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Density Functional Theory Study on the Impact of External
Magnetic Fields on the Photocatalytic Properties of
Metal-Doped Titanium Dioxide
Pengsheng Liu* and Xiaoan Mao

Home-made pure TiO2, Fe/TiO2, Co/TiO2, Cr/TiO2, Cu/TiO2 and Mn/TiO2

were tested for methylene blue degradation under UV light with a 0.1 T
magnetic field (MF). Fe/TiO2 showed the greatest improvement, with
moderate effects for pure, Cu- and Mn-doped samples, while Co- and
Cr-doping reduced degradation. Mechanisms were explored using DFT+U
(PBE functional, VASP code) computation. DOS patterns indicates noticeable
spin polarization as transition metals are doped into lattice and various
degrees of bandgap decrease and the introduction of new bands within the
bandgap region. The charge density patterns indicated that the doped
transition metals can form new recombination centers to inhibit the electron
and hole recombination. Optical properties simulations estimated
photocatalytic performance through dielectric function, Cu/TiO2 stands out
with the highest dielectric constant, suggesting its superior potential for light
absorption. According to the spin density results, Cu/TiO2, Fe/TiO2, and
Mn/TiO2 showed the highest potential of being affected by an external
magnetic field, consistent with the experimental findings of enhanced photo
degradation in the presence of an external MF. This research aims to
elucidate the mechanisms of the external magnetic field effect on
photocatalysis at the electron level.

1. Introduction

In recent years, titanium dioxide (TiO2) has attracted significant
attention due to its chemical and optical properties, as well as
its potential applications in photocatalysis.[1–5] However, the in-
herent limitation in its bandgap has prompted researchers to
explore alternative methods to enhance the photocatalytic effi-
ciency of TiO2. An emerging and distinctive avenue of investi-
gation involves the application of external physical fields. While
thermal,[6] electric,[7] and microwave[8] fields have been exten-
sively researched and comprehensively understood, the study of
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magnetic field lags behind, with certain
mechanisms and reactions remaining un-
clear. Further investigation is required to
elucidate the full scope of the impact of
external magnetic fields on photocataly-
sis and to unlock their untapped potential
in enhancing photocatalytic processes. Al-
though some search resultsmay not be fully
aligned with this research area, the statis-
tics still show that research on magnetic
field-photocatalysis coupling is still in its
early stages but has been attracting more
attention in recent years. In the published
reviews,[6,9–11] the sections concerning the
application of an external magnetic field
on photocatalysis provide valuable insights
by presenting existing research cases and
perspectives. Although these reviews offer
relatively comprehensive understanding on
photo-magnetic coupling, a significant gap
remains in elucidating the underlying re-
action mechanisms. At present, the pro-
posed explanations for the influence of an
external magnetic field are primarily based
on the Lorentz force and spin polarization.

However, further in-depth studies are still required to establish a
more direct and convincing link between experimental observa-
tions and the fundamental mechanisms.
The existing relevant researches designed based on Lorentz

force and spin polarization will be reviewed. This approach is
grounded in the understanding that magnetic fields can change
the motion of charged particles within the magnetic field. Gao
et al. applied permanent magnets beneath the photocatalytic re-
actor and used TiO2 nanobelts as the photocatalyst to degrade
methyl orange.[12] The photocatalytic degradation of methyl or-
ange in the presence of magnetic field increased by 26% com-
pared to the removal rate in the absence of external magnetic
field. Gao et al. attributed this development to the Lorentz force,
which can effectively separate photo-generated electrons and
holes, thereby inhibiting the recombination of electrons and
holes. Okumura et al. employed a similar reactor setup with
Gao et al. to investigate the external magnetic field effect on the
ZnO photocatalytic degradation of methylene blue.[13] The MB
concentration decreased more rapidly under 0.7T magnetic field
compared to that without a magnetic field. Furthermore, their
finding suggested that the magnetic field effect is related to dis-
solved oxygen (DO) level, which can affect the formation of DO-
dye complex, modify powder absorption layer and change the
scavenging rate of excited electrons. Additionally, they proposed
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an oxygen-acceleration-near-surface(OANS) model to describe
the appearance of net Lorentz force on DO with paramagnetism.
Numerous similar studies[14–17] have also applied permanent
magnets into photocatalytic reactions and found an enhance-
ment in photocatalytic performance in the presence of exter-
nal magnetic field. Additionally, some studies explain the ex-
ternal magnetic field effect by spin polarization phenomenon.
Spin is the intrinsic angular momentum of electrons, and spin
polarization denote the alignment degree of spin orientations
along a specified direction.[18] Some researchers propose that
the external magnetic field can enhance the spin polarization,
as the magnetic field can compel the alignment of spin orien-
tations toward a specific orientation so that the recombination
of electrons and holes can be inhibited and photocatalytic per-
formance can be developed. For instance, Li et al. conducted a
study involving the modification of TiO2 and introduced a mag-
netic field into the photocatalytic reaction. They demonstrated the
external magnetic field can manipulate the spin polarization of
TiO2.

[19]

Currently, there is a limited number of research investigat-
ing the influence of magnetic fields on photocatalysis. In light
of this research state, our study delves deeply into the potential
andmechanisms of themagnetic field effect on spin polarization.
Due to the limitation of current experimental technology, the first
principle calculation was used to study the electron properties of
TiO2 and transition metal doped TiO2, such as density of state,
charge density, and spin density. By presenting degradation ex-
perimental observations in the presence of an external magnetic
field and theoretical analyses, our study aims to contribute valu-
able insights to the understanding of photo-magnetic coupling.
We provide rigorous degradation experimental results of photo-
magnetic coupling and establish a strong connection between ex-
perimental findings and theory, offering a comprehensive exami-
nation of the role played by spin polarization in photocatalytic re-
actions.

2. Experimental Methods and Computational
Details

This study uses 0.5at.% doping concentration Fe/TiO2, Cu/TiO2,
Mn/TiO2, pure TiO2, Cr/TiO2 and Co/TiO2 as the photocatalyst.
These catalysts were synthesized using the sol-gel method, re-
sulting in nanoparticles with particle sizes of approximately 10–
20 nm. The evaluation of the magnetic field effect was demon-
strated through the photocatalytic degradation ofmethylene blue.
By comparing the%degradation ofmethylene blue under light ir-
radiation with and without the external magnetic field, the pres-
ence of the magnetic field effect was assessed. The initial methy-
lene blue concentration was 10 mgL−1. The photo-excitation of
the catalysts was provided by a UV light source of the wave-
length centered around 365 nm. The concentration of MB in
the aqueous solution was determined using a UV spectropho-
tometer (PerkinElmer® Lambda XLS) by measuring the ab-
sorbance at 668 nm. In each test, one of the nano-sized mate-
rials was dispersed into the aqueous solution of MB at a load-
ing of 1 gL−1. The suspension was stirred in the dark for a
duration of 30 min to reach the absorption equilibrium. Sub-
sequently, the suspension was subjected to the UV radiation
to initiate the photo-degradation reaction in a photo-reactor. A

sample of the suspension was extracted to determine the con-
centration of methylene blue every 10 min. The sample was
centrifuged for 10 min, to separate the nanoparticles from the
solution.
The supercell models for transitionmetal doped TiO2 were de-

rived from the anatase unit cell, which was tetragonal structure
(I41/amd). The choice of model dimensions for calculation de-
pends on the specific doping concentrations. In this research,
the doping concentration was 0.5at.% so that the computational
model size was 6 × 5 × 1 based on anatase unit cell. These mod-
els consisted of a total of 700 atoms, which either 185 Ti atoms
or 185 Ti atoms along with one doping metal atom, and 515 oxy-
gen atoms.
The ab initio calculation was carried out using the projec-

tor augmented wave (PAW)[20] pseudopotential method and ex-
ecuted with the VASP[21–24] code. The exchange-correlation en-
ergy was calculated by Perdew-Burke-Ernzerhof (PBE)[25] func-
tional along with the GGA+U method. In this calculation the
cutoff energy of the basis set was set to 520 eV. The k-points
grid was chosen in the gamma scheme to achieve a precision
of 0.04. The electronic self-consistent loop convergence to 1E-
6eV and the ionic relaxation loop convergence criterion was set
to −1E-2eV. The force on atom was required to smaller than
0.05eVnm−1. The U-values[26–29] for Ti3d, O2p, Cr3d, Cu3d, Fe3d,
Co3d, and Mn3d were 4, 0, 3.7, 4, 5.3, 3.32, and 3.9 respectively.
These values were determined using a semi-empirical approach,
in which the calculated properties were compared against cor-
responding experimental data. Geometry optimization, self con-
sistent field calculations, band structure, optical properties, and
spin state analysis were performed using the aforementioned
conditions.

3. Photo-Magnetic Coupling Degradation

The effect of the magnetic field on photocatalytic degradation
is assessed by experiments measuring the %degradation of
methylene blue (MB) in the presence or absence of 0.1T ex-
ternal magnetic field. The detailed degradation results are dis-
played in Figure 1 and Table 1. Fe/TiO2 exhibits the best pho-
tocatalytic performance among these six catalysts. The mag-
netic field has a significant effect on the photocatalytic perfor-
mance of Fe/TiO2, resulting in an approximate 6.1% increase
in methylene blue removal and a rise of 0.0393 in the kinetic
rate constant. Cu/TiO2, Mn/TiO2, and pure TiO2 are the sec-
ond performance. While Cu/TiO2, Mn/TiO2, and pure TiO2 ex-
hibit a development on photocatalytic and photo-magnetic per-
formance. For Cu/TiO2, Mn/TiO2, and pure TiO2, the mag-
netic field also enhances photocatalytic performance, with MB
removal of approximately 6.9%, 6.6%, and 7.5%, and corre-
sponding rises in kinetic rate constants of 0.0181, 0.0172, and
0.0129, respectively. Although the increase in methylene blue
removal for Fe/TiO2 is less pronounced than that of Cu/TiO2,
Mn/TiO2, and pure TiO2, it is noteworthy that under the influ-
ence of a 0.1 T external magnetic field, the degradation reac-
tion nearly reaches complete removal, and the enhancement in
reaction rate is significantly greater than that of the other ma-
terials. The magnetic field effect is also observed on Cu/TiO2,
Mn/TiO2, and pure TiO2, with the effect being more pronounced
on Cu/TiO2, Mn/TiO2, compared to pure TiO2. Which is differ-
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Table 1.Methylene blue degradation and kinetic rate constants in 60min formethylene blue photo-degradation with and without a 0.1 T external magnetic
field.

Catalyst MB Degradation(%) Kinetic Constant(k(min−1))

0.1 T magnetic field No magnetic field 0.1 T magnetic field no magnetic field

pure TiO2 90.1% 82.6% 0.05 0.0371

Fe3+/TiO2 99.3% 93.2% 0.0956 0.0563

Cu2+/TiO2 94.8% 87.9% 0.0621 0.044

Mn2+/TiO2 93.9% 87.3% 0.0597 0.0425

Cr3+/TiO2 74.2% 74.5% 0.0271 0.0276

Co2+/TiO2 82.1% 82.7% 0.0347 0.0350

Figure 1. Photocatalytic degradation of methylene blue in the presence
and absence of 0.1T external magnetic field.

ent from the above results, Cr/TiO2 and Co/TiO2 do not show
any improvement when the 0.1T external magnetic field is ap-
plied. In conclusion, the magnetic field effect on the photo-
catalytic performance of above six catalysts can be ranked as
follows: Fe/TiO2 > Cu/TiO2 and Mn/TiO2 > pure TiO2. No-
tably, for Co/TiO2 and Cr/TiO2, the external magnetic field
was found to have little effect on their photocatalytic perfor-
mance.
In the photocatalytic degradation experiments, the magnetic

field effect was observed. Interestingly, the magnetic field exhib-
ited different effects on different catalysts, with some showing a
significant improvement in photocatalytic degradation and oth-
ers showing little impact. To investigate this phenomenon, this
study employed DFT simulations to examine the band structure,
density of states, spin, and charge density, and optical properties
of six catalysts. This approach attempts to link the experimental
findings with spin polarization theory, providing strong data to
support the theory that spin polarization is the underlying mech-
anism of the magnetic field effect, rather than merely proposing
an explanatory hypothesis.

Table 2. Crystal parameters (a, b and c) of 0.5at% (pure, Co, Cr, Cu, Fe, and
Mn) doped TiO2.

Doping concentration Catalyst a b c Magnetization(𝜇B)

6 × 5 × 1(0.54at%) anatase 3.8576 3.8574 9.7412 0

Co/TiO2 3.8559 3.8575 9.7288 −0.973

Cr/TiO2 3.8559 3.8590 9.7331 1.995

Cu/TiO2 3.8576 3.8572 9.7279 2.625

Fe/TiO2 3.8575 3.8572 9.7284 1.935

Mn/TiO2 3.8569 3.8570 9.7322 0.967

4. Computational Results and Discussion

4.1. Structural Optimization

First of all, geometry optimization calculations were performed
to obtain the lowest energy structure. The computational results
for the crystal parameters a, b, c and magnetic moment are listed
in the Table 2. The crystal parameter of anatase unit cell is a × b
× c = 3.7784 × 3.7784 × 9.5143 . The lattice parameters of transi-
tion metal doped anatase models show minimal variation when
compared to the lattice parameter of undoped anatase along the a
and b directions, with changes on the order of 10−5 to 10−4, which
can be safely disregarded. In terms of the c direction, a noticeable
change is observed, which can be primarily attributed to the lim-
ited thickness of the supercell along this orientation. As a result,
the lattice along the c direction is more susceptible to alterations
when transition metals doping. In the case of a bulk of transition
metals doped anatase, the lattice parameter c tends to be similar
to a and b, these lattice parameters do not undergo significant
changes compared to pure anatase. Thus, transition metals do
not significantly impact the lattice parameters of doped TiO2.
The Figure 2 illustrates the charge density distribution around

Ti, O, and transition metal atoms. The charge density provides
insight into the distribution of electrons surrounding the atoms.
In the case of pure TiO2, the charge density around both Ti
and O atoms is precisely identical. However, when considering
doped transitionmetals in TiO2, there is a notable increase in the
charge density around Co, Cu, Fe, and Mn atoms. This suggests
that these doped atoms attract electrons from the surrounding
O atoms, resulting in a strengthened charge density. This phe-
nomenon indicates that doped transition metals pull the elec-
trons closer to themselves,[30] transforming into recombination
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Figure 2. Charge density patterns of 0.5at.% a) pure TiO2, b) Co/TiO2, c) Cr/pure TiO2, d) Cu/pure TiO2, e) Fe/pure TiO2, and f) Mn/pure TiO2.

centers that hinder the recombination of electrons and holes.[31]

Hence, controlling the doping concentration becomes a critical
factor. In contrast, the charge density around Cr significantly de-
creases, suggesting that the overall charge surrounding the Cr
atom is balanced and cancels out. Despite the reduction in charge
density, this characteristic promotes the diffusion of electrons.[31]

In summary, the variations in charge density provide valuable
insights into the electronic behavior of doped transition met-
als in TiO2. Understanding these patterns is crucial for optimiz-
ing material properties, particularly in applications where elec-

tron diffusion and recombination processes play a significant
role.

4.2. Electronic Structure

To investigate the electronic structure, the band structure and
density of state(DOS) were performed after geometry optimiza-
tion and self-consistent field calculations. It is worth noting that
the calculated value of bandgap is significantly underestimated
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than experimental value (Eg = 3.2eV), this is due to the PBE func-
tional used in this research. The PBE functional does not include
exchange correlation potential, even though DFT+U method in-
troduce parameterU to adjust the Ti3d, O2p, and transitionmetal
3d orbitals, but the estimated bandgap is still lower than exper-
imental results. It is important to emphasize that the U value
cannot be increased in order to match the 3.2 eV bandgap. This
practice is fundamentally incorrect, as an excessively high U
value will lead to the VBM is not associated with the Ti3d or-
bital. For transition metals, the appropriate range for U value
generally falls 2 to 4 eV. The choice of U value is commonly
base on semi-empirical or Cococcioni’s method.[32] Despite the
energy underestimation, it is important to emphasize that discus-
sions concerning the energy gap remain valid. Our discussions
primarily focus on relative energy changes rather than absolute
values.
The total density of states (TDOS) is presented in Figure 3. For

consistency, the Fermi energy of all models was set to 0 eV when
plotting the TDOS. Examining the density of states at 0 eV, all
catalysts exhibit semiconductor properties. Specifically, anatase,
Cr/TiO2, Cu/TiO2, and Mn/TiO2 show no electron occupancy at
this energy level.[33] In contrast, Co/TiO2 and Fe/TiO2 also re-
main semiconductors, despite the presence of some electronic
states at the Fermi level. These states originate from doping. Sec-
ond, we will delve into the study of bandwidth and energy lev-
els. In all the TDOS of transition metal doped TiO2, it is evi-
dent that new energy levels appear between valence band max-
imum(VBM) and conduct band minimum(CBM), these newly
introduced bands play a crucial role in reducing the energy re-
quired for electron excitation, thereby expand the optical absorp-
tion spectrum. Electrons can be excited to these intermediate
bands and then subsequently promoted to the conduct band by
visible light or lower energy.[34,35] Consequently, from a theoreti-
cal perspective, the method of transition metal doping proves to
be highly advantageous for enhancing the photocatalytic perfor-
mance of anatase. As shown in Figure 3, the calculated bandgaps
for various TiO2 configurations consistently measure approxi-
mately 2.41 eV. But the difference is the relative positions of the
valence band maximum and conduction band minimum. In the
case of anatase, Cu/TiO2 andMn/TiO2, the positions of the VBM
and CBM remain unchanged even after the copper and man-
ganese atoms are doped into TiO2, indicating that Cu and Mn
atoms mainly introduce impurity energy levels (IELs) within the
anatase band structure, leading to a narrowing the band gap of
TiO2. In the instances of Co/TiO2, Cr/TiO2 and Fe/TiO2, the over-
all energies of the conduction band and valence band exhibit a
decrease by 0.17, 0.28, and 0.84 eV respectively, but the energy
gap between them remains consistent. This phenomenon can be
attributed to either a reduction in the super cell symmetry result-
ing from significant electronic non-locality[36] or the 3d orbital of
metal atoms hybridization with O2p or Ti3d.[37] Next, the DOS
for both spin up and spin down state will be discussed. For pure
TiO2, the electronic states for spin up and spin down are iden-
tical, resulting in no observation of spin polarization. However,
when we shift our focus to modified TiO2, the transition met-
als not only introduce IELs into the bandgap but also change the
spin state. The changes manifest in the valence band, conduc-
tion band and bandgap. Specifically, new energy levels within the
bandgap have distinct spin states at the same energy, giving rise

Figure 3. Total density of state of anatase with transitionmetal doping(Co,
Cr, Cu, Fe, and Mn) in 0.5at.% doping concentration.

to spin polarization. This spin polarization arises due to the pres-
ence of doped transition metals. Additionally, the transition met-
als affect the spin state of O atoms and Ti atoms. The introduction
of transition metals will lead to alterations in the spin states, due
to hybridization between themetal atoms and O and Ti atoms.[38]

Furthermore, it is worth noting that spin polarization can affect
the catalysts’ performance in the presence of an external mag-
netic field.[39]

The band structure patterns are shown in Figure 4, which
align with DOS results, the bandgap of TiO2 remains approxi-
mately the same, with shift toward smaller values. In the figure,
the region between the two red dotted lines represents the TiO2
bandgap. In the band structure of anatase, no bands exist within
this specific region. However, in the case of transition metal
doped TiO2, it is obviously that the introduction of one or more
energy levels by transition metals falls within the TiO2 bandgap
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Figure 4. Band structure of anatase and transition metals (Co, Cr, Cu, Fe, and Mn) doped TiO2.

so that doped TiO2 catalysts can be excited by lower energy or
visible light.

4.3. Optical Properties

The optical properties will be elucidated through the dielectric
function and absorption coefficient, which are derived from the
effect of incident light with the photocatalysts’ models for the
geometry-optimized models. The dielectric function is expressed
as:

𝜀(𝜔) = 𝜀1(𝜔) + i𝜀2(𝜔) (1)

where 𝜀1(𝜔) is the real part and 𝜀2(𝜔) is the imaginary part. The
real part is referred to as electronic polarizability or refractive in-
dex and the imaginary part is associated with the absorption en-
ergy with electromagnetic radiation and electronic absorption of
materials.[40]

Figure 5 presents the real and imaginary parts of dielectric
function. The intercept of the real part corresponds to the dielec-
tric constant 𝜀1(0). 𝜀(0) is inversely related to the bandgap(Eg ).

[41]

The values of 𝜀1(0) for Cu/TiO2, Mn/TiO2, Cr/TiO2, Co/TiO2,
Fe/TiO2, and TiO2 are 7.3817, 6.4208, 6.5938, 6.3817, 6.27, and
6.0947 respectively in descending order. Based on these data,
Cu/TiO2 may exhibit superior photocatalytic properties com-
pared to the other catalysts. The positions of the highest peaks are
approximately centered around 3 eV, with slight shifts depending

on the specific doping elements. In Figure 5b, the imaginary part
is presented, the positions of peaks are located at around 4.2 eV.
Fe/TiO2 exhibits a notable difference from other catalysts. While
the highest peak position remains exactly the same in the imagi-
nary curves, the value of 𝜀2(𝜔) decreases as the energy increases.
Despite repeated calculations to check for potential errors, the
results still remain consistent. Factors contributing to this phe-
nomenon may be attributed to the selection of the U value, the
use of the PBE functional and the possibility of sub-optimal ge-
ometry optimization resulting from the large model size.
The dielectric constant plays a role in photocatalysis, which in-

volves the utilization of light in chemical reactions. The dielectric
constant serves as an indicator of the photocatalyst’s ability to ab-
sorb and interact with incident light, as well as the capabilities
of separation and mobility of photo-generated charge carriers.
Among the six photocatalysts, Cu/TiO2 stands out with the high-
est dielectric constant, suggesting that Cu/TiO2 has the greatest
potential for light absorption and enhancing electron-hole sepa-
ration and reducing charge recombination.[42] And pure anatase
exhibits the lowest dielectric constant, which indicates that the
transitionmetal dopingmethod indeed improve the light absorp-
tion and charge separation abilities.

4.4. Spin Density

In this section, the spin density will be discussed with the hope
of identifying whether the magnetic field effect on photocatalytic
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Figure 5. a) Real part of dielectric function. b) Imaginary part of dielectric function.

reaction can be attributed to spin polarization or any other spin
related factors. Figure 6 illustrates the spin density distribution.
There is no spin distribution observed around the Ti and O
atoms, so the anatase model and spare atoms in the doping mod-
els are not displayed. In the figures, the yellow color surrounding
the atoms represents the spin-up state, while the green color rep-
resents the spin-down state.
First, when transition metals are doped into TiO2 crystal lat-

tice, spin polarization is introduced into the structures. The
spin polarization manifests on the doped metal atoms and
the first nearest neighboring O atoms. Notably, in the case of
Cu/TiO2, the spin state distribution extends to the second near-
est neighboring oxygen atoms, indicating that the magnetic or-
bital coupling extends to more distant atoms and effectively
forming a magnetic field percolation effect.[43] Based on the
results of spin distribution and the magnetization data pre-
sented in Table 2, it can be confidently concluded that spin
polarization indeed occurs in the transition metal-doped TiO2
samples.
Second, the spin density patterns will be studied. According to

the shape of spin density, these five models can be categorized
into three groups (Co/TiO2 and Mn/TiO2, Cr/TiO2, and Fe/TiO2,
Cu/TiO2). In the case of Co/TiO2 and Mn/TiO2, the spin den-
sity shape of these two models is d-orbital shape. The d orbital
shape is commonly observed in complexes with t62ge

3
g configura-

tion. There are positive spin density regions around the Co and
Mn positions, which is an expected outcome due to the interac-
tion between the metal and oxygen contributions within the eg
molecular orbitals.[44,45] The spin density shape of Cr/TiO2 and
Fe/TiO2 is different from Co/TiO2 and Mn/TiO2, which are sim-
ilar to d orbital shape. Instead, the spin density patterns exhibit
a shape that approximates a cube, this shape is associated with
t32ge

4
g configuration and is influenced by the presence of a signif-

icant spin component along the metal-O directions introduced
by the polarization functions utilized in the calculations.[45] In
the case of Cu doped TiO2 model, the spin density shape is dif-
ferent from the previously mentioned two shapes. This disparity
arises due to partial occupancy in the e orbitals (eg ). This specific

shape can be readily understood as a combination of the shapes
of two eg orbitals, each having lobe in the direction of the six
ligands.[46]

In the preceding paragraph, we discussed the spin density
shapes to gain a fundamental understanding of spin density. In
the following section, we will delve into the discussion of spin
states and their relationship to magnetization and magnetic field
effect. For pure TiO2, the spin density is zero for all atoms on
all orientations. In the case of Co/TiO2, the net spin state is
observed to be spin down, whereas, for the other models, the
net spin density is spin up. Across all five models, it’s notewor-
thy that the spin polarization is localized on the doped metal
atoms and oxygen atoms, with no apparent relationship to the
Ti atom. This result suggests that the spin polarization is pri-
marily attributed to the hybridization between the oxygen 2p or-
bital and the metal 3d orbital. The order of spin polarization is
Cu/TiO2 > Cr/TiO2 ≈ Fe/TiO2 > Mn/TiO2 ≈ Co/TiO2.
As shown in Table 2, Cu/TiO2, Fe/TiO2, Cr/TiO2, andMn/TiO2

all exhibit positive non-zero total magnetization, indicating the
presence of magnetic moments and potentially magnetic order-
ing, suggesting ferromagnetic or ferrimagnetic behavior.[47] In
the case of Co/TiO2, the negative, non-zero magnetization im-
plies that the direction of the magnetization vector, relative to a
chosen reference, is indicative of ferrimagnetic behavior.[47] Anal-
ysis of the VASP output reveals that the magnetic moment align-
ments of individual electrons in these catalysts display both posi-
tive and negative orientations, with varying magnitudes. This ob-
servation supports the conclusion that these catalysts likely ex-
hibit characteristics consistent with ferrimagnetism. This mag-
netization is typically lower than that observed in ferromagnetic
materials. When materials exhibit ferrimagnetic properties, they
tend to be responsive to external magnetic fields, resulting in a
spin polarization. However, in the case of pure TiO2, the impact
of external magnetic fields on spin polarization may be compar-
atively limited. In the context of photocatalysis, it is important
to explore the interaction between spin polarization effects and
the influence of an external magnetic field. Spin polarized elec-
trons play a significant role in reducing electron-hole recombi-
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Figure 6. Spin density distribution of Co, Cr, Cu, Fe, and Mn doped TiO2.

nation during the charge transfer process.[48] When photocata-
lysts are excited, the excited electrons transition to the conduc-
tion band, leaving holes with the same spin state in the valence
band. However, the application of an external magnetic field in-
troduces additional effects, such as spin-orbital coupling and hy-
perfine interactions.[49] These effects can alter the original spin
direction of excited electrons. Consequently, recombination is in-
hibited due to the lack of electrons and holes with matching spin
states.[50,51] Moreover, the external magnetic field can prolong the
preservation of the spin state, in materials exhibiting ferrimag-
netic properties. This means that pure TiO2 is less affected by
external magnetic field because of its zero magnetization.
In conclusion, based solely on the analysis of spin density dis-

tribution, the photocatalytic performance of Cu/TiO2 is likely to
be the most significantly affected by the external magnetic field.
Following this, thematerials Cr/TiO2 and Fe/TiO2 are expected to
be moderately affected. In contrast, Mn/TiO2 and Co/TiO2 may
experience a relatively lower effect from external magnetic fields.
As for pure TiO2, it appears to be inherently unresponsive to the
magnetic field effect.

5. Conclusion

In this research, photo-magnetic coupling MB degradation ex-
periment results and first principle calculation results by using
0.5at.% (pure, Co, Cr, Cu, Fe, and Mn) doped TiO2 as samples
were displayed. In a practical situation, the rank of sensitivity
to external magnetic field among these six catalysts is as follow:
Fe/TiO2 > Cu/TiO2 and Mn/TiO2 > pure TiO2 > Co/TiO2 and
Cr/TiO2. Specifically, 0.5at.% Fe-doped TiO2 show the most re-
sponse to the 0.1T external magnetic field, while Co/TiO2 and
Cr/TiO2 display no response to the 0.1T external magnetic field.
Upon observing these results, DFT simulation was employed to
characterize the electron structure, band structure, dielectric con-
stant, and spin polarization of these catalysts to study the exter-
nal magnetic field effect on electrons and spin state so that the
connection between practical experiment and spin polarization
theory can be established. The models utilized in these calcula-
tions are quite different from other researches, the doping con-
centration of the models are 0.5at.%, which is same as the dop-
ing concentration of real catalysts. The models developed in this

Adv. Theory Simul. 2025, e01174 e01174 (8 of 10) © 2025 The Author(s). Advanced Theory and Simulations published by Wiley-VCH GmbH
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research make a substantial contribution to photocatalytic simu-
lation and the study of photo-magnetic coupling. The distinctive
feature is the big volume, signifying a substantial computational
demand. This calculation, while requiring heavy computational
resources, enhances the realism and accuracy of the simulations,
providing valuable insights into the relationship between catalyst
composition, external magnetic fields, and the resulting photo-
catalytic performance.
The calculation results suggest that the external magnetic field

has a notable effect on Cu/TiO2 compared to other samples.
This conclusion is drawn from the favorable dielectric constant,
spin density pattern, and magnetization. Further analysis of the
band structure and density of states indicates that Cu-doped TiO2
has potential for the development of photocatalytic performance.
However, due to the zero total spin density of pure TiO2, there
is reason to doubt that pure TiO2 would not be affected by an ex-
ternal magnetic field to induce spin polarization. The similarities
observed between Fe/TiO2 and Cr/TiO2 in the calculation results
suggest that they should respond to external magnetic fields in a
similar behavior. Mn/TiO2 and Co/TiO2 are also expected to be
affected to some extent. Combining these computational results,
a hypothesis regarding the rank of catalysts’ response to the 0.1
T external magnetic field can be proposed as follows: Cu/TiO2 >

Fe/TiO2 and Cr/TiO2 >Mn/TiO2 and Co/TiO2.
Integrating results of practical degradation and simulation

suggests that spin polarization may contribute to effect of exter-
nal magnetic fields on photocatalytic performance. However, it
is evident that spin polarization is just one factor among several
factors influencing the performance of photocatalysts in the pres-
ence of a magnetic field. This research proposes several hypothe-
ses to comprehensively address the potential probability. 1) mag-
netic field threshold: there is amagnetic field intensity threshold,
implying that the intensity of magnetic field must surpass a cer-
tain level for the magnetic field effect to manifest in the photo-
catalytic reactions. Below this threshold, the impact on photocat-
alytic performance may be negligible. 2) effect on free radicals:
The external magnetic field may not just affect the electron spin
state of themolecule but also affect the photo-generated free radi-
cals, such as prolong the lifetime of free radicals. 3) physical prop-
erties of catalysts: physical properties of the catalysts also play a
crucial role in determining its response to the external magnetic
field, such as surface properties, particle size and surface area etc.
In conclusion, 0.1 T magnetic field can develop the photo-

catalytic performance of Fe/TiO2, Cu/TiO2, Mn/TiO2, and pure
TiO2. Conversely, Co/TiO2 and Cr/TiO2 exhibit no impact from
external magnetic field. Spin polarization do play a crucial role
in the photo-magnetic coupling but it does not represent the sole
mechanism. Additional factors may collaborate with spin polar-
ization theory to contribute to the photo-magnetic coupling ef-
fect.
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