; Cu: 2.63 eV; Ni: 2.66 eV; Zn: 2.56 eV), which enhances the
absorption of visible light and promotes p-type conductivity. The analysis of the PDOS indicates
significant hybridization among the Ti-3d, O-2p, and dopant 3d orbitals, as well as magnetic properties
in the Co, Ni, and Cu-doped systems. The optical properties, including the dielectric function and
absorption spectra, further indicate a redshift in all transition metal (TM) doped systems. The gas sensing
evaluation shows enhanced detection of CO and NO, with Zn-doping achieving superior selectivity for
CO with an adsorption energy of —0.949 eV, while Ni-doping demonstrates a strong affinity for both CO
(=0.726 eV) and NO (—0.639 eV), making it suitable for multi-gas detection. Doped rutile TiO, systems
exhibit enhanced sensitivity, stability, and reusability, positioning them as promising candidates for
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1. Introduction

The increasing global crisis of air pollution, primarily caused by
emissions from industrial and urban sources, has heightened
the need for efficient, selective, and cost-effective gas sensors
capable of identifying dangerous pollutants such as carbon
monoxide (CO) and nitric oxide (NO)."* Among the various
semiconductor metal oxides, rutile TiO, stands out as a poten-
tial chemiresistive sensing material owing to its remarkable
chemical stability, non-toxic nature, adjustable surface chem-
istry, affordability, widespread availability, high-temperature
resilience, and ability to withstand harsh environmental
conditions.* Nevertheless, its practical use is significantly
restricted by a large band gap (~3.0 eV), which constrains the
generation of charge carriers, as well as by its limited intrinsic
selectivity and low response/recovery kinetics.®
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optoelectronic and gas sensing applications.

Doping with transition metals (TMs) is a well-established
approach to modify the electronic structure of rutile TiO,.*”
Groundbreaking theoretical research conducted by Saini et al.
indicated that 3d TM dopants (ranging from Sc to Zn) generate
impurity states, which narrow the band gap and may lead to p-
type conductivity, particularly with Co, Ni, and Cu.® Neverthe-
less, studies that depend on standard DFT utilizing GGA func-
tionals are inadequate in accurately representing the strongly
correlated 3d electrons, resulting in an inaccurate representa-
tion of electronic structures.” To obtain a physically precise
depiction of localized d-states and electronic properties in
TMOs, the DFT + U method is crucial for correcting the self-
interaction error that is characteristic of traditional DFT.'*"*
Samat et al. significantly illustrated the importance of this
approach for TiO,, demonstrating that DFT + U produces
optical properties that are more consistent with experimental
findings.” Recent studies indicate an increasing focus on
correlating these essential electronic alterations with effective
gas sensing capabilities. For example, Z. Yan et al. integrated
experimental methods with DFT to demonstrate that Co-doping
improves the NO, sensing characteristics of TiO, nanotubes,
thereby establishing a direct link between a particular dopant
and enhanced sensor performance.' Similarly, Abd-Elkader
et al. performed a DFT analysis of TiO, quantum dots for
different gases, evaluating recovery times to determine
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reusability, which is a vital aspect of practical sensor develop-
ment." Research is often confined to individual dopants or low-
dimensional materials, and theoretical analyses frequently
employ insufficient functionals or concentrate on a limited
range of properties. As a result, a considerable knowledge gap
persists: there is currently no systematic and unified computa-
tional investigation that thoroughly compares the series of
essential transition metal dopants (Co, Ni, Cu, and Zn) within
a consistent rutile TiO, framework utilizing a robust DFT + U
methodology. To address this gap, the present study adopts
a robust DFT + U methodology utilizing the Quantum
ESPRESSO package to conduct a unified and predictive analysis
of Co-, Ni-, Cu-, and Zn-doped rutile TiO,. By transcending the
limitations of previous fragmented studies, it systematically
correlates the electronic structure, including band-gap modu-
lation and density of states, with the resultant optical property
and gas-sensing behavior towards CO and NO. The sensing
potential is quantitatively assessed through adsorption energy,
structural stability, recovery time, and reusability across varying
temperatures. This integrated framework establishes clear
structure property relationships and provides a predictive
design principle for the development of high-performance
transition metal doped rutile TiO, materials for optoelectronic
and chemiresistive gas-sensing applications.

2. Computational details

The results found in this paper are investigated on transition
metal-doped rutile TiO, is studied with supercell approach
using the Quantum Espresso package code on the density
functional theory (DFT). First, the unit cell of rutile-TiO,
contains two Ti atoms and four oxygen atoms along with the cell
parameters @ = b = 4.599 A, ¢ = 2.959 A, « = § = y = 90°
tetragonal structure used. The rutile TiO, crystal with 2 x 2 x 2
supercell model is taken into consideration for the study of the
pure TiO, and transition metal doping effect. The obtained
results and calculations are simulated under the plane wave
ultra-soft and norm-conserving pseudopotentials.’® Our
pseudopotentials for the pure and dopants has Ti, O, Co, Ni, Cu
and Zn are 3d* 4s?, 2s® 2p*, 3d°® 4s', 3d° 4s', 3d"° 4s" and 3d"°
4s®, respectively were considered. The exchange-correlation
functional is treated using generalized gradient approximation
(GGA) of Perdew-Burke-Ernzerhof (PBE).*® For kinetic energy
cutoff, 80 Ry, which has been obtained from the convergence
calculation seen in Fig. S1(a), and for charge density cutoff 640
Ry were used throughout the study. The special points sampling
integration in the Brillouin zone were employed using the
Monkhorst-Pack method with 6 x 6 x 5 special k-points mesh
in all self-consistent field calculations, which was obtained
from the convergence calculations shown in Fig. S1(b), has been
used. In our simulations, the total energy and force convergence
was set at 107 ° eV and 107> eV A, respectively. For band
structure calculations the high symmetry k-point was used for
the convenient purpose. To achieve high-resolution dispersion
curves, the path was sampled along the I'-X-M-I"-Z-R-A path,
utilizing a density of 20 k-points per segment to accurately
capture the electronic transitions. For total and projected
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density of states calculations, the high dense k-points 18 x 18 x
15 was used in order to investigate more around the Brillion
zone. The standard GGA underestimates the energy bandgap of
transition metal oxides.'”*® Due to this limitation, the Hubbard
correction (U), which introduces a correction for the self-
interaction of the Ti localized d orbital, is used. In this study,
on-site Hubbard corrections were implemented within the DFT
+ U framework to accurately capture the localized characteris-
tics of transition-metal 3d electrons. The U values were deter-
mined based on well-established literature benchmarks instead
of being fitted to specific systems. For Ti-3d states, a U value of
7.5 eV was utilized, which is commonly cited as effectively
reproducing the experimental band gap and electronic struc-
ture of rutile TiO,."" For the dopant 3d states, U values of
4.0 eV (Co), 5.0 eV (Ni), 5.0 eV (Cu), and 4.0 eV (Zn) were chosen
in line with previous computational investigations of transition-
metal-doped TiO, and related oxides.”*** These values ensure
a physically reasonable localization of the dopant 3d electrons
and support the experimentally relevant +2 oxidation states of
the impurities. All U parameters were kept fixed throughout all
calculations to ensure a consistent and transferable theoretical
framework for evaluating the impacts of various dopants. The
crystal geometry was fully optimized by using relax and variable
cell relaxation calculation, and to find the ground state energy,
we have used the Broyden Fletcher Goldfarb Shanno (BFGS)
minimization method. For crystal structure visualization,
modeling, and designing we have used XCrySDen, BURAI and
VESTA software.

3. Results and discussions
3.1 Structural optimization

A rutile TiO, has a tetragonal crystal structure with a basis in
which the two Ti are positioned at (0, 0, 0) and (1/2, 1/2, 1/2), and
the four oxygen atoms are at position +(x, u, 0, 1/2 + u, 1/2 — u,
1/2) with u = 0.233 (ref. 25) and is categorized in a space group
of group p4,/mnm number 136. The unit cell of rutile TiO, is
characterized by lattice constants a = b and ¢ which were
determined tobe a = b =4.59 A, c =2.96 A, whilea = =y =
90°, sourced from the materials project as illustrated in
Fig. S2(a)."® Structural optimization results obtained in this
work yield that the lattice constants, ¢ = b and ¢ at the
minimum energy to be 4.630 A and 2.980 A, respectively, as
depicted in Fig. 1(a) and (b). These lattice constants were used
for creating a 2 x 2 x 2 supercell consisting of 48 atoms of
Ti; 603, as shown in Fig. S2(b).

Following the structural optimization of pure rutile TiO,, the
structure of transition-metal doped TiO, was optimized
utilizing the same ultra-soft pseudopotentials, with their lattice
parameters detailed in Table 1. These parameters were observed
to increase compared to the corresponding values of the pure
structure. Notably, the calculated lattice parameters closely
align with both experimental and theoretically established
values.'®***” This phenomenon is attributed to the substitution
of Ti** (0.605 A) with transition metals possessing larger ionic
radii, such as Co?* (0.745 A), Ni** (0.690 A), Cu®" (0.730 A), and
Zn** (0.740 A), which consequently results in an increase in the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The graph depicting total energy (Ry) against lattice parameter (A): (a) lattice constants a = b and (b) lattice constant c.

Table 1 Lattice parameters, bond lengths, and bond angles for the
fully optimized geometry of pure rutile TiO,, as well as doped rutile
TiO,

Lattice parameters

Bond length Bond angle

Materials a=b ¢ vA? A ©

Pure rutile TiO, 4.63 2.98 63.88 Ti-O =2.01 O-Ti-O = 90.00
Ti-O = 1.95

Co-doped TiO, 4.68 3.09 67.68 Co-O =2.08 0O-Co-O = 91.20
Co-O = 2.00

Cu-doped TiO, 4.66 3.13 67.97 Cu-O =21 O-Cu-O =92.50
Cu-O0 =1.99

Ni-doped TiO, 4.67 3.10 67.74 Ni-O =2.04 O-Ni-O = 91.00
Ni-O = 1.98

Zn-doped TiO, 4.68 3.14 68.87 Zn-O =2.09 O-Zn-O = 91.40
Zn-0 = 2.00

unit cell volume, as illustrated in Table 1. Furthermore,
a structural distortion in the doped TiO, was observed, evi-
denced by the increases in bond lengths and angles, namely «,
6, and v. This led to a localized lattice expansion, resulting in
octahedral distortion.?®

3.2 Electronic structure

3.2.1 Band structures of pure and TM (Co, Cu, Ni and Zn)
doped rutile TiO,. The electronic band structures of both pure
and TM-doped rutile TiO, were computed to gain insights into
their electronic properties, as depicted in Fig. 2(a-f). The
computation was performed using high symmetry k-points
located within the Brillouin zone. To clarify the concept of
crystal momenta in our analyses, the electronic band structure
was calculated along a detailed high-symmetry path within the
first Brillouin zone of the 2 x 2 x 2 tetragonal supercell: I'-X-
M-T'-Z-R-A-Z|X-R|M-A. The fractional coordinates of these
points in reciprocal space are I' (0,0,0), X (0.5,0,0), M (0.5,0.5,0),
Z (0,0,0.5), R (0.5,0,0.5), and A (0.5,0.5,0.5). These points corre-
spond to the first Brillouin zone of the enlarged supercell, and
the labels are clearly depicted in Fig. 2. This ensures that the
dispersion curves are distinctly defined and entirely reproduc-
ible. Within the Quantum ESPRESSO framework, the Fermi

© 2026 The Author(s). Published by the Royal Society of Chemistry

energy (Er) is calculated self-consistently during the SCF process
by ensuring the charge neutrality of the periodic supercell. For
the semiconducting systems examined in this study, Er lies
within the band gap. In this case, it is placed between the
highest occupied and lowest unoccupied Kohn-Sham states
according to the electronic occupation, without corresponding
to a single eigenvalue. No manual shifting or post-processing
alignments were performed. For consistent visual comparison
across all systems, Er is set to 0 eV in all electronic structure
plots (band structures and PDOS).

The band gap of pure rutile TiO, was determined to be
1.77 eV through uncorrected GGA calculations, which aligns
with theoretical predictions'® illustrated in Fig. 2(a). However,
this value was significantly lower than the experimentally
measured value due to the GGA functionals underestimation of
Ti 3d states. Hence, a Hubbard U correction (DFT + U) was
applied, resulting in a band gap of 3.02 eV for pure rutile TiO,,
as depicted in Fig. 2(b), which is an excellent agreement with
the experimentally determined value.” Additionally, the elec-
tronic structure of rutile TiO, calculated using DFT + U indi-
cated that the CBM and the VBM are located at the same k-point
(I' point), thereby confirming its direct band gap semiconductor
property, while its the Fermi level was observed to be nearer to
the VBM, further indicating that the material is a p-type
semiconductor.®

The electronic structure of the TM-doped materials illus-
trated in Fig. 2(c-f) also demonstrated that the direct band gap
characteristic is maintained. These band structures correspond
to a 6.25% doping concentration, modeled by a single substi-
tution in a 2 x 2 x 2 supercell. The apparent dispersion of the
dopant-induced states (spaghetti-like bands) arises from the
artificial periodicity of the supercell. In practical scenarios
involving disordered doping, these impurity levels would be
essentially k-independent, appearing as flat bands or discrete
energy levels. Nevertheless, the supercell approach provides
a consistent theoretical baseline for analyzing the electronic
transitions introduced by the dopant at this concentration.?

The CBM (VBM) for Co, Cu, Ni, and Zn-doped TiO, were
determined to be 2.53 (0.02) eV, 2.89 (0.26) eV, 2.05 (—0.61) eV,

RSC Adv, 2026, 16, 3325-3337 | 3327
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Fig. 2 Electronic band structures for (a) GGA pure rutile TiO,, (b) GGA + U pure rutile TiO,, (c) GGA + U Co-doped rutile TiO,, (d) GGA + U Cu-
doped rutile TiO5,, (e) GGA + U Ni-doped rutile TiO,, and (f) GGA + U Zn-doped rutile TiO,.

and 2.94 (0.38) eV, respectively, with corresponding band gaps
of 2.51 eV, 2.63 €V, 2.66 eV, and 2.56 eV respectively. It is clear
that the band gap of pure rutile TiO, can be significantly
reduced through doping, which is expected to enhance the
electrical conductivity of the doped materials, thereby
improving their gas-sensing capabilities. The observed decrease
in bandgap can be attributed to the expansion of the unit cell
when the larger atomic radii TM substitute Ti*" as discussed
above. It was noted that the Fermi level of the doped samples is
lowered towards the VBs and resides within defect-induced
valence states, thereby confirming their p-type semi-
conducting nature. Moreover, the observed bandgap reduction
and the type of conductivity across all dopants underscores
a promising strategy to push the absorbance of the pure TiO, to
the visible, enabling enhanced performance in visible-light-
driven applications such as optoelectronics and gas sensing,
as supported by both experimental and theoretical
ﬁndings‘8,19,29,30

3.2.2 Total and partial density of state of pure and doped
rutile TiO,. In this section, we analyze the partial density of

3328 | RSC Adv, 2026, 16, 3325-3337

states (PDOS) and total density of states (TDOS) for both pure
rutile TiO, and rutile TiO, doped with Co, Cu, Ni, and Zn, as
shown in Fig. 5, to investigate the orbital interactions of each
atom. The valence band in pure rutile TiO, is predominantly
composed of O 2p orbitals, while the conduction band is mainly
formed by Ti 3d orbitals, indicating a significant ionic bonding
between Ti and O, as demonstrated in Fig. 3(a). The band gap of
pure TiO, was determined to be 3.04 eV, which further confirm
the results obtained using DFT + U in the preceding section.
Moreover, the spin-up and spin-down states were observed to be
symmetrical (refer to Fig. 3(a)), indicating its non-magnetic
nature.

Following doping, the Fermi level of the TM-doped TiO,
shifted further into the VB accompanied by the dopant-derived
states near the band edges, which effectively narrowed the
bandgap to a range of 2.66-2.51 eV, as illustrated in Fig. 3(c)-(e),
while maintaining the p-type conductivity of the pure TiO,. This
modification will enhance the absorption of visible light.
Moreover, in the case of the introduction of dopants similar to
pure rutile TiO,, the VB is predominantly formed from

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The total and partial density of states GGA + U for (a) pure rutile TiO,, (b) Co-doped rutile TiO,, (c) Cu-doped rutile TiO,, (d) Ni-doped

rutile TiO,, and (e) Zn-doped rutile TiO,.

contributions of the O 2p orbitals, while the CB is primarily
influenced by the Ti 3d orbitals, nevertheless, the 3d orbitals of
the dopants introduce supplementary states near the band
edges, which significantly alter the electronic and magnetic
characteristics.

Among the four dopants, Co, Ni, and Cu-doped TiO,
demonstrate spin asymmetry in the PDOS, indicating the
introduction of magnetic behavior, whereas Zn-doped TiO,
maintains spin symmetry and is non-magnetic. The magnetic
property that was introduced by the three dopant is due to their
unpaired d electron that is responsible for creating local
magnetic moment as can be seen in their electronic configu-
rations as Co>" (3d”), Ni** (3d®), and Cu** (3d°) while the full

© 2026 The Author(s). Published by the Royal Society of Chemistry

d orbital in Zn>* (3d*°) led to spin pairing that will cancel out the
magnetic moment in the Zn doped rutile TiO,. The effective +2
oxidation state of the transition-metal dopants was determined
by Bader charge analysis, which quantified net charge transfer
consistent with divalent cations, and is further supported by the
calculated local magnetic moments matching the expected
high-spin TM>" configurations.*»* Charge compensation
during the aliovalent substitution of Ti** by TM*" is achieved
through the generation of holes in the valence band, leading to
a downward shift of the Fermi level into the valence states and
confirming the observed p-type semiconducting behavior upon
doping.**** From a chemical perspective, the incorporation of
transition-metal dopants generates localized TM-3d states that

RSC Adv, 2026, 16, 3325-3337 | 3329
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engage with lattice O-2p orbitals. This hybridization alters the
density of states close to the band edges, resulting in available
electronic states that improve the surface's chemical reactivity,
thereby establishing a basis for effective adsorption and redox
processes.

The results of the PDOS analysis indicate that Co 3d states
are located close to the CBM, thereby introducing shallow donor
levels. In contrast, Ni and Cu 3d states are predominantly found
near the VBM, creating acceptor-like states that improve hole
conductivity. Conversely, Zn 3d orbitals are situated deep within
the valence band, contributing minimally to the states near the
Fermi level. These differences illustrate the gradual filling of the
3d orbitals from Co to Zn, which influences both the hybrid-
ization strength with Ti 3d and O 2p orbitals and the posi-
tioning of states induced by dopants. In particular, for the Ni-
doped system, the PDOS indicates robust hybridization
between Ni-3d states and lattice O-2p orbitals, leading to an
elevated density of electronic states near the Fermi level. This
electronic characteristic offers accessible pathways for bidirec-
tional charge transfer with adsorbed molecules and signifies
a crucial chemical aspect underlying the dual affinity of Ni-
doped TiO, for both CO and NO gases. In summary, in addi-
tion to the electronic and magnetic alterations, the PDOS
exhibits characteristics that are significantly useful to gas
sensing such as (i) the presence of dopant-induced shallow
states near to the Fermi level facilitates enhanced charge
transfer between the surface and the adsorbed gas molecules,
thereby increasing sensitivity, (ii) magnetic dopants such as Co,
Ni, and Cu create active sites that interact with paramagnetic
gases like NO, which in turn influences the energetics of
adsorption and the behavior of the response, and (iii) an
elevated PDOS near the band edges leads to an increase in
carrier density beneficial for gas sensing through reduction/
oxidation.

3.3 Optical properties

In this section, we examine the optical characteristics of pure
rutile TiO, and the impact of TM doping at a fixed concentration
of 6.25% (one Ti atom replaced per 2 x 2 x 2 supercell con-
taining 16 Ti sites). To explore these optical properties, we have
computed the dielectric function, which consists of three
components: ,(E), &,(E), and e,,(E). For all optical calculations,
we averaged these three components. Given that our calcula-
tions incorporate spin-polarized data, we combined the spectra
for both spin-up and spin-down states for pure and TM-doped
rutile TiO,, resulting in a single optical plot for each system.*

The available optical transition states in both pure and TM-
doped TiO, were determined by analyzing their joint density of
states (JDOS) across an energy spectrum of 0-15 eV, as illus-
trated in Fig. 4. This is mathematically represented as /v =
> (k,n,m)0(Exy, k — Ep, k — hw) X flEy, k) X [1 — flEm, k)], where
hw is photon energy, E,, k represents the nth energy band at the
k-point K, while f(E) and 6 are Fermi-Dirac and Dirac delta
functions, respectively. The JDOS curves calculated for the
materials under investigation indicate an increase in transition
states with doping, ranked in the following order: Co> Cu>Zn >

3330 | RSC Adv, 2026, 16, 3325-3337
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Fig. 4 Joint density of states (JDOS) versus photon energy for pure
rutile TiO, and for rutile TiO, doped with Co, Ni, Cu, or Zn at
a concentration of 6.25%.

Ni in comparison to the pristine state. These optical properties
are specific to the studied doping concentration and may vary
with different dopant densities.

The optical properties, namely refractive index, absorption
and reflectivity, of the materials at the studied doping concen-
tration are further determined after calculating their real (¢)
and imaginary dielectric (¢,) spectra’s given in Fig. S3(a) and (b).
The spectra distinctly demonstrate that dopants significantly
influence the polarizability at this concentration, suggesting
their additional role in the gas sensing mechanism when
incorporated into gas sensors. It is crucial to note that the
optical properties presented in this study pertain specifically to
the modeled doping concentration of 6.25%. Although quali-
tative trends across various dopants may remain consistent, the
quantitative metrics, including the refractive index and dielec-
tric constant, are anticipated to fluctuate with variations in
dopant density. This fluctuation is attributed to alterations in
the collective electron response and the onset of dopant-dopant
interactions. The real (n) and imaginary (k) parts of the refrac-
tive index (7 (w) = n(w) + ik(w)) for the studied materials were
derived using eqn (1) and (2);'*¢

n(w) = \/\/slz(w) + 2% (w) + el(w)
2 7

(1)

and

k() = \/\/elz(w) + eiz(w) —el(w) )

The refractive index spectra of the materials show a high
refractive index within the visible spectrum, as illustrated in
Fig. 5(a). Additionally, it is observed that doping at 6.25% has
a negligible effect on the refractive index spectra, particularly in
the energy range below 4 eV, with the exception of Zn-doped

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5

TiO,, which is attributed to its lower real dielectric function in
that region. Moreover, the extinction coefficient spectra
demonstrate that Cu-doped TiO, exhibits the highest extinction
at low energy levels, whereas Ni-doped TiO, presents the lowest
values at this specific doping level. In contrast, the pure mate-
rial shows an onset around 3 eV, thereby confirming the effec-
tive influence of the dopants in our model on the shifting of
their band gap, as depicted in Fig. 5(b).

Following to this, the absorption coefficient spectra were
computed utilizing eqn (3):

_ 47tk (w)

a(w) , A=hc/E

(3)

The results further confirmed that with doping at the
modeled concentration, a red-shift of the absorption onset of
TiO,, originally at 3 eV, thereby reducing the band gap of the
studied TM-doped systems as illustrated in Fig. 6(a). This
reduction in the band gap enhances the efficiency of electron
injection and withdrawal in the gas sensing mechanism when
employing this material, as the majority of gases possess
oxidation/reduction energy levels within this region. Finally, the

——TiO,

3.0x10° 1

Absorption coefficient (cm'l)

Energy (eV)
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(a) Refractive index and (b) extinction coefficient as a function of photon energy for pure and 6.25% TM-doped rutile TiO,.

reflectivity spectra of the materials are determined using eqn
(4)-
(n(®) = 1) + k(w)’

R(w) = 3 3
(n(w) + 1) + k(w)

(4)

In the visible region, all the materials have highest reflec-
tivity below 2 eV consistent with their much lower absorption
coefficients in the region. Furthermore, as illustrated in
Fig. 6(b), both Ni-doped and pure TiO, demonstrate the lowest
reflectivity under 2 eV. Evidently, higher energy photons are
reflected by the pure and studied TM-doped TiO, which
confirms their excellent UV-screen property.

3.3.1 Optical conductivity (o(w)). The optical conductivity
of the materials at the studied doping concentration was
calculated using eqn (5), aiming to understand the dynamics of
charge carriers induced by photons, which arise from interband
transitions within the energy spectrum of 0-15 eV, as illustrated
in Fig. 7.

(5)

b)0.8

—TiO,

0.7 1

0.6 1

0.5+

0.4 1

0341

Reflectivity (%)

0.2 4

0.1 1

0.0 1

T T T T T
0 2 4 6 8 10 12 14
Energy (eV)

Fig. 6 (a) The absorption coefficient (a (cm™3), (b) the reflectivity as a function of photon energy for pure and 6.25% TM-doped rutile TiO».
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Fig. 7 The optical conductivity against photon energy of pure and
6.25% TM-doped rutile TiO,.

The optical conductivity spectra of pure TiO, reveal two
prominent peaks, with the most pronounced peak occurring at
approximately 8 eV, indicating substantial interband transitions
from the O 2p valence band to the Ti 3d conduction band. At
a concentration of 6.25%, the introduction of Co, Ni, Cu, and Zn
dopants modifies the optical conductivity, especially in the
visible region, and results in a reduction of the bandgap
compared to pure rutile TiO,. This reduction enhances optical
conductivity at lower energy levels. A recognized limitation for
gas sensing under visible light is that the relatively low

View Article Online

Paper

conductivity of TiO, below 3 eV suggests limited photon-induced
carrier generation in the visible spectrum, despite this confirm-
ing the material's significant optical activity in the UV region.*®
This increased conductivity observed in the doped materials at
this concentration may be attributed to the presence of structural
defects. Generally, all studied systems exhibit a decline in optical
conductivity as the photon energy rises. Recent experimental and
theoretical investigations support these findings, which also
validate the trends observed in other optical parameters such as
extinction and absorption coefficients.

3.4 Gas sensing analysis

To elucidate the essential sensing mechanisms, this section
presents a comprehensive analysis of gas sensing capabilities of
pure and TM-doped rutile TiO, for the detection of CO and NO
(see Fig. 8). Special emphasis is placed on adsorption energy,
stability, recovery dynamics, reusability, and sensing mecha-
nisms. To simulate the gas-sensing interface, periodic slab
models of the rutile TiO, (110) surface were employed, repre-
senting the most thermodynamically stable and experimentally
relevant facet for gas-surface interactions.?”-*° The models were
constructed as a 2 x 2 supercell with cell parameters of 9.26 A x
9.26 A in the xy-plane and 25.96 A along the z-direction. This
configuration corresponds to a slab thickness of approximately
5.96 A (containing 4 atomic layers of TiO,) with a vacuum region
of 20.0 A along the surface normal to eliminate spurious
interactions between periodic images.*'

The surface was modeled with the stoichiometric, oxygen-
bridged termination that exposes characteristic rows of five-
coordinated titanium (Tisc) and two-fold

fold

atoms

=

Fig. 8 The arrangement of the CO gas molecule on the surface of pure rutile TiO, and various doped rutile TiO, types is depicted as follows: (a)
CO onrutile TiO,, (b) CO on Co-doped TiO,, (c) CO on Ni-doped TiO,, (d) CO on Cu-doped TiO,, and (e) CO on Zn-doped TiO,. For the NO gas
molecule, we have employed a similar configuration over the surfaces of pure and doped rutile TiO; as illustrated in this figure.
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coordinated bridging oxygen atoms. This termination repre-
sents the standard rutile TiO, (110) surface that has been
extensively characterized in both experimental and theoretical
studies.’” During structural optimization, all atoms in the
system (surface, dopant, and adsorbates) were allowed to relax
fully without constraints, with the in-plane lattice parameters
fixed to the optimized bulk values. The choice of full relaxation
was made to accurately capture the structural reorganization
induced by doping and gas adsorption, particularly important
for transition metal dopants that may induce significant local
distortions.

The adsorption of CO and NO was systematically investi-
gated by exploring multiple adsorption configurations at the
exposed Tisc sites, which have been established as the primary
active centers for gas interaction on TiO, (110).** For each Tis¢
site, we tested: (i) atop adsorption with the molecule perpen-
dicular to the surface (CO: C-down and O-down; NO: N-down
and O-down); (ii) tilted configurations with angles ranging
from 90° to 180° relative to the surface normal; and (iii) bridge
configurations between Tisc and neighboring oxygen sites. We
have examined various sites to identify distinct initial geome-
tries per gas molecule per doped system were optimized to
ensure convergence to the global minimum energy configura-
tion. This systematic approach ensured comprehensive
sampling of the conformational space while maintaining
consistency with established adsorption geometries reported in
the literature.**

3.4.1 Adsorption energy and stability. The strength of
interaction between gas molecules and sensing materials is
greatly affected by the adsorption energy (E.qs)- The optimized
slabs of pure and transition metal (TM)-doped rutile TiO, with
adsorbed CO and NO are illustrated in Fig. 8. The optimized
geometric parameters after the adsorption of CO and NO indi-
cate that the lengths of the Ti-O bonds range from 1.96 to 2.05
angstroms, while the O-Ti-O bond angle varies between 78.39
and 179.47° for both pure and TM-doped TiO,, suggesting
a negligible effect in bond lengths and angles. The results ob-
tained from the geometric optimization show that the Ti-O
bond length on the surface of pure rutile TiO, without gas is
measured at 1.95 A, which is in close agreement with another
computational value of 1.98 A.*> The adsorption energy for both
pure and TM-doped TiO, was computed using eqn (6) ref. 43
and 44 and is presented in Table 2.

Ematerial - Egas (6)

Eads = Ematerial+gas -

Table 2 Calculated adsorption energies (eV) for CO and NO gases on
pure rutile TiO, as well as on rutile TiO, clusters doped with Co, Ni, Cu,
and Zn and recovery time 7 (s) at 300 K

Eaas (CV) Eaas (eV)
System of CO of NO 7 (s) of CO 7 (s) of NO
Pure TiO, —0.620 —0.186 2.60 X 107> 1.33 x 10~°
Co-doped TiO,  —0.898 —0.396 1.22 x 10° 4.49 x 10°°
Ni-doped TiO,  —0.726 —0.639 1.57 x 10° 5.43 x 1072
Cu-doped TiO,  —0.914 —0.381 2.26 x 10° 2.51 x 10°°
Zn-doped TiO,  —0.949 —0.559 8.76 x 10° 2.46 x 1073

© 2026 The Author(s). Published by the Royal Society of Chemistry
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where Enaterial+gas) Ematerial and Egas represent the total energy of
the gas interacting with the material, the total energy of the
doped or pure TiO,, and the total energy of a gas molecule,
respectively.*>** The E,q4 values for all materials when exposed
to either CO or NO were observed to be negative, which signifies
a spontaneous exothermic reaction, confirming an effective
adsorption of the gases on the surfaces of both pure and TM-
doped TiO,.****

The E,qs of CO and NO on pure rutile TiO, were determined
to be —0.620 eV and —0.186 eV, respectively, demonstrating the
material's higher sensitivity to CO in comparison to NO.
Moreover, the E,qs values confirm that the adsorption of CO
occurs via a chemisorption mechanism, as the energy values
range from —0.5182 to —9.9497 eV."* In contrast, NO
undergoes a physisorption process, with its adsorption energy
falling between —0.1036 eV and —0.3109 eV.**** Upon doping,
the E,45 of gases on TM doped rutile TiO, increases, leading to
a more stable interaction between the gas and the surface. This
stability is beneficial for both the durability and responsiveness
of sensors. For CO, the E, 4, was observed to increase in the
following order: Zn-TiO, > Cu-TiO, > Co-TiO, > Ni-TiO, > TiO,
while for NO, the order is Ni-TiO, > Zn-TiO, > Co-TiO, > Cu-
TiO, > TiO,. A detailed examination of the E,q4s values for the
gases adsorbed on the TM doped rutile TiO, indicates that the
adsorption process for both CO and NO transitions to chemi-
sorption following doping, with NO specifically changing from
physisorption to chemisorption after the doping process.
Additionally, it can be seen that the E,4s values of all the
materials for CO is much higher than for NO except for Ni-
doped TiO, where the values were found to be closer confirm-
ing that all the pure and TM-doped TiO, with the exception of
Ni-doped TiO, has lower selectivity while the Ni-doped TiO, can
be used to sense multiple gases confirming its higher selectivity.
The dual affinity exhibited by Ni-doped TiO, towards CO and
NO can be explained by the electronic alterations caused by the
incorporation of Ni. The PDOS analysis of the clean surfaces
(Fig. 3) indicates that Ni introduces additional states close to
the Fermi level and modifies the electronic structure of the
neighboring five-fold coordinated Ti (Tisc) sites through
mechanisms of orbital hybridization and charge transfer. This
redistribution of electronic density enhances the chemical
reactivity of Tisc sites for the adsorption of both CO and NO. In
the case of CO, the increased electron density at Tisc sites
promotes ¢ donation from the CO 5¢ orbital to the surface, as
well as 7 back-donation from surface states into the CO 2m*
orbital. Conversely, for NO, this same electronic enhancement
facilitates stronger 1 back-donation into the half-filled NO =*
orbital, which accounts for its relatively higher adsorption
energy. This general electronic activation mechanism, wherein
Ni modifies the characteristics of neighboring Tisc sites instead
of functioning as a direct adsorption center, elucidates the
observed dual affinity and differentiates Ni from other dopants
that tend to induce more gas-specific effects.

Moreover, comparing the E,q45 values of CO to NO to both pure
and TM-doped materials, it can be concluded that the materials
are more sensitive to the reducing CO gas compared to the
oxidizing gas NO indicating a better charge transfer with CO. As
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calculated in Section 3.4, all the materials were found to be p-type
which is expected to have a tendency of electron withdrawing
favoring electron transfer from the reducing gas (CO) more
favorable and hence higher adsorption energy than the oxidizing
gas (NO). This enhanced electron-withdrawing capability is
further justified by the p-type nature of the aliovalent TM>"
dopants, which creates a more reactive surface for redox-based
chemisorption. The electronic states induced by the dopant
enhance the binding affinity of gas molecules on the TiO,
surface. This is evident in the increased adsorption energies
relative to the pristine surface, signifying a shift towards chemi-
sorption and suggesting that the dopant sites act as active centers
that promote interactions between molecules and the surface.

A similar result was also reported by Amogh A. Sambare et al.
(2023), who studied CO gas adsorption on transition metal (Co,
Cr, Cu, Mn, Mo, and Nb)-doped BiFeO; using DFT + U + V
calculations.*® Furthermore, doping was confirming from the
TDOS and electronic structure in Fig. 3 showed an increased
hole conductivity that was confirmed by the down ward shift of
the Fermi level towards the VB which consequently can improve
the materials electron withdrawing property that led to
a stronger chemisorption of even the reducing gas upon doping.
Hence, it can be concluded TM-doping can effectively enhance
the gas sensing performance of rutile TiO, in addition to
increasing its selectivity towards reducing and oxidizing gases
such as CO and NO.

3.4.2 Recovery time and reusability. The reusability of a gas
sensor is determined by how fast it eliminates the adsorbed gas,
also called recovery time, and is ready for next use. The recovery
time of the pure and TM-doped TiO, is calculated using eqn (7)
based on the Vant Hoff Arrhenius principle.***

1= V71 eXp(Eads/kBT) (7)

where v~ ' represents the attempt frequency associated with gas
adsorption processes, typically ranging from 10'* s™* to 10"
s, taken to be 10" s™'. E,q, kg and T are the adsorption
energy, Boltzmann's constant, and temperature, respectively.
The recovery times for the gases examined, including CO and
NO, calculated at room temperature, are presented in Table 2.
The results show that pure rutile TiO, demonstrates fast
recovery times for both CO (26.00 ms) and NO (1.33 ns) at room
temperature. This implies weak interactions and remarkable
reusability, although it may exhibit limited sensitivity, espe-
cially for NO.** In contrast, the recovery times for CO when
doped with Co, Cu, and Zn in rutile TiO, are significantly
longer, measuring 1220 s, 2260 s, and 8760 s, respectively. This
indicates enhanced adsorption and potentially greater sensi-
tivity, albeit with diminished reusability. The doped systems
show a relatively rapid recovery time for NO, with recovery
durations of 4.49 ps for Co-doped rutile, 2.51 ps for Cu-doped
rutile, and 2.46 ms for Zn-doped rutile. This suggests
improved interaction compared to pure rutile TiO,, while still
allowing for a fast reset. The optimal performance is exhibited
by Ni-doped rutile TiO,, which demonstrates moderate recovery
times for CO and NO gases, specifically 1.57 seconds and 54.3
milliseconds, respectively. This suggests enhanced gas
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interaction with commendable recovery times, positioning it as
the most suitable choice for practical gas sensing applications
where both sensitivity and reusability are essential. In conclu-
sion, the adsorption energy governs the balance between
recovery time and reusability."* Doped rutile TiO, systems are
better suited for practical gas sensing applications where
stability and long-term efficacy are essential, as they offer
enhanced sensitivity and improved reusability, despite neces-
sitating longer recovery periods.

3.5 Gas sensing mechanism

Gas sensing mechanism of the materials under this study work
on the principle of electron transfer between the gasses and
pure and TM-doped rutile TiO, which directly affects its resis-
tivity according to the empirical relation; R o« exp (qVy/kgT).***
When the TiO, sensor is exposed to clean air at its operating
temperature, atmospheric oxygen (O, (gas)) acts as an electron
acceptor. O, adsorbs onto the surface and extracts mobile
electrons from the semiconductor conduction band, forming
negatively charged chemisorbed oxygen ions, such as the O,
(ads) ion at low temperatures as follows:

02 (g) = O (ads)

0, (ads) + e~ — O, (ads) (T < 100 °C)

Once the adsorbed oxygen ion (O,.4s ) is formed by with-
drawing electron from the semiconductor, the baseline resis-
tance (R,;i;) increases if the materials is an n-type semiconductor
as TiO, following the increase in the depletion region. To
determine the adsorption mechanism of on the pure TiO,,
looking into the processes by their adsorption energy given in
Table 2, the chemisorption process of CO is by reaction of the
gas on adsorbed oxygen as follows:**

2CO (gas) + O, (ads) — 2CO, (gas) + 2e~ (8)

This reaction converts the oxygen ion into CO, gas and, most
critically, releases the previously trapped electron back into the
TiO, conduction band (see eqn (8)). The potential barrier (eVs)
lowers significantly, facilitating the flow of electrons across the
grain boundaries. This results an increase conductivity and
a corresponding decrease in electrical resistance (Rgas < Rajr), for
n-type sensors exposed to reducing gases.

In contrast, when NO an oxidizing gas (electron acceptor) is
introduced; it weakly adsorbs onto the TiO, surface and extracts
additional electrons from the conduction band as shown below:

NO (gas) + e — NO™ (ads)

This process the conduction band is forced to bend further
upwards, widening the distance between the conduction band
edge and the Fermi energy line. The potential barrier (eVs)
increases, further restricting electron transport across the semi-
conductor material. This effect leads to a decrease in conductivity

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 A schematic representation depicting the gas sensing mechanism of TiO, based sensors at room temperature: (1) high resistance in air
resulting from the accumulation of surface oxygen ions, (2) reduced resistance during CO adsorption attributed to an increase in electron
density, and (3) a significant rise in resistance during NO adsorption due to the strong electron withdrawal by oxidizing gas.

and a measurable increase in electrical resistance (Rgas > Rajr) for
n-type sensors exposed to oxidizing gases. Upon doping, a similar
mechanism to that of pure TiO, is anticipated for CO sensing,
stronger as confirmed by the higher E,45 owing to the increased
conductivity. However, the NO sensing mechanism shifts to
chemisorption where a definite reaction between the gas. In this
context, the TM doping results in the surface functioning as
a catalytically active interface, where the dopant centers facilitate
electron exchange and redox interactions with the adsorbed gas
molecules. In the case of Ni-doped TiO,, the PDOS analysis
reveals that Ni-3d orbitals are capable of donating electrons to CO
antibonding orbitals while simultaneously accepting electrons
from the lone pairs of NO, thereby elucidating the observed dual
affinity and selective adsorption. These interactions mediated by
the dopants effectively modulate the surface charge and carrier
concentration, thereby enhancing the gas-sensing response. The
gas sensing mechanism of CO, NO on pure TiO, is summarized
in a sketch given in Fig. 9.

4. Conclusion

This research illustrates that the doping of transition metals (Co,
Ni, Cu, and Zn) significantly improves the structural, electronic,
optical, and gas sensing characteristics of rutile TiO,, as evidenced
by DFT + U calculations pertaining to optoelectronics and gas
sensing. Our findings indicate that all dopants cause considerable
structural distortion and lattice expansion, which correlates with
their atomic radii, thereby triggering a series of advantageous
electronic effects. Each doped system displays diminished bandg-
aps, reaching as low as 2.51 eV for Co, which facilitates visible-light

© 2026 The Author(s). Published by the Royal Society of Chemistry

activity and p-type conductivity. The analysis of the projected
density of states (PDOS) reveals substantial orbital hybridization
and introduces magnetic properties in the Co-, Ni-, and Cu-doped
systems. Optical assessments indicate a redshift in absorption,
signifying enhanced light harvesting capabilities. The gas sensing
performance of doped TiO, is markedly improved, with Zn-doped
TiO, demonstrating the most substantial CO adsorption (-0.949
eV) and Ni-doped TiO, showing the highest sensitivity to NO (-
0.639 eV). Additionally, the doped systems exhibit superior recovery
dynamics and reusability at elevated temperatures. These results
position doped rutile TiO, as a promising multifunctional material
for advanced optoelectronic devices and high-performance gas
sensors. Future investigations should focus on exploring the effects
of dopant concentration and co-doping strategies to further
enhance selectivity and operational stability.
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