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Ni-doped TiO2 nanoparticles have been synthesized by a modified sol–gel
method. The crystal phase composition, particle size, and magnetic and optical
properties of the samples were comprehensively examined using x-ray
diffraction analysis, transmission electron microscopy, Brunauer–Emmett–
Teller surface area analysis, Raman spectroscopy, magnetization measure-
ments, and ultraviolet–visible (UV–Vis) absorption techniques. The results
showed that the prepared Ni-doped TiO2 samples sintered at 400�C crystal-
lized completely in anatase phase with average particle size in the range from
8 nm to 10 nm and presented broad visible absorption. The bactericidal effi-
ciency of TiO2 was effectively enhanced by Ni doping, with an optimum Ni
doping concentration of 6% (x = 0.06), at which 95% of Escherichia coli were
killed after just 90 min of irradiation. Density functional theory (DFT) cal-
culations revealed good agreement with the experimental data. Moreover, the
Ni dopant induced magnetic properties in TiO2, facilitating its retrieval using
a magnetic field after use, which is an important feature for photocatalytic
applications.
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INTRODUCTION

TiO2 nanostructures have attracted significant
interest due to their potential for self-cleaning
surfaces, air and water purification systems, photo-
voltaic sensors, sterilization, and hydrogen evolu-
tion.1–4 Research on photocatalysis by TiO2 was
initiated and promoted in 1972 with the discovery of
splitting of water on TiO2 electrodes using

ultraviolet light by Honda.5 Important features that
make TiO2 so important are its chemical stability,
nontoxicity, and low cost.6–9 However, highly effi-
cient usage of TiO2 in photocatalytic applications is
prevented by its wide bandgap (3.2 eV), which
means it responds to only a small fraction of the
solar energy spectrum. One of the best ways to
improve the performance of TiO2 is thus to increase
its optical activity by shifting the onset of its
response from the ultraviolet (UV) to visible
region.10–12

Attempts to improve the photocatalytic efficiency
of TiO2 have primarily considered the effect of
dopants.13,14 Metal doping and nonmetal doping are
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still two main methods to enhance the photocat-
alytic efficiency of TiO2.15–17 Doping a new element
into TiO2 may change the electron density of states,
thereby reducing the bandgap. Additionally, doping
of transition metals into TiO2 can induce magnetic
properties in this material, facilitating its collection
by a magnetic field after use in photocatalytic
applications. Umebayashi et al.18 showed that an
electron occupied level is formed in the electronic
structure when TiO2 is doped with Ni, Co, and Mn.
Choi et al.19 reported that Fe-, V-, and Mo-doped
TiO2 showed an increased photoactivity for degra-
dation of CHCl3 under UV irradiation compared
with undoped TiO2. Lai et al.20 also showed that Ni-
doped TiO2 exhibits higher photoactivity than
undoped TiO2 under UV irradiation. Although
many experimental results as well as different
theoretical models have been reported to analyze
these phenomena in doped TiO2, the results are not
uniform, and some studies even show conflicting
results regarding the effects of doping on the visible-
light photoactivity. Moreover, the photocatalytic
efficiency reported for doped TiO2 materials may
be affected by the specific preparation methods
applied, thus the actual photolysis and experimen-
tal conditions must be considered to quantify its
activity. Unsolved problems remain regarding
metal- or nonmetal-doped TiO2, including the
recombination of electron–hole pairs, the formation
of clusters of the metal oxide dopant, the mecha-
nisms underlying the optical and photocatalytic
properties of doped TiO2 materials, and the opti-
mum concentration of dopants for each photocat-
alytic reaction.

The main purpose of this study is to enhance the
optical properties of TiO2 in the visible-light region
and to induce magnetic properties in this material
to enable its easy retrieval after use. The synthe-
sized Ni-doped TiO2 was tested for disinfection of
Escherichia coli bacteria to determine the optimum
Ni doping concentration for bactericidal applica-
tions. Various techniques such as transmission
electron microscopy (TEM), x-ray diffraction (XRD)
analysis, Brunauer–Emmett–Teller (BET) surface
area analysis, Raman spectroscopy, and UV–Vis
spectroscopy were used to understand the surface
physical and chemical properties of the samples.
The experimental results were combined with den-
sity functional theory (DFT) calculations to clarify
the origin of the optical and magnetic properties of
the Ni-doped TiO2 materials.

EXPERIMENTAL PROCEDURES

Ti1�xNixO2 (x = 0.00, 0.03, 0.06, and 0.09) pow-
ders were prepared via a modified sol–gel method.21

Firstly, titanium isopropoxide (TTIP) was dissolved
in ethanol, followed by stirring for 15 min at 2�C.
Then, distilled water was added slowly to the
solution under stirring for 30 min. To dope Ni into
TiO2, Ni(NO3)2Æ6H20 solution was added to the

colloidal nanoparticle solution with molar percent-
age of Ni doping of 3%, 6%, or 9%. Thereafter, the
solution was dried at 180�C for 24 h before being
calcined at 400�C for 2 h. Finally, the synthesized
powder was crushed in a mortar agate for 10 min
before being used as a photocatalyst.

The morphology of the samples was observed by
high-resolution (HR)-TEM (F30; Tecnai) at 300 kV
and BET measurements (3FLex; Micromeritics).
The structure of the TiO2 samples was character-
ized by XRD analysis (D5005; Siemens) with Cu Ka

radiation (k = 1.514 Å). Optical absorption spectra
were measured by Raman spectroscopy and a V-670
spectrophotometer. Curves of the magnetization as
a function of the magnetic field were measured by
using a VSM 7300 (Lake Shore). Moreover, theoret-
ical DFT calculations were carried out to obtain the
electronic band structure and density of states of
the doped materials.

The photocatalytic activity of the samples was
evaluated by measuring the disinfection of E. coli
bacteria under visible-light irradiation from a 100-
W incandescent lamp with a 420-nm cutoff filter.
First, 10 mg photocatalyst was mixed with 19 ml
0.9% saline solution, then stirred for 1 h. Then, an
E. coli concentration of approximately 107 colony-
forming units (CFU)/mL, evaluated by observing
the optical density at 600 nm using a UV–Vis
spectrophotometer, was added. Before turning on
the light, the suspension containing E. coli and
photocatalyst was magnetically stirred continuously
in the dark until no change in absorbance was
observed. The purpose of this process is to ensure
that the physical adsorption and the disinfection of
E. coli by the catalyst in the dark were saturated.
After turning on the light, the solution was taken
out after every 15 min and the number of E. coli
was counted. A series of tenfold dilutions were
performed, and 50 ll of each dilution was plated on
nutrient agar. The nutrient agar plates were incu-
bated at 37�C for 48 h before counting was con-
ducted. Additionally, an E. coli solution without
catalyst was illuminated as a control sample under
the same condition to investigate the decomposition
of E. coli by the light source. The processing of
E. coli is summarized in Fig. 1.

RESULTS AND DISCUSSION

TEM images of the Ti1�xNixO2 (x = 0.00, 0.03,
0.06, and 0.09) powders synthesized by the modified
sol–gel method are presented in Fig. 2, revealing
that the samples contained mainly homogeneous
and well-dispersed spherical particles. The powder
particles of pure TiO2 had a size of 10 nm, while the
size of the Ti1�xNixO2 (x = 0.03, 0.06, and 0.09)
particles was determined to be 8 nm, a relatively
small change that prevents any definitive conclu-
sions regarding the dependence of the particle size
on the Ni doping concentration.
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The results of the surface area measurements on
the Ti1�xNixO2 (x = 0.00, 0.03, 0.06, and 0.09)
samples using the BET method are shown in
Fig. 3. All the Ti1�xNixO2 powders displayed type
IV isotherms (known to be characteristic of meso-
porous texture) with an H3 hysteresis loop, which is
commonly found in medium capillary materials
with average size range from 1 nm to 10 nm. The
surface area of the pure TiO2 was determined to be
31.6 m2/g. Upon doping with 3%, 6%, and 9% Ni, the
surface area value increased to 35.7 m2/g, 35.4 m2/
g, and 38.2 m2/g, respectively. This increase in the
surface area of TiO2 will increase the number of
active sites, further reducing the electron–hole pair
recombination and thereby enhancing the photocat-
alytic activity. These results imply that Ni doping
effectively inhibited the growth of TiO2 grains,
leading to a decrease of the particle size and an
increase of the surface area.22,23

The crystal structure of the samples was deter-
mined by x-ray diffraction analysis. Figure 4 shows
the XRD patterns of the Ti1�xNixO2 (x = 0.00, 0.03,
0.06, and 0.09) powders. The peaks at 2h angles of
25.5�, 37.8�, 48.1�, 53.8�, 54.7�, and 62.8�,

corresponding to (101), (004), (200), (105), (211),
and (204) planes, respectively, are all characteristic
of anatase phase. On the other hand, no secondary
phase was observed, suggesting that Ni2+ ions may
enter the anatase phase and substitute at Ti4+ sites.
However, the possible existence of Ni oxide clusters,
which are not detectable by the XRD technique,
cannot be ruled out. The shoulder next to (101) peak
corresponds to (110) plane of rutile phase. In the Ni-
doped TiO2 samples, the Ni2+ will increase the
number of oxygen vacancies in the TiO2 crystal
structure. These oxygen vacancies are responsible
for the enhancement of the transformation from the
anatase to rutile phase.

Figure 5 shows the Raman spectra of the Ti1�x-

NixO2 powder samples. For the body-centered
tetragonal anatase structure, the frequencies of six
Raman-active modes (3Eg + 2B1g + A1g) were pre-
dicted by group theory and confirmed experimen-
tally by Ohsake et al.24 Among those, the Eg peaks
are mainly due to symmetric stretching vibration,
the B1g peaks result from symmetric bending vibra-
tion, while the A1g peak corresponds to antisym-
metric bending vibration of O–Ti–O. The

Fig. 1. Schematic diagram of E. coli bacterial disinfection.
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frequencies and relative intensities of three Raman
peaks, observed in Fig. 5, are well comparable to the
values reported for the B1g (399 cm�1), A1g

(513 cm�1) (whose frequency is close to that of the
B1g mode at 519 cm�1), and Eg (637 cm�1) modes of
anatase TiO2. No impurity-related modes were
observed, consistent with the XRD results described
above. Since Raman spectroscopy is much more
phase sensitive than XRD analysis, this observation
allows us to conclude that Ni 2+ ions entered the

anatase phase and substituted at Ti4+ sites in our
Ni-doped TiO2 samples.

It is also noted that the bands at 512 cm�1 to
519 cm�1, corresponding to the A1g mode of our
samples, shifted a few cm�1 towards lower
wavenumber as the Ni doping concentration was
increased. This phenomenon is related to phonon
confinement and surface stress effects,25,26 usually
being observed for materials with particle size below
10 nm. According to this model, when the particle

Fig. 2. TEM images of Ti1�xNixO2 with (a) x = 0.00, (b) x = 0.03, (c) x = 0.06, and (d) x = 0.09.

Fig. 3. N2 adsorption–desorption isotherms for Ti1�xNixO2 samples.

Fig. 4. X-ray diffraction patterns of Ti1�xNixO2 samples.
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size decreases to the nanometer scale, the vibra-
tional properties can be strongly affected by the
change in crystal size. In contrast, the B1g and Eg

bands exhibit no similar shift. This finding is
different from our previous experiments, where
doping caused a red- or blue-shift of all Raman
modes.27 This may be due to the fact that the change
in the force constant is insignificant for the sym-
metric bending B1g and symmetric stretching Eg

modes, although it is important for the antisym-
metric A1g mode. On the other hand, we observe
asymmetrical profiles for the A1g and Eg bands
(Fig. 5), while the B1g band appears to be symmetric
in the Raman spectra of our samples. It has been
reported that the phonon confinement effect is one
possible reason for an asymmetric shape of the
Raman peaks. Furthermore, according to the
Heisenberg uncertainty principle, a decrease in
the particle size will also lead to asymmetrical
broadening.

Figure 6 shows the UV–Vis spectra of our Ti1�x-

NixO2 (x = 0.00, 0.03, 0.06, and 0.09) samples. As

the Ni doping concentration was increased from 1%
to 9%, both the absorption peak and absorption edge
shifted to longer wavelength. While undoped TiO2

only absorbed ultraviolet light (under 400 nm), all
the Ni-doped TiO2 samples could strongly absorb
visible light (400 nm to 700 nm). This result recon-
firms the replacement of Ti by Ni in the lattice of our
Ni-doped samples. It is also noted that the visible-
light absorbance of the samples increased with their
Ni content. The direct bandgap (Eg) of the samples
can be estimated by fitting the absorption data to
the direct transition equation,

ah# ¼ Ed h#� Eg

� �1=2
; ð1Þ

where a is the optical absorption coefficient, h# is
the photon energy, Eg is the direct bandgap, and Ed

is a constant. (ah#)2 is linearly dependent on
(h# � Eg), and a plot of (ah#)2 versus photon energy
offers an easy way to determine the optical bandgap
of the material. The optical bandgap calculated for
our samples decreased from 2.45 eV to 2.22 eV as
the Ni doping concentration was increased from 3%
to 9%. This narrowing of the optical bandgap also
provides evidence of the presence of Ni in the host
lattice.

Vibrating-sample magnetometry (VSM) was used
to measure the magnetic properties of the samples.
Figure 7 shows the room-temperature magnetiza-
tion curves for all the samples. The linear depen-
dence of the magnetization on the applied magnetic
field indicates a paramagnetic characteristic for our
samples. This observation is a consequence of the
nanosize of the particles in our samples, mentioned
above. As seen from this figure, the magnetization
increases with the Ni content. This observation can
be easily understood as due to the fact that the
ferromagnetism in Ni-doped TiO2 is mediated by a
superexchange d–d interaction that increases with
the Ni doping concentration, leading to an increase
in the magnetization of the samples.

The effects of Ni doping on the physical properties
of TiO2 were further studied theoretically using

Fig. 5. Raman spectra of Ti1�xNixO2 samples.

Fig. 6. UV–Vis diffuse reflectance spectra of Ti1�xNixO2 samples.

Fig. 7. M(H) curves of Ti1�xNixO2 samples.
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DFT calculations. All the calculations are based on
the Perdew–Burke–Ernzerhof method with a unit
cell of size 2 9 2 9 2 consisting of 16 titanium
atoms and 13 oxygen atoms. By replacing one Ti
atom of the TiO2 lattice by a Ni atom, the structure
of the Ti1�xNixO2 (x = 0.0625) sample is formed.
Figure 8a shows the density of states of 6.25% Ni-
doped TiO2, revealing the formating of a new band
near the Fermi level. The localized band originates
from the Ni 3d orbitals, as shown in Fig. 8b. The
presence of Ni changes the density of states of O and
Ti, leading to the change in the total density of
states. As seen from the electronic band structure of
Ni-doped TiO2 (Fig. 8c, left), a dopant energy level
appears inside the bandgap, close to the valence
band. This additional energy level causes the nar-
rowing of the optical bandgap of TiO2, which is
consistent with the UV–Vis data.

Photodecomposition of E. coli in solution was
carried out under visible light. The catalyst was
added to 107 CFU E. coli solution. The solution was
taken out every 15 min and diluted several times
before transferring to agar plates. Figure 9 shows
the E. coli decomposition as a function of the
irradiation time for all the samples under dark
and visible-light irradiation conditions. As seen
from this figure, all the samples showed weak
bactericidal ability in the dark but good bactericidal
ability under visible-light irradiation. For pure
TiO2, after 60 min in the dark, the concentration
of E. coli had decreased by only about 3%. This
decrease is mainly due to E. coli bacteria attaching
to the catalyst surface. However, for the 3%, 6%,
and 9% Ni-doped TiO2, the concentration of E. coli
decreased to 8%, 10%, and 13%, respectively. This
decrease occurred as soon as the catalyst was added
to the E. coli solution and reached saturation after
30 min. Under visible-light irradiation, the bacteri-
cidal efficiency of all the samples rapidly increased
with the irradiation time, especially for the Ni-
doped samples. At 15 min of irradiation, about 25%

of the E. coli had disintegrated, while by the end of
the irradiation process, i.e., at 90 min, more than
85% of the E. coli had disintegrated. On the other
hand, the bactericidal efficiency under irradiation
increased rapidly with the Ni content, reaching a
maximum value for x = 0.06, then decreasing
slightly at x = 0.09. The bactericidal efficiency of
the Ni-doped TiO2 was about four to five times
greater than that of pure TiO2. These results
indicate that the optimum Ni doping concentration
to improve the bactericidal ability of TiO2 is about
6% (x = 0.06), for which 95% of E. coli were killed
after just 90 min of irradiation. The results also
highlight the superiority of Ni-doped TiO2 compared
with pure TiO2, in terms of its bactericidal effect on
E. coli under visible-light irradiation. Attempts
have been made to determine the reasons for the
enhanced bactericidal efficiency of doped cata-
lysts.28–30 In some cases, metal-doped catalysts

Fig. 8. (a) Density of states (DOS) of 6.25% Ni-doped TiO2 and (b) spin state of Ni 3d in 6.25% Ni-doped TiO2. (c) Band structure of Ni-doped
TiO2 (left) and pure TiO2 (right).

Fig. 9. Photodecomposition of E. coli catalyzed by the catalysts
under visible-light illumination.
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can induce destruction of bacterial cells due to the
toxicity of metal ions released into the reaction
solution. In this study, a high concentration of Ni
doping can be considered to be one of the reasons for
the enhanced E. coli bactericidal efficiency. It is
clear that the high concentration of Ni doped into
TiO2 catalyst is toxic to E. coli bacteria, considering
their short-term toxic effects. At high concentration,
redox-active metal ions are very toxic.31 The second
cause of the increase in the photocatalytic efficiency
is the shift of the absorption of the catalysts to the
visible region up to 600 nm, as well as the decrease
of the bandgap energy, as clearly shown in Fig. 6.
Moreover, dopants located on the surface of TiO2

may act as electron traps, thus promoting interfa-
cial charge transfer and delaying the recombination
of electron–hole pairs,32 which also leads to an
activity enhancement.

CONCLUSIONS

Ti1�xNixO2 (x = 0, 0.03, 0.06, and 0.09) photocat-
alysts were successfully prepared by a modified sol–
gel method. The Ni-doped TiO2 crystallized in
anatase phase with particle size ranging from
8 nm to 10 nm. The substitution of Ni2+ ions at
Ti4+ sites in the TiO2 crystal resulted in a shift of
the Raman peaks. We observed a shift of the
absorption edge towards longer wavelength and an
increase of the absorbance with Ni doping content.
DFT calculations showed good agreement with the
experimental data. The bactericidal efficiency of
TiO2 was effectively enhanced by Ni doping. The
optimum Ni doping concentration to improve the
bactericidal ability of TiO2 was found to be 6%
(x = 0.06), for which 95% of E. coli were killed after
just 90 min of irradiation.
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