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hysical properties and
photocatalytic activity of TiO2 nanoparticles via
cobalt doping

Akif Safeen,a Kashif Safeen,*b Rehan Ullah,b Zulfqar,b Wiqar H. Shah,c
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Cobalt-doped TiO2-based diluted magnetic semiconductors were successfully synthesized using a co-

precipitation method. The X-ray diffraction study of all the samples showed good crystallinity, matching

the standard tetragonal anatase phase. The X-ray diffraction peaks of the cobalt-doped sample slightly

shifted towards a lower angle showing the decrease in particle size and distortion in the unit cell due to

cobalt incorporation in the lattice of TiO2. Transmission electron microscopy showed the spherical

morphology of the TiO2 nanoparticles, which decreased with Co-doping. The optical characteristics and

band gap investigation revealed that defects and oxygen vacancies resulted in lower band gap energy

and maximum absorption in the visible region. Dielectric measurements showed enhancement in the

dielectric constant and AC conductivity, while the dielectric loss decreased. The enhancement in the

dielectric properties was attributed to interfacial polarization and charge carrier hopping between Co

and Ti ions. The magnetic properties displayed that pure TiO2 was diamagnetic, while Co-doped TiO2

showed a ferromagnetic response at 300 K. The visible light-driven photocatalytic activity showed an

improvement for Co-doped TiO2. Our results demonstrate that Co-doping can be used to tune the

physical properties and photocatalytic activity of TiO2 for possible spin-based electronics,

optoelectronics, and photo-degradation applications.
1. Introduction

Among oxide-based semiconductors, titanium dioxide (TiO2) is
a well-known semiconductor that exhibits interesting proper-
ties such as non-toxicity, chemical stability, biocompatibility,
long-term durability, transparency to visible light, and efficient
photocatalytic activity.1,2 Because of these intriguing qualities, it
is employed in a wide range of conventional and high-tech
applications, such as catalysts, pigments, ceramics, catalyst
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supports, sensors, energy storage, magnetic data storage, solar
cells, photoanodes, ion-conducting layers, and magneto-optical
applications.3 TiO2 has three main polymorphs, i.e., anatase,
rutile, and brookite.3,4 The anatase type is of hexagonal struc-
ture belonging to the space group I41/amd with a band gap of
3.2 eV, while the rutile type belongs to the space group P42/mnm
with a bandgap of 3 eV. The rutile structure is similar to anatase,
and the only difference is that the octahedra share four edges
instead of four corners. The rutile phase is stable at most
temperatures and pressures, while the other forms of titania
transform to the rutile phase. Brookite TiO2 has an ortho-
rhombic crystal structure belonging to the Pcab space group
with a bandgap of 3.26 eV.5,6 Anatase TiO2 is the predominant
commercial phase, which is mainly used in photocatalytic
processes because of its high activity, and the rutile phase is
mainly used as a whitening agent.7

Many synthesis techniques, such as co-precipitation,
hydrothermal, sol–gel, wet chemical, and chemical vapour
deposition, have been used to synthesize TiO2 nanostructures.8

Among them, the co-precipitation chemical method is a facile,
economical, and valuable synthesis route. It was used in the
current report to synthesize Co-doped TiO2 nanoparticles.9

Many properties of TiO2, such as the photocatalytic, magnetic,
and dielectric properties, can be enhanced by doping it with
RSC Adv., 2022, 12, 15767–15774 | 15767
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foreign elements, either non-metallic or metallic ions. For
example, the bandgap energy of pure TiO2 is signicant (3–3.2
eV), corresponding to ultraviolet radiation such that a small
portion of the solar spectrum is absorbed in the UV region,
which decreases the photocatalytic activity.10,11 The photo-
catalytic activity of TiO2 is enhanced by doping due to the nar-
rowing of the band gap. With doping, new mid-gap energy
states are introduced at the top of the conduction band and
thus narrow the band gap such that the absorption edge is
extended from the UV-region to the Vis-light region.12,13 Khur-
ana et al. reported a decrease in band gap energy of TiO2

nanoparticles with cobalt doping from 3.03 eV to 1.93 eV.14

When Ti4+ is replaced by Co2+, oxygen vacancies are generated,
which change the construction of the valence band and
conduction band. Hence, new energy states are introduced in
forbidden energy bands that reduce the band gap. The decrease
in band gap energy increases the visible light absorption,
enhancing the photocatalytic activity.15 Similarly, the magnetic
properties of titania are greatly affected by transition metal ion
incorporation.16,17 Many authors have reported that pure TiO2 is
diamagnetic, while Co-doped TiO2 shows room temperature
ferromagnetism (RTFM),18,19 which contradicts some reports
that show that TiO2 displays small ferromagnetic behavior.16

Some studies report that the RTFM in Co-doped TiO2 is due to
the Co-content and oxygen vacancies, and thus a combined
intrinsic and extrinsic effect;20 hence, both the cobalt and
oxygen vacancies are signicant in RTFM.18 However, the
mechanism by which Co-doped into TiO2, like other TM doped
TiO2, exhibits ferromagnetism is still contested, and whether it
is an inherent or extrinsic property remains unclear.

In the present work, pure and 5 at% Co-doped TiO2 nano-
particles were fabricated using the co-precipitation technique,
and their different properties were characterized using X-ray
diffractometry (XRD), transmission electron microscopy
(TEM), ultraviolet-visible diffuse reectance spectroscopy (UV-
Vis DRS), dielectric spectroscopy, and vibrating sample
magnetometry (VSM). Additionally, the photocatalytic activity of
the synthesized samples was also investigated.
Fig. 1 (a) X-ray diffraction pattern of TiO2 NPs with its Rietveld
refinement. (b) XRD patterns of un-doped and 5 at% Co-doped TiO2

NPs; the inset in the figure shows the peak shifting with Co-doping.
2. Materials and methods

The co-precipitation method was used to fabricate pure and Co-
doped TiO2 nanoparticles (NPs). The initial precursors were
titanium tetrachloride (TiCl4) and ammonia water (NH4OH). In
addition, chloride hexahydrate (CoCl2$6H2O) was used to
fabricate Co-doped TiO2 NPs. Pure TiO2 was fabricated by
adding TiCl4 dropwise into distilled water at a ratio of 1 : 15
with agitation under a fume hood to produce an exothermic
reaction. The solution was stirred for 30 min at room temper-
ature. Ammonium hydroxide (NH4OH) was added dropwise to
the solution until the pH reached 10. The solution was allowed
to settle for 12 h before separating and washing the precipitates
many times with distilled water, then drying at 150 �C for 12 h.
The solid residue was pulverized and calcined at 600 �C for 4 h
at a heating rate of 20 �C min�1 in a furnace to get crystalline
TiO2. The same procedure was used to fabricate Co-doped TiO2
15768 | RSC Adv., 2022, 12, 15767–15774
NPs where an appropriate amount of cobalt chloride (CoCl2-
$6H2O) solution was used as a precursor.
3. Results and discussion
3.1 Structural properties

The XRD diffractograms of the pure and 5 at% Co-doped TiO2

NPs are shown in Fig. 1. Fig. 1(a) shows the powder XRD pattern
of the un-doped TiO2 sample, together with its Rietveld rene-
ment (weighted prole factor, RWP ¼ 2.4% and the goodness-
of-t, c2 ¼ 1.67). All peaks could be well indexed with the
hexagonal structure (BaNiO3-type, space group P63/mmc), and
the lattice parameters of a ¼ 3.7861 Å and c ¼ 9.5054 Å were
obtained using Rietveld renement. Strong peaks are seen in all
specimens in the range of 20� # 2q # 70� showing good crys-
tallinity of the samples.21,22 The strongest intensity of the (101)
diffraction peak is found at around 25.20� and corresponds to
the anatase polycrystalline structure.23 Interestingly, for Co-
doped TiO2, in addition to the anatase peaks, small peaks
appeared at 2q ¼ 27.546� (110) and 2q ¼ 36.176� (101) and
represent the formation of the rutile phase, as shown in
Fig. 1(b). The relative weight fractions of the rutile phase in the
anatase-rutile phase mixture was estimated using the relation:24

Rð%Þ ¼
�

IR
0:886 IA þ IR

�
� 10, where IR and IA are the integrated

intensity of the most intense rutile and anatase peak ((110) and
(101) in this case) and 0.886 is a unit-less correction factor to
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (left panel) TEM images of un-doped TiO2 and 5 at% Co-doped
TiO2 NPs. (right panel) SAED images of un-doped TiO2 and 5 at% Co-
doped TiO2 NPs.
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account for the differences in scattering intensities due to the
different crystal structures. The anatase phase proportion in the
sample was found to be around 88.17%, while the minor part of
the sample consisted of the rutile phase (11.83%). Besides the
rutile phase, no other phases were found, indicating that cobalt
ions are uniformly dispersed in the TiO2 matrix. The observed
changes in the lattice parameters and a small shi of the
diffraction peaks towards the lower angle in Co-doped TiO2 is

also due to the different ionic radius of Co2+ (0.72 Å)25 and Ti4+

(0.68 Å), indicating that the doping of Co2+ in the TiO2 matrix is
substitutional.21,26 The following Debye–Scherrer's formula was
used to determine the average crystallite size D of the synthe-
sized samples from the XRD spectra:27

D ¼ 0:9l

b cos q
(1)

where l is the wavelength of the incident X-ray, b (in radians) is
the angular peak width at half maximum, and q represents
Bragg's diffraction angle.

The average crystallite size determined is 29.6 nm for pure
TiO2 and 15.4 nm for Co-doped TiO2. The formation of the rutile
phase in the Co-doped specimenmight be due to the creation of
oxygen vacancies. As the ionic charge of Ti4+ is greater than that
of Co2+, dopant replacement causes some charge imbalance and
vacancy creation as the system tries to achieve charge neutrality.
This accelerates diffusion and enhances the crystallization of
the rutile phase. Thus, crystallization occurs when titanium and
oxygen ions break bonds and rearrange during heat treatment.
The presence of vacancies provides a path for ion diffusion and
lowers the activation energy to facilitate the growth of rutile in
Co-doped compared to pure TiO2.28,29 Y. Shao et al. showed that
during the anatase to rutile transformation process, using
smaller grain sizes of Co-doped TiO2 results in low total surface
energy and activation energy due to increased surface area.30

Some authors reported that the phase transformation could be
due to the difference in ionic radii between cobalt and titania
ions, such that the unit cell distortions occur when cobalt ions
substitute for titanium ions. Incorporating cobalt generates
strain energy, which lowers the activation energy needed for
transformation.31
3.2 Transmission electron microscopy

The transmission electron microscopy (TEM) images of un-
doped and Co-doped TiO2 NPs are shown in Fig. 2 (le panel).
The TEM images show almost spherical-shaped particles with
a uniform distribution for both the un-doped and Co-doped
TiO2 samples. The TEM analysis conrmed that the average
particle size is around 30 nm for pure TiO2 and 16 nm for Co-
doped TiO2. The particle size decreases with cobalt doping,
which is in good agreement with the XRD results.

The selected area electron diffraction (SAED) images of the
prepared nanoparticles are shown in Fig. 2 (right panel). The
fringes obtained in the SAED pattern for the un-doped sample
indicate the formation of the polycrystalline tetragonal anatase
structure of TiO2. The rings observed in the doped nano-
particles show the presence of a small rutile phase with anatase
© 2022 The Author(s). Published by the Royal Society of Chemistry
as the primary phase, consistent with the XRD results. It is also
important to highlight that the broad XRD peak of Co-doped
TiO2 indicates the small crystallite size and hence large
surface area. From the TEM micrograph, it can be seen clearly
that the size of Co-doped TiO2 is reduced as compared to pris-
tine TiO2 indicating that the surface area of Co-doped TiO2 is
larger than that of pristine TiO2. A larger surface area of the
sample is required for enhanced photodegradation efficiency.32

3.3 UV-vis DRS study

Room-temperature ultraviolet-visible spectra of the fabricated
specimens of pure and Co-doped TiO2 nanoparticles are shown
in Fig. 3(a). It can be observed that the absorption of TiO2

nanoparticles increases with an increase in Co-doping. The
absorption edge is around 397 nm for pure TiO2, while the
maximum absorption of the Co-doped TiO2 was about 425 nm,
showing the shi in the absorption edge towards a longer
wavelength (red-shi). This result corroborates well with
a previous report.33 The cobalt and titania ions facilitate charge
transfer interaction, causing the observed shis in the visible
region peak absorption spectra of Co-doped TiO2.

Fig. 3(b) gives the band gap obtained from the DRS data. The
calculations were made from the plot of [F(R) � E]2 vs. E ¼ hv,

where FðRÞ ¼ ð1� RÞ2
2R

is the Kubelka–Munk equation where R

is the reectance and is equal to Rsample/Rstandard.20 The calcu-
lated band gaps for pure and Co-doped TiO2 specimens are
3.03 eV and 2.87 eV, respectively. This narrowing in the band
gap emanates from substituting Ti4+ with Co2+ and the gener-
ation of oxygen vacancies, because defect states are produced in
the forbidden energy gap. The introduction of new d-states
RSC Adv., 2022, 12, 15767–15774 | 15769
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Fig. 4 Variation in (a) dielectric constant, (b) dielectric loss and (c) AC
conductivity with frequency for un-doped and 5 at% Co-doped TiO2

NPs.

Fig. 3 (a) UV-Vis spectra and (b) band gap calculation for un-doped
and 5 at% Co-doped TiO2 NPs.
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close to the valence band edge may also be another reason for
the reduced band gap.14,34

3.4 Dielectric constant

The variation in dielectric constant (3r) with frequency for pure
and Co-doped TiO2 NPs is shown in Fig. 4(a). To facilitate the
measurement of the dielectric responses and AC conductivity
versus frequency, pellets (circular shaped and 9 mm in diam-
eter) pasted with gold glue electrodes were used at 300 K, the
same as in ref. 35.

The measured capacitance was used to calculate the dielec-
tric constant via the below equation:

3r ¼ Cd

30A
(2)

where C denotes the capacitance, 30 refer to the permittivity of
free space (8.85� 10�12 m�3 kg�1 s4 A2), d is the thickness of the
circular-shaped sample, and A represents the pellet area, which
is basically the area of the capacitor in m2.

It is observed that at low frequency, the dielectric constant is
large for both specimens and gradually decreases with an
15770 | RSC Adv., 2022, 12, 15767–15774
increase in frequency and this behavior is in agreement with
a previous report.36 Properties like space charge, electronic,
ionic, and dipolar polarizations affect the dielectric properties
of the material. The higher dielectric constant values at lower
frequencies may be due to the simultaneous presence of inter-
facial polarization in all specimens. As in the case of nano-
particles, most of the atoms are situated at or near the grain
boundaries, and therefore at the interface region, there are
defects like vacancy clusters, oxygen vacancies, dangling bonds,
etc. The charge is also trapped by grain boundaries and
becomes electrically active. With the application of an external
eld, the charges become more concentrated at the grain
boundaries and electrode surfaces, which is responsible for the
larger dielectric constants at low frequency. The electronic and
ionic contributions dominate at higher frequencies, while space
charge polarizations are diminished. Thus, the dielectric
constant decreases with an increase in frequency because
dipoles lag behind the electric eld, while the dielectric
constant remains almost the same at high frequencies because
the dipoles do not match the changing electric eld.37,38

The dielectric constant for the doped TiO2 is larger than that
of pure TiO2 at low frequencies, consistent with the literature.39

This enhancement in dielectric constant with Co doping at low
frequencies may be due to the small grain sizes and oxygen
vacancies. The particle sizes of TiO2 specimens decrease while
the interface volume increases with Co doping, thereby
increasing the grain boundaries and the dielectric constant. A
large dielectric constant may also be due to oxygen vacancies
and the appearance of defect dipoles, as reported in ref. 40.
Since the valence of Co is different from that of Ti, doping TiO2

with cobalt produces some oxygen vacancies to maintain charge
neutrality, such that Co-doped samples have higher oxygen
vacancies. The produced vacancies donate electrons in the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Room temperature M–H loops of the un-doped and 5 at%
Co-doped TiO2 NPs. (b) Magnetization vs. temperature curves of the
studied samples.
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conduction band, and cobalt impurities accept these electrons,
forming dipoles responsible for the enhanced dielectric
constant in Co-doped TiO2.41

3.5 Dielectric loss

The lag between induced current and applied voltage causes
a phase shi and energy dissipation in AC circuits. The changes
in dielectric loss (tan d) with frequency for both the specimens
are shown in Fig. 4(b). It can be seen that the change in
dielectric loss is the same as that observed for the dielectric
constant, i.e., high at low frequency and decreases to a constant
at high frequency. The dielectric loss is higher because of space
charge polarization at lower frequencies. The Shockley–Read
mechanism can adequately explain this observation, caused by
capturing surface electrons by impurity ions at low frequencies.
The loss at lower frequencies is slight and increases as the
frequency increases until becoming constant at high frequency
and decreases with further frequency increases.42 The presence
of the relaxation peaks in both specimens conrms relaxing
dipoles.41 The plot also shows a small loss in Co-doped TiO2

compared to pure samples.

3.6 AC conductivity

The change in AC conductivity with frequency for all fabricated
specimens is shown in Fig. 4(c). The conductivity is observed to
be low at low frequency and constant at a high frequency of 100
kHz before sharply increasing aer 100 kHz. The hopping of
charge carriers causes such a rapid increase, because the
transport of charges is through the hopping of charge carriers.
When the frequency increases, the conductivity increases, and
charge hopping is enhanced. Fig. 4(c) also shows that at high
frequency, the conductivity increases in the presence of a cobalt
dopant. This effect may be due to the reduced grain size and
diminished oxygen vacancies emanating from Co-doping,
which increases the grain boundaries. The effect is that more
charges are trapped, and conduction is enhanced.42

3.7 Ferromagnetism

The room temperature magnetization (M–H) curve of both
specimens is shown in Fig. 5(a). It is observed that pure TiO2 is
diamagnetic at 300 K, whereas Co-doped TiO2 shows a ferro-
magnetic response. The saturation magnetization (Ms) is 0.43
emu mol�1 for the Co-doped TiO2 sample. The remanent
magnetization (Mr) is 0.062 emu mol�1, and the corresponding
coercive eld (Hc) is 72 Oe. The displayed Mr of the Co-doped
TiO2 is higher than reported.43

These results conrm that oxygen vacancies are not enough to
produce RTFM in pure TiO2, as reported before,18 but the pres-
ence of cobalt and oxygen vacancies in the doped samples
produced ferromagnetism.20 In order to balance the total charge,
some O ions escape from the lattice, resulting in the creation of
oxygen vacancies in the vicinity of Co doped ions.44 These oxygen-
bound free carrier vacancies and the interaction between the
spin of the Co ion and the trapped carriers lead to magnetization
by bound magneto polarons (BMPs) in the oxygen vacancies.35,45

RTFM in oxide semiconductors can be due to BMP, which is
© 2022 The Author(s). Published by the Royal Society of Chemistry
made of magnetic cations, oxygen vacancies, and charge
carriers.20 Trapping electrons in oxygen vacancies are created
when Co2+ substitutes Ti4+; hence, more MBPs are formed. This
phenomenon causes an increase in F-centers and enhanced
exchange interaction withmagneticmoments of impurity atoms,
thereby inducing ferromagnetism.46

In order to further explain the magnetic behavior in Co-
doped TiO2, we studied the temperature-dependent magneti-
zation (M–T) measurements as shown in Fig. 5(b). The M–T
curve shows that pure TiO2 has a negative magnetic moment in
the considered range, proving a diamagnetic behavior. The plot
also indicates that themagnetic moment value for the Co-doped
TiO2 is higher at smaller temperatures, and rapidly decreased
with temperature. Such higher magnetic moment values at
lower temperatures are due to induced unidirectional magne-
tization of isolated cobalt ions in the specimen.47
3.8 Photocatalytic activity

Degradation of organic pollutant 2,4-dichlorophenol (2,4-DCP)
at room temperature under visible light irradiation was used to
determine the photocatalytic activity of the pure and Co-doped
TiO2 samples. This was achieved by adding 0.1 g of each spec-
imen to the organic pollutant (10 mg L�1; 80 mL) with agitation
in the absence of light for 30 minutes to realize adsorption–
desorption equilibrium. Then aer 1 h, the suspension was
RSC Adv., 2022, 12, 15767–15774 | 15771
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Table 1 Comparison of the photocatalytic activity for 2,4-DCP using
different photocatalysts

S. No. Photocatalysts
Degradation
rate Time Ref.

1 Na2Ti6O13/TiO2 NPs 99.4% 50 min Ref. 48
2 talc/TiO2 nanocomposite 99.5% 60 min Ref. 49
3 MWCNT/TiO2

nanocomposite
87% 120 min Ref. 50

4 Co doped TiO2 98.5% 30 min Present
work

Fig. 6 Photocatalytic degradation of 2,4-DCP using pure and 5 at%
Co-doped TiO2 NPs.
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exposed to Vis-light (150 W Xe-lamp) irradiation, and then
specimens were collected at regular intervals and tested in
Model Shimadzu UV-2550 equipment. The photocatalytic
activity of the pure TiO2 and Co-doped TiO2 specimens is
depicted in Fig. 6.

Fig. 6 illustrates that Co-doped TiO2 showed enhanced
photocatalytic activity compared to undoped TiO2. A compar-
ison of the photocatalytic activity for 2,4-DCP of different pho-
tocatalysts with the present work is tabulated in Table 1.

The three main factors controlling the photocatalytic activity
are visible light absorption capability, recombination of photo-
generated charges, and surface area of the photocatalysts.26 It
can be seen that pure TiO2 shows decient photocatalytic
activity under visible-light irradiation. This is due to a wider
band gap (low visible light absorbance) because the electron–
hole (e�/h+) pairs cannot be photo-generated under visible-light
irradiation. Nevertheless, its photocatalytic activity is momen-
tously improved aer doping with cobalt. This increase is
mainly caused by the extended visible light response, efficient
charge separation, and high surface area of the particles.26,51

The appearance of the rutile phase in the specimen is also
responsible for the enhanced photocatalytic activity of the Co-
doped TiO2.52 Thus, the fraction of rutile phase is also respon-
sible for the excellent photocatalytic activity of the Co-doped
TiO2.
15772 | RSC Adv., 2022, 12, 15767–15774
4. Conclusions

Pure and 5 at% Co-doped TiO2 NP specimens were fabricated
using a co-precipitation method. The specimens were then
calcined at 600 �C, followed by characterization. XRD conrmed
the tetragonal anatase structure in pure TiO2; additionally, two
minor peaks belonging to the rutile phase appeared in Co-doped
TiO2. The calculated crystallite size was 29.64 nm and 15.41 nm
for pure and Co-doped specimens. TEM images showed that the
nanoparticles were spherical, and the particle size decreased
with Co-inclusion. The optical and band gap results were ob-
tained using UV-vis DRS. The results showed that the maximum
absorption shied towards a longer wavelength in the presence
of the cobalt dopant. The bandgap was narrowed in the presence
of the cobalt dopant and was 3.03 eV for pure TiO2 and 2.87 eV
for the cobalt-doped specimens. Dielectric measurements
showed that the dielectric constant and AC conductivity increase
in the presence of the cobalt dopant in the TiO2 matrix. VSM was
used to obtainmagnetic information of the specimens. UsingM–

H and M–T curves, the results revealed that pure TiO2 particles
are diamagnetic, while Co-doped specimens are ferromagnetic.
The ferromagnetism in Co-doped TiO2 is due to the Co incor-
poration in the lattice and the generation of oxygen vacancies.
Vis-light irradiation was used to study the photocatalytic activity,
showing that Co-doping improves the photocatalytic activity due
to the efficiency of charge separation and reasonable response to
visible light. The results show that Co-doped TiO2 diluted
magnetic semiconductors may be a potential candidate for
spintronics and photocatalytic applications.
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