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Abstract:
TiO2 is a highly desirable photocatalyst due to its abundance and low cost. However, its large band
gap restricts its ability to absorb a significant portion of visible light. This issue can be addressed
through cationic or anionic doping. In these instances, the impurity bands reduce the band gap.
Nevertheless, in order to enhance the photocatalytic activity, these bands need to be distributed
among the atoms. In this study, we investigated the electronic structures of rutile bulk phases
co-doped with cobalt and nitrogen. Data show that the single doping of rutile by N and Co reduces
the band gap by 26% and 42%, respectively. For the (N, Co) dual-doped rutile, the band gap value
depends on the relative position of the dopants. When placed in the nearest neighbor configuration
(nearest model), the band gap only decreases by 25%. However, if the dopants are positioned
far from each other (far model), the catalyst becomes half-metallic with the spin-down channel’s
band gap equal to zero. The calculated spatial delocalization indices (SDI) for the impurity bands
reveal that the far model of (N, Co) dual-doped TiO2 exhibits the highest SDI value compared to
the other cases. All studied catalysts displayed magnetic properties. The magnetic moments of
single-doped catalysts are 1 µB, while the magnetic moment of the dual-doped catalyst is 2 µB.
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1. Introduction

Rutile and anatase are used in various industries, including
solar cells, gas sensors, and catalysis for pollutant degrada-
tion. However, their large band gaps restrict their absorp-
tion of ultraviolet radiation, which accounts for only 5% of
the solar spectrum [1]. The rutile phase also suffers from
electron-hole recombination, reducing its photocatalytic ac-
tivity. To address this issue, new bands can be introduced in
the forbidden region through elemental substitutional dop-
ing [2–5], a technique widely employed in recent researches
to reduce the band gap [6, 7].

Nitrogen is the most common non-metal dopant (see, for
example, [8] and its references). However, there are con-
tradictory data regarding the photocatalytic activity of N-
doped TiO2. On one hand, Asahi et al. reported a narrowed
band gap of N-doped TiO2 by mixing O 2p orbitals with
N 2p orbitals [9], while on the other hand, Lindgren et al.
showed that only some localized N 2p orbitals formed on
the top of VBM, resulting in no obvious gap reduction [10].
Modeling data indicate that not only the concentration of
nitrogen atoms but also the relative position of two dopants
affects the band gap narrowing [11]. Doping with metals
can also be utilized to manipulate the band gap of both
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rutile and anatase. This is achieved by placing the d or-
bitals of the dopant below the conduction band minimum
(CBM), leading to a reduction of the band gap (see, for ex-
ample, [12, 13]). There are numerous other examples where
transition metal dopants have been shown to enhance the
photocatalytic activity of TiO2. However, single dopants
decrease the band gap by a small value, which is insufficient
for photocatalytic activities in the visible light range [14].
To address this issue, dual-doping (or co-doping) has been
used in literature to further narrow the band gap. These
dopants can be either all cations or a mixture of anions and
cations (see, for example, [15–17]).
The reduction of the band gap due to the presence of impu-
rities does not always increase the photocatalytic properties.
If the impurity bands are localized, they act as recombina-
tion centers, and reducing the band gap does not lead to an
increase in the photocatalytic properties [9]. It is necessary
to ensure that there is sufficient overlap of dopant bands
with TiO2 band states in order to bring the generated carri-
ers to the catalyst surface within their lifetime. Therefore,
it is important to check the density of impurity eigenstates
to determine if they are localized or distributed on different
atoms in the lattice. Kuo et al. utilized a participation ratio
(pi) to quantify the delocalization of the wave-functions of
these impurity bands [11]. Bands with a pi value of unity
are highly delocalized, while smaller pi values indicate that
only a certain part of the cell contributes to the electronic
eigenstate. If the impurity bands have a much smaller value
of pi compared to the VBM and CBM, they act as recom-
bination centers. In this case, the band gap is reduced, but
the photocatalytic activity is not increased. Quantifying the
delocalization of dopant bands can help in predicting the
photocatalytic activity of proposed compounds.
In this paper, we employed a different method to quantify
the delocalization of the impurity bands by calculating elec-
tronic densities. This method, based on the spatial delocal-
ization index (SDI), measures the degree of delocalization
of impurity bands. We selected cobalt/nitrogen dual dopants
for band gap engineering of the TiO2 rutile phase, as both
single Co doping [18–24] and Co/N dual doping [19–25]
have been widely studied experimentally for band gap re-
duction. Conversely, there are few theoretical studies in the
literature on Co-doped TiO2 (see, for example, [26, 27]),
and there are no theoretical studies on Co/N dual-doped ru-
tile phase. None of these theoretical studies have discussed
the role of their impurity bands as recombination centers
of electron-hole pairs or as active centers that can enhance
photocatalytic activity. In this paper, we utilized the PBE0
hybrid level of theory to carefully calculate both the band
gap reductions and the SDI of impurity levels to examine
whether these impurity bands contribute to enhancing pho-
tocatalytic properties.

2. Experimental
Periodic full-potential DFT calculations were performed
using the FHI-aims code to optimize the lattice parameters
and atomic positions of a pure and doped 2×2×2 supercell
of rutile bulk phase [28–31]. Both single and dual-doped ru-
tile cases were examined to investigate the effects of dopant

bands on the band structure of rutile. In the studied cases,
N (Co), replaces the O (Ti) atom. A K-grid of 3× 3× 6,
generated by the Monkhorst-Pack algorithm, was used to
sample the first Brillouin zone [32]. The spin-collinear
version of the self-consistence field method was employed
for all cases. PBE functional [33] was utilized to optimize
the crystals, and the hybrid-PBE0 (with α=0.18) was used
for post-processing band structure calculations [34]. Scalar
relativistic effects were accounted for in all calculations
using Zero Order Regular Approximation (ZORA). The
SCF convergence criteria for energy and density were set to
be less than 10-5 and 10-4 eV, respectively, with structures
fully optimized until the force was less than 0.05 eV/Å. The
spatial delocalization index (SDI) for all impurity bands,
as well as valence and conduction bands, was calculated
according to the formula defined by Lu [35]:

SDI =
1√∫

| fnorm(r¯
)|ndr

¯

, fnorm(r¯
) =

f (r
¯
)∫

f (r
¯
)dr

¯
(1)

In the standard definition of SDI, the value of n is equal to
2, where fnorm is a normalized function. It is convenient to
utilize the following equation for calculating the SDI of a
band i:

SDIi =
1√∫

|ρi(r¯
)|2dr

¯

, ρi(r¯
) = |ϕi(r¯

)|2 (2)

The Multiwfn program [35] was employed to compute the
SDI for the selected bands in order to assess their distribu-
tion in three-dimensional space. Additionally, their electron
densities were visualized using the VESTA code [36].

3. Results and Discussion

3.1 Model Verification
The optimization of the rutile bulk phase using the em-
ployed model revealed that the calculated unit cell lattice
parameters are a=b=4.69, c=2.99, α=90, β=90, and γ=90
with only a +2% deviation from the experimental data. The
axial Ti-O bond length measures 1.97 Å, while the equato-
rial bond length is 2.03 Å, representing a +1% and +2.5%
difference from the experimental data, respectively. The
theoretical band gap is determined to be 3.05 eV, showing a
+2% deviation from the experimental value of 3.0 eV. No-
tably, the band gap is direct, from the gamma point in the
valence band to the gamma point in the conduction band
(see Fig. 1 for the band structure, and Fig. 2 for the electron
density and SDI for valence and conduction bands). These
findings suggest that the method utilized in this study is
dependable, with errors of less than 3% (in contrast to the
36% error in the model by Jha et al. [37], and the 37% error
in the model by Yang [38]).

3.2 Single-doped rutile
Many theoretical (see, for example, [38–41]) and experi-
mental methods (see, for example, [42–46]) have been used
to study nitrogen-doped rutile phase. Here, we summarize
our DFT data on the single N-doped rutile. Fig. 3 depicts the
density of states (DOS) and band structure of the N-doped
rutile phase calculated using the hybrid method. Similar to
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Figure 1. Band structure of the pure perfect rutile phase. The pristine rutile phase is a non-magnetic compound with
identical spin-up and spin-down band energies. The gap is equal to 3.05 eV which is only 2% greater than the experimental
value of 3.0 eV. The Fermi level is at -9.19 eV.

304, SDI=16.69 305, SDI=14.26

Figure 2. Electron density for valence (band number 304) and conduction (band number 305) bands of the pristine rutile
phase. The iso-surface was set to 0.01 eÅ−3. High values of SDI indicate that the bands are distributed throughout the
entire cell, and do not serve as electron-hole recombination centers.

other DFT studies, a nitrogen defect band is localized in
the band gap region, while others are in the valence band
and have been hybridized with oxygen bands (see Fig. 4
for the electron density and SDI of the valence and conduc-
tion bands).. Our data indicates that N-doping shifts the
Fermi level up by 0.1 eV, and that hybrid total magnetic
moment of N-doped rutile equals 1µB, consistent with the
experimental value of 0.9 [47] and theoretical data [41–48]
in this field. The band gap for the spin-up channel (3.25
eV) is 7% higher than that of pure rutile, while the band gap
for the spin-down channel (2.25 eV) is 26% less than that
of pure rutile. Consequently, the minority spin channel
can absorb visible light from sunlight and increase rutile’s
efficiency as a photocatalyst (the data is consistent with the
other studies, for example [38, 48–51]).
The other single dopant which we studied is cobalt. Cobalt

is a transition metal that has been widely used in experi-
mental works for doping TiO2. For example, Ferreira et al.
employed the hydrothermal method to synthesize Co-doped
TiO2 for the degradation of triclosan [19]. They reported a
single band gap of 2.8 eV for their Co-doped TiO2, while
their Tauc plot exhibited two linear regions. The Kubelka-
Munk model [52, 53], which forms the basis of the Tauc
plot, can be considered for both spin-up (α) and spin-down
(β ) as follows:

(εhν)p
∝ [(E−Espin−up

g )+(E−Espin−down
g )] (3)

where ε is the absorption coefficient, p is a constant that
determines type of transition (p=2 for direct allowed tran-
sition, p=1/2 for indirect allowed transition), E stands for
incident photon energy, Espin−up

g denotes the spin-up band
gap, and Eβ spin−down

g represents the spin-down band gap.
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Figure 3. DOS (up) and band structures (down) of the N-doped rutile phase for the spin-up and spin-down channels. The
spin-up and spin-down gaps are 3.25 and 2.25 eV, respectively. The Fermi level is at -9.08 eV. The spin-up gap increased
by 7%, while the spin-down gap decreased by 26% compared to the pure rutile. The band structure for the spin-up channel
is depicted in blue, and the band structure for spin-down channel is depicted in red. The green lines represent the impurity
bands, with band number 303 being occupied and band number 304 being empty.

Figure 4. Electron density for two impurity bands in the spin-down channel (303 and 304) of the N-doped rutile phase. The
iso-surface was set to 0.01 eÅ−3. The sum of the SDI for all impurity bands in the spin-down channel is 15.25.
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Consequently, the presence of two straight lines in the Tauc
plot can be attributed to two band gaps, one for spin-up, and
the other for spin-down channels. A detailed examination
of the Tauc plot in Ferreira et al.’s work reveals two broken
lines with distinct slopes, indicating the presence of two
different band gaps. The first line had a lower slope value
and intersected the x-axis at approximately 1.7 eV, while
the other line intersected it at around 1.6 eV (refer to Fig. 2b
in [19]). Fig. 6 shows the electron density and SDI of impu-
rity bands in Co-doped rutile phase. Our calculated hybrid
data (see Fig. 5) shows two band gaps (1.78 eV for spin-up
and 1.80 eV for spin-down electrons), which are consistent
with the band gaps observed in experiments. The magnetic
moment of Co-doped rutile is 1 µB. Similar to Ti, Co is in
a +4-oxidation state and possesses one unpaired electron
in t2g. The substitutional doping of Co alters the Fermi
level of rutile from -9.2 eV to -8.1 eV. Since the valence
band is primarily composed of orbitals centered on oxygen
atoms, the shift in the Fermi level indicates a reduction in
the electrostatic interaction between protons and electrons
in oxygen atoms. This decrease is attributed to a reduction
in the charge density of oxygen atoms. The calculation
of Hirshfeld charge reveals that Co possesses 60% of the
charge of the Ti atom, while the charges on oxygen atoms

have been decreased compared to those in the pure rutile
phase.

3.3 Dual-doped rutile

Two models were constructed for (N, Co) dual-doped rutile.
In the first mode (nearest model), Co and N dopant atoms
are positioned as nearest neighbors, while in the other model
(far model), their positions are more distant from each other.
Fig. 7 illustrates the DOS of these two models. The nearest
model indicates band gaps of 2.8 eV and 2.25 eV for spin-
up and spin-down electrons, respectively (see Fig. 8 for the
electron density and SDI of the impurity bands). The far
model shows band gaps of 2.00 eV and zero for spin-up
and spin-down electrons, respectively (see Fig. 9 for the
band structure, and Fig. 10 for the electron density and
SDI of impurity bands). Data indicate that in the far mode,
the dopant atoms exhibit synergistic effects. For the spin-
down channel, the band gap becomes zero, suggesting that
the model predicts half-metallic properties that could be
advantageous for spintronics. This result is consistent with
the findings of Ferreira et al. [19], who utilized the Tauc
plot to determine the band gaps of single Co and (N, Co)
dual-doped TiO2.

Figure 5. DOS (up) and band structures (down) of the Co-doped rutile phase for the spin-up and spin-down channels. The
spin-up and spin-down gaps are 1.78 and 1.80 eV, respectively. The Fermi level is at -8.1 eV. The spin-up gap decreases by
42%, and the spin-down gap decreases by 41% compared to the pure rutile. All impurity bands (green lines) are empty.
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Figure 6. Electron density for two impurity bands in the spin-up channel (308 and 309) and three impurity bands in the
spin-down channel (307, 308, and 309) of Co-doped rutile phase. The iso-surface was set to 0.01 eÅ−3. The sum of the
SDI for all impurity bands in spin-up and the spin-down channels are 7.48 and 13.58, respectively.

Figure 7. Total and partial DOS for the (N, Co)-doped ‘nearest’ model rutile phase. The spin-up and spin-down gaps are
2.80 and 2.25 eV, respectively. The Fermi level is at -7.61 eV.
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Figure 8. Electron density for one spin-up (band number 308) and three spin-down impurity bands (306-308) of the nearest
model rutile phase. The iso-surface was set to 0.01 eÅ−3. The sum of the SDI for all impurity bands in spin-up and
spin-down channels are 3.95 and 19.85, respectively.

Figure 9. DOS (up) and band structures (down) of the (N, Co)-doped far model rutile phase. The spin-up and spin-down
gaps are 2.00 and 0.00 eV, respectively. The Fermi level is at -8.9 eV.
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Figure 10. Electron density for two spin-up (band numbers 308−309) and four spin-down impurity bands (305−308) of the
far model rutile phase. The iso-surface was set to 0.01 eÅ−3. The sum of the SDI for all impurity bands in the spin-up and
spin-down channels are 7.53 and 23.03, respectively.

4. Conclusion

The electronic structures of single and dual-doped rutile
phases were analyzed using the high-level PBE0 hybrid
method. The hybrid data aligned with published experimen-
tal data, indicating that all single and dual-dopants reduce
the band gap; however, dual doped cases have higher SDI
values compared to the single-doped ones. The calculated
band gaps correspond well with the experimental ones
obtained by intersecting fitted lines with the x-axis in the
Tauc plot. Hybrid data accurately predicted that (N, Co)
dual-doped TiO2 exhibits half-metallic properties suitable
for spintronics. Our findings suggest that the positions of
doped N and Co are crucial in band gap engineering. The
magnetic moments of rutile doped by N, Co, and (N, Co)
dopants are 1µB, 1µB, and 2µB, respectively.
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