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Titanium dioxide (TiO2) is a widely studied material and is commonly used as a photocatalyst
due to its strong oxidation capability and resistance to chemical corrosion and photocorrosion.
However, its large band gap and quick recombination of photo-generated electron—hole pairs
lead to numerous disadvantages that reduce photocatalytic performance. One of the promising
strategies to overcome these issues is by doping TiO, with metal ions. In this study, pure TiO;
and chromium (Cr)-doped TiO; nanoparticles with various doping concentrations (1, 3, and 5
wt%) were successfully prepared by a sol-gel method. All samples were characterized using
field emission scanning electron spectroscopy (FESEM), X-ray diffraction (XRD), and Fourier
transform infrared (FTIR) spectroscopy. The surface morphology of pure and Cr-doped TiO;
nanoparticles shows an agglomeration of spherical shape. The XRD analysis showed that a
mixed phase of anatase and rutile started to appear at 1 wt% Cr and the phases remained
unchanged until 5 wt% compared to pure TiO, sample, which showed anatase phase only. The
crystallite size of anatase TiO; decreased from 69.55 to 17.38 nm with 1 wt% Cr doping, whereas
the crystallite size of rutile in Cr-doped TiO; increased slightly from 22.22 nm for 1 wt% to
38.08 nm for 3 wt%. The specific surface area (SSA) for the anatase TiO, sample was 22.01
m2/g and increased to the highest value of 88.05 m?/g with 1 wt% Cr doping, whereas the highest
SSA for rutile was 64.44 m?/g in 1 wt% Cr-doped TiO,. The results indicate that Cr plays an
important role in the modification of the structural characteristics of TiO2 nanoparticles.
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Titanium dioxide (TiOy) is a widely studied material
with various applications in different fields. It is
commonly used as a photocatalyst due to its strong
oxidation capability and resistance to chemical
corrosion and photocorrosion [1]. Nanostructured
semiconductors show great potential for environmental
remediation because of photocatalytic oxidation,
which is activated under solar light or ultraviolet (UV)
light [2]. The most crystalline forms of TiO, are
anatase and rutile; anatase is commonly used in air
and water cleaning systems because of its excellent
photocatalytic properties [3]. Photocatalysis for water
and air purification has received substantial focus in
research, and its applications have recently expanded
to surfaces with self-cleaning, self-sterilizing, and
bactericidal anti-fog properties [4]. The different
crystalline forms exhibit varying levels of reactivity
and efficiency in different applications. For example,
mixed polymorphs of TiO, have been shown to be

more efficient for biomedical applications than single
crystals [5]. Other studies reported that among the
TiO; structures, anatase is commonly preferred since
it is more efficient for light-harvesting processes,
photocatalytic applications, and more recently, in dye-
sensitized and perovskite solar cells [6]. Anatase
TiO> has a large band gap energy of 3.2 eV which
corresponds to a wavelength of 385 nm; electron hole—
pairs are generated when TiO; is exposed to this
wavelength of light. However, TiO is not an efficient
photocatalyst because of its large bandgap energy that
only allows operation within the UV range and high
electron—hole recombination rate, which retains a
limited amount of hydroxyl species on its surface [7].

Many efforts have been made to improve the
photocatalytic efficiency of TiO, under both UV and
visible light irradiation. Surface changes and dopant
introduction into the TiO; lattice are simple yet
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effective methods. Doping is an effective approach
to modify and enhance the electronic and optical
properties of TiO, and reduce the recombination of
the electron—hole pairs. A wide range of metal ions,
particularly transition metal ions such as iron (Fe),
nickel (Ni), copper (Cu), manganese (Mn), cobalt
(Co), and chromium (Cr), have been used as dopants
for TiO. [8]. Cr has been widely used as dopant since
Cr doping can narrow the band gap and extend the
photoresponse to the visible light range [9]. A
previous study showed that doping with Cr* ions
decreased the crystal size of TiO, and shifted the
valence band maximum upward, leading to strong
visible-light absorption [7]. Cr-doped TiO; exhibits
unique optical properties that make it suitable for
various applications, particularly in photocatalysis.
Moreover, Cr not only modifies the optical properties
of TiO, by extending the absorption edge to the
visible region, it also improves the photocurrent
density that makes TiO, nanoparticles (NPs) suitable
for photocatalytic activity, air and water purification,
and solar cell applications.

A previous study by Choudhury and Choudhury
[10] concluded that the interaction of Cr3* with lattice
Ti** changes with different Cr3* concentrations. The
anomalous changes in lattice parameters with Cr3*
content clearly indicate that the structural distortion
is affected not only by substitutional doping but
also by interstitial Cr®* and oxygen vacancies, which
has been confirmed by Raman spectroscopy.
Furthermore, the alteration of octahedral symmetry
on Cr® incorporation into the lattice site of TiO; is
the cause of the absence of a strong emission line of
Cr®* at 688 nm [10]. Researchers have used several
techniques to prepare TiO2 powder such as chemical
bath deposition, ultrasonic spray pyrolysis, liquid
phase deposition, and sol-gel method [11]. The sol-
gel method is a promising technique for the most
efficient production of powder. At low reaction
temperatures, sol-gel has the capability to derive
metastable structure and excellent chemical
homogeneity. The sol-gel process typically consists
of catalyzed hydrolysis and condensation processes
with small molecules, leading to the transformation of
an intricate network.

EXPERIMENTAL
Chemicals and Materials

The following reagents were used as received without
additional purification: titanium(IV) butoxide (TTIB)
(Aldrich, 97%), ethanol (C2H50H), chromium(l11)
nitrate nonahydrate (Cr(NOz)3-9H.0) (Aldrich, 99%),
1 M nitric acid (HNO3), and deionized water.

Preparation Method
TiO, NPs were synthesized via sol-gel technique at

room temperature (25 °C) following Mathews et al.
[12] with some modifications. A mixture of 5 mL
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deionized water and 55 mL ethanol was added
dropwise into a solution containing 26 mL titanium
(V) butoxide and 55 mL ethanol and stirred for 1 h.
The solution was continuously stirred for another 4 h
at room temperature (25 °C) at 200-400 rpm. The
acidity of the solution was controlled by adding HNO3
dropwise to attain pH of 2.0. Then, the solution was
stirred for another 1 h. For the solution with Cr doping,
the amount of Cr(NOs)s with 1, 3, and 5 wt% was
added into the precursor of Cr-doped TiO>, and it was
peptized overnight to get 2 layers of the solution. The
solution was filtered to obtain the titanic gel, which
was dried on a hot plate at 120 °C for 1.5 h until it
formed a powder. The powder was pulverized using
ball milling at 900 rpm for 3 h to obtain TiO2 NPs. The
powder samples were calcined at 500 °C for 3 h at a
heating rate of 5 °C/min.

Characterization Methods

The morphology and composition of the prepared
samples were assessed by field emission scanning
electron microscopy (FESEM) using SUPRA 40VP
by ZEISS.XRD technique (PANalytical X’Pert Pro).
Cu Ka radiation was employed to determine the phase
and crystal structure of TiO2 NPs. The diffractometer
data were recorded by scanning the sample through
arange of 20 angles. The average crystallite size (D)
for TiO, NPs was calculated by using the Debye—
Scherrer equation from the XRD analysis [13][14]
using Equation (1). This equation is a well-known
method for calculating the crystallite size based on
the line broadening for the XRD peaks at their full
width at half maximum (FWHM).
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where A is the X-ray wavelength, 0.9 is the Scherrer
constant, § is FWHM, and 0 is the corresponding
diffraction angle.

FTIR was used to determine the molecular
structure and chemical bonding in the prepared samples
[15]. FTIR spectrum can be divided into two regions:
functional group region and fingerprint region. The
specific functional groups in a sample can be determined
in the wavenumber range of 4000 to 1500 cm™2, while
the fingerprint region can be examined from 1500 to
500 cm™*. The sample transmission represents the light
absorbed by the molecule. The energy from the light
causes the bond to vibrate, and the bond vibration can
be divided into several types such as bond stretching,
bending, rocking, and twisting. The functional groups
have their respective wavenumber [11]. Therefore, the
peak present at the wavenumber in the functional group
region can be characterized by comparing it with the
standard wavenumber of the functional group. FTIR
spectrometer (Perkin Elmer Spectrum 400 FTIR/FT-
NIR) was used to measure the transmission of the
sample with a scan range of 4000-450 cm™.
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Figure 1. FESEM images of pure TiO2, 1 wt% Cr-TiO2, 3 wt% Cr-TiO, and 5 wt% Cr-TiO, NPs.

RESULTS AND DISCUSSION

Field Emission Scanning Electron Microscopy
(FESEM)

FESEM is an effective method for examining
nanoparticle surface morphology. The synthesis
method and surface chemistry affect sample stability.
All synthesized particles have spherical shapes, non-
uniform sizes, and a high degree of agglomeration,
which could be due to the presence of both water
molecules and hydroxyl group [16]. The pure and
Cr-doped TiO, NPs are spherical and highly
agglomerated (Figure 1). Cr-doped TiO, have smaller
sizes compared to pure TiO2, where they ranged from
88.5 t0 22.5 nm. Moreover, the degree of agglomeration
decreased as Cr concentration increased.

X-Ray Diffraction (XRD)

The crystal phase and crystallite size of pure and Cr-
doped TiO, NPs were investigated, and their XRD
diffraction patterns are shown in Figure 2. The
diffraction patterns were compared to the ICSD using
POWD-12++ (1997). The anatase phase peaks were
observed at 20 values of 25.37°, 38.67°, 48.16°,
54.05°, 55.20°, 62.87°, 68.98°, 70.48°, 75.28°, and
83.40° that correspond to the crystal planes of (101),

(112), (200), (105), (211), (204), (116), (220), (215),
and (312) respectively. Meanwhile, the rutile phase
peaks were observed at 20 values of 27.43°, 54.32°,
and 69.00° corresponding to the crystal planes of
(210), (211), and (301) respectively. The peaks
fluctuated with different concentrations of Cr, as the
doping affected the phase composition of anatase and
rutile. Cr doping is needed to induce crystal growth,
thus different concentrations were tested to achieve
complete crystallization. Pure TiO2 NPs have the
structural phase of anatase (Figure 2). Cr doping
resulted in a mixture of anatase and rutile phases, in
which anatase dominated as the Cr concentration
increased from 1 to 5 wt%. The rutile phase appeared
at peaks (210), (211), and (301). This is because the
oxygen defect levels significantly impact the kinetics
of anatase-to-rutile conversion, and changes in oxygen
vacancy promote the transformation [17]. Next, as the
concentration increased from 1 to 3 wt%, the peak of
rutile at (210) disappeared because sometimes the
grains are not oriented in the correct way to allow
diffraction from the planes, while other rutile peaks
remained unchanged. Therefore, it can be suggested
that the presence of Cr in the anatase crystal lattice in
place of 4 valent Ti makes the combination of anatase
and rutile phase achievable because it creates more
oxygen vacancies that will assist the mass transport
required for a complete transformation into rutile [17].
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Figure 2. XRD diffraction patterns of pure and Cr-doped TiO, NPs with different concentrations with anatase
(A) and rutile (R) phases.
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The mole ratios of the anatase and rutile
phases were calculated based on the equations by
Spurr and Myers as represented in Equations (2) and
(3) [14] using the most intense peak of each phase.
Next, the specific surface area (SSA) was calculated
as the total area covered by the crystals in unit mass
as shown in Equation (6). The density is denoted by
p, while D, denotes the size of the crystals obtained
from the Debye—Scherrer equation.

Wr and Ir represent the mole fraction and
intensity of the rutile phase, respectively, while Wa
and I are the mole fraction and intensity of the
anatase phase, respectively. The phase contents of
anatase (101) and rutile (110) were obtained using

Anatase % =

)

@)

100 % iy

(4)

g +1.265 xip

©)
(6)

()

Equations (4) and (5). la and Ir represent the
intensity of the anatase (101) and rutile (211) phases,
respectively. Table 1 shows the quantitative results
of the XRD analysis.

The XRD patterns were utilized to determine
the weight fraction of anatase and rutile. The ratio of
anatase to rutile was calculated by inserting the values
Ia and Ir in Spurr and Myers’s equation, and the ratio
is shown in Figure 3. The ratios of anatase to rutile for
pure and Cr-doped TiO- at 1, 3, and 5 wt% were 100:0,
82.32:17.68, 84.49:15.51, and 84.44:15.56, respectively,
proving the anatase-to-rutile phase transformation
occurred due to the increase in Cr concentration.



189 Nurul Huda Mohd Noor, Nur Syaza Sahira M. N. The Morphological and Structural Properties of

Jaya Saputra, Suraya Ahmad Kamil, Mohamad Chromium (Cr)-doped Titanium Dioxide (TiO2)
Rusop Mahmood, Aida Fazliza Mat Fadzil and Nanoparticles prepared via Sol-gel Method at
Siti Nurbaya Supardan Various Concentrations
120
100 -\
£ 20 * ¢ o
t
8 60
3
£
= 40
i / ¢ *
0
0 1 2 3 4 5 6

Concentration (wt%)

=@ Anatase() =—@=~Rutile(3)

Figure 3. Phase content of pure and Cr-doped TiO, NPs with different concentrations.
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Figure 4. Specific surface area of (a) anatase (b) rutile for pure and Cr-doped TiO, NPs.
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Figure 4 shows the SSA of anatase and rutile
for pure and Cr-doped TiO. The densities (p) for
anatase are 3.92, 3.92, 3.92, and 4.07 g/m? while for
rutile are 4.23, 4.19, 4.20, and 4.25 g/m?in TiO>
for pure and Cr-doped at 1, 3, and 5 wt%,
respectively. The SSA value increased from 22.01 to
88.05 m?/g for anatase and from 0 to 64.44 m?/g for
rutile with the addition of 1 wt% Cr to 63.52 m?/g
(Table 1). The addition of 3 wt% Cr increased the
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crystallite size for rutile from 22.2 to 38.08 nm
and reduced the SSA from 64.44 to 37.52 m?/g;
this might lower the photocatalytic efficiency.
Conversely, an increase in SSA along with
decreased crystallite size would increase the
reactant’s adsorption on the photocatalyst and
light absorption. Hence, the higher surface area
can help to improve the photocatalysis process
due to the crystallite size [13].

Table 1. Quantitative results of XRD diffraction pattern analysis of Cr-doped TiO, NPs.

Cr FWHM (B) Crystallite size Phase content (%) Specific surface
(wt%o) area, SSA (m#/g)
Anatase Rutile Anatase Rutile Anatase Rutile Anatase Rutile
(101) (211) (101) (211) (101) (211) (101) (211)
0 0.1171 0 69.55 0 100 0 22.01 0
1 0.4684 0.4015 17.38 22.22 82.32 17.68 88.05 64.44
3 0.4349 0.2342 18.73 38.08 84.49 15.51 81.73 37.52
5 0.4684 0.4015 17.39 22.23 84.44 15.56 84.77 63.52
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Figure 5. Crystallite size of (a) anatase and (b) rutile in pure and Cr-doped TiO> NPs calculated using Debye—
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Scherrer equation.
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The crystallite sizes of pure and Cr-doped
TiO, NPs were determined based on the full width at
half maximum (FWHM) values calculated using
Debye—Scherrer equation. Compared with pure
TiO2, the FWHM of the XRD peaks were higher for
the Cr-doped samples. The anatase in Cr-doped
TiO2 samples decreased in intensity with increasing
FWHM of the Bragg peak. The crystallite size of
anatase decreased from 69.55 nm for pure TiO; to
17.38, 18.73, and 17.39 nm for 1, 3, and 5 wt% Cr-
doped TiO,, respectively. Meanwhile, the crystallite
size of rutile increased from 22.22 to 38.08 nm from
1 to 3 wt% and then decreased to 22.23 nm with the
addition of 5 wt% Cr as shown in Figure 5. Some
dopants may have been prevented from entering the
octahedral position of the lattice and remained on the
grain boundaries or surface. As a result, the lattice’s
periodicity was interrupted, which affected crystal
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development and reduced crystallite size [18]. The
rutile phase started appearing when the anatase
phase decreased; this resulted in a mixed phase state
that can improve the photocatalysis process.

The FWHM of the XRD peaks of doped
samples increased in comparison with that of the pure
TiO, sample, indicating that crystallite size decrease
due to Cr doping is proportional to the FWHM. Figure
6 shows the relationship of FWHM with crystallite
size. As Cr concentration increased, there may be an
increase in structural flaws that inhibited the grain
from growing. This may result in a small number of
oxygen vacancies moving to the surface or grain
boundary that restrict crystallite growth and limit
crystallite size. These structural flaws may influence
the material’s crystallites size while lowering the peak
intensity [10].
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Figure 6. FWHM vs crystallite size of (a) anatase (b) rutile
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Figure 7. FTIR spectra of pure and Cr-doped TiO, NPs.

Fourier Transform Infrared (FTIR)

Figure 7 shows the absorption spectra of pure and Cr-
doped TiO2 NPs calcined at different concentrations in
the region of 4000-500 cm™. The peaks in this region
are characteristic of infrared (IR)-active fundamental
and combination lattice modes of crystalline Cr and Ti
oxides [11]. The peak intensity and band position
depend on the crystal structure, chemical composition,
and sample morphology [19]. The peak positions in an
IR spectrum are used to distinguish different functional
groups from each other. Different functional groups
can have peaks at about the same position. Generally,
metal oxides show peaks in the fingerprint region,
which in the range of 1500 to 500 cm™ [20]. The peak
in the range 3352-3820 cm™ [15][21] corresponds to
the bending and stretching modes of the —OH groups
of absorbed molecular water, indicating that the
sample is hydrolyzed [22]. The wide band in the range
of 450-700 cm™ combines stretching modes of Ti-O—
Ti bonds which are typical for titanium oxides [15].
The band around 548-698 cm™ is attributed to Ti-O
stretching vibration. The 698.0 cm™ peak shifted to a
higher wavelength after Cr doping [23].

CONCLUSION

Pure and Cr-doped TiO» NPs were successfully
prepared using sol-gel method. Different Cr
concentrations were used, and the morphological
and structural properties of the prepared NPs were

investigated by using FESEM, XRD, and FTIR. Cr-
doped TiO, samples had smaller shapes compared to
pure TiO2. A mixed anatase and rutile phase was
obtained Cr was added. The rutile phase started
appearing at 1 wt% Cr and remained unchanged
with increasing Cr concentration. Besides that, the
crystallite size of anatase decreased from 69.55 to
17.39 nm for Cr-doped TiO2 NPs due to the presence
of rutile phase. The SSA increased and the crystallite
size decreased when the Cr concentration increased.
FTIR spectroscopy showed that the Ti—O-Ti vibration
bands shifted to a higher wavelength with the
addition of Cr. Based on these results, the suggested
optimum value for Cr concentration is 1 wt%, which
caused substantial changes on the structural properties
of TiO2 NPs.
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