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anatase TiO, nanoparticles synthesized by sol-gel method
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Abstract The photocatalytic degradation of methylene
blue (MB) has been investigated under visible light irra-
diation with an incandescent light bulb using chromium
doped TiO, nanoparticles. Cr—TiO, photocatalysts were
successfully synthesized by sol-gel method at room tem-
perature and characterized by X-ray diffraction (XRD),
UV-Vis diffuse reflectance spectroscopy (UV-Vis DRS),
Raman spectroscopy, Transmission electron microscopy
(TEM) and X-ray photoelectron spectroscopy. The band
gap energy of the nanoparticles were estimated using UV—
Vis DRS technique. With increasing Cr’" cations content
into TiO, host lattice, the optical absorption band tuned in
the visible region. XRD and TEM results reveal uniform
and crystalline anatase TiO, nanoparticles. The pho-
todegradation of MB indicated that the photocatalytic
activity of pure TiO, nanoparticles increased with
increasing Cr’ " cations concentration.
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1 Introduction

Semiconductor photocatalysis is a promising technology
for solar water splitting and purification of air and water
[1]. Among various candidates, TiO, is a versatile material
and has attracted great attention as an excellent photocat-
alyst for photocatalytic disinfection and degradation of
various environmental contaminants. It is considered to be
an ideal photocatalyst as it is chemically inert, photostable,
highly reactive and inexpensive [2, 3]. However, TiO, can
only absorb ultraviolet (UV) light (A < 390 nm) due to its
wide band-gap (3.0-3.2 eV), leading to absorption in only
a small region of the solar spectrum. The undesired
recombination of photoexcited charge carriers limited the
effective application of TiO,. To avoid recombination by
increasing the lifetime of e/h™ pairs and to lower the band
gap, doping with metals, non-metals or a combination of
both is usually performed [4-6].

Metal doping in TiO, for photocatalytic application
has gained lot of attention since enhancing the visible
light response by lowering the charge carrier recombi-
nation. It is well known that metal ions doping in TiO,
can influence the intrinsic properties of the semicon-
ductor photocatalyst by extending its photoresponse into
the visible. Importantly, metal-doped TiO, facilitates
electron-hole separation and promotes the interfacial
electron transfer processes. The optical absorption edge
of the different transition metal ion doped TiO, is found
to shift from UV to visible region of electromagnetic
spectrum of light. This red shift in metal-doped TiO, was
attributed to the charge-transfer transition between the d
electrons of the dopant and the conduction band (CB) of
TiO, [7].

The report came in 2010, Choi et al. [8] studied the
effect of 13 different single metal ion dopants Ag*, Rb*,
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NiZ*, Co?*, Cu?t, V3*, Ru*t, Fe?t, 0s°+, Y3+, La’+,
Pt4+, Pt2+, Cr3+, and Cr®" on visible light reactivity of
TiO,. Among the various transition metal ions, Cr has been
mostly used as a dopant since Cr doping extends the
photoresponse to visible-light range by narrowing the band
gap [9-13]. Doping TiO, with Cr has found to promote
photoelectrochemical water decomposition and photo-
degradation of organic compounds using solar energy [11].
Zhang et al. [14] investigated the photocatalytic activities
of Cr/TiO, nanotubes prepared by the combination of sol—
gel process with hydrothermal treatment. Buddee et al. [15]
reported the improvement in the photocatalytic property of
amorphous TiO, by doping it with Cr(IIT) and Fe(III) ions
for methylene blue degradation. Choudhury et al. [16]
investigated the effect of Cr-doping on the structural,
optical and magnetic properties of TiO, nanoparticles. The
photocatalytic behavior of chromium-doped titania and
chromium supported on the surface of titania were studied
by Ould-Chikh et al. [17].

However, despite the absorption in the visible-light
region, chromium-doped TiO, has been found to be pho-
tocatalytically inactive. This has been explained by the
creation of additional oxygen vacancies upon chromium
doping, as vacancies might constitute recombination sites
for electron-hole pairs [18]. Though, it has been reported
that the Cr-doped TiO, show lower visible-light photo-
catalytic activity than other transition metal ions doped
TiO, but the Cr-doped TiO, may even show lower UV-
light photocatalytic activity than TiO, [15]. Various fac-
tors, such as the physicochemical properties of TiO, (in-
cluding particle size and crystalline phase), preparation
methods for doping and the organic probe for photocat-
alytic activity test, have been confirmed to influence the
final results for photoactivity test [19].

To understand the aforementioned controversy, there-
fore, in this work Cr-doped TiO, nanoparticles have been
prepared with various doping concentration by modified
sol-gel method at room temperature. The structural, optical
and photocatalytic properties of the doped nanoparticles
were also investigated.

2 Materials and methods
2.1 Materials

Titanium(IV) isopropoxide and sodium dodecyl sulfate
were purchased from Sigma Aldrich. Chromium(III) nitrate
nonahydrate were from SD Fine Chemicals (Mumbai,
India). Ammonia, ethanol and methylene blue from Duk-
san Pure Chemicals Co. Ltd Korea. Solutions were pre-
pared using water from a Millipore Water Milli Q
purification system. All chemicals used as received.
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2.2 Synthesis of photocatalyst

The Cr-doped TiO, nanoparticles were synthesized with the
slightly modified sol-gel method, which was reported pre-
viously [20]. In the preparation, titanium(I'V) isopropoxide
was mixed with glacial acetic acid and magnetically stirred
for 5 min, and then aqueous solution of sodium dodecyl
sulfate followed by 50 mL of deionized water was added and
again stirred for 40 min. To get the desired concentration of
Cr’tionasa dopant (1.0-3.0 mol%) in TiO,, required sto-
ichiometric amount of aqueous solution of Cr(NO3)3-9H,0
was then added and stirred for 60 min. Then 20 mL of
ammonia solution was added and the mixture was further
stirred at 60 °C for 2 h. The resulting product was filtered,
washed with ethanol and dried at 110 °C in an oven. The
catalyst was calcinated in air at 400 °C for 4 h. The different
samples such as 1.0 mol% Cr-doped TiO,, 2.0 mol% Cr-
doped TiO,, and 3.0 mol% Cr-doped TiO, are denoted as
Cr1-TiO,, Cr2-TiO, and Cr3-TiO,, respectively.

2.3 Photocatalytic activity test

The photocatalytic activity of the prepared samples was
evaluated with the degradation of MB under UV and vis-
ible light irradiations. In a glass beaker, 10 mg L™ of
photocatalyst and 100 mL of MB (1.6 x 107> mol L™
were stirred magnetically. The distance between the
applied lamps and the surface of MB solution was 15 cm.
The photodegradation was carried out at 25 °C by using a
200 W incandescent lamp (NB 220-C 200 W, Lanxi
China). A UV-cut-off filter was inserted just below the
white light lamp to filter the UV radiations with wave-
length A < 410 nm. Prior to light irradiation the catalyst
and MB solution were stirred magnetically in the dark for
45 min to reach adsorption equilibrium. At regular time
intervals, 1.5 mL of the solution was aspirated and cen-
trifuged. Concentration of residual solution was estimated
using UV-Visible-NIR spectrophotometer (Shimadzu UV
3150). Since the degradation mechanism of MB is well
known with high reliability, we have monitored pho-
todegradation by using a UV-Vis spectrophotometer.

The photodegradation rate of MB was calculated by the
following equation:

% Degradation rate of MB = (Cy — C;/ Cp) x 100
(1)

where Cy is the initial concentration of MB and C, is the
concentration of MB at the irradiation time t.

2.4 Characterizations

The prepared samples have been characterized by various
techniques such as XRD, TEM, XPS, Energy Dispersive
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X-ray Spectroscopy (EDS), Raman spectroscopy and UV—
Vis diffuse reflectance spectroscopy. The powder X-ray
diffraction patterns of the nanoparticles were recorded at
room temperature on a Bruker D8-advance diffractometer
using Cu Ka (A = 1.5418 A) radiation to identify the
crystal phase. The diffraction data were collected in the 26
range of 10°-90° in step scan mode at a rate of 3°/min.
TEM images of the samples were obtained with a Tecnai
F30 field emission transmission electron microscope
operating at 300 kV. EDS analysis was carried out to
estimate the elemental composition of the sample. UV-Vis
diffuse reflectance absorbance spectra of the samples were
recorded with a UV-visible spectrophotometer (UV3600,
Shimadzu, Japan) in the range of 200-800 nm. Raman
spectra of the samples were obtained with a Raman spec-
trometer of Bruker make at a Laser power of 16 mV with
256 scans. X-ray photoelectron spectroscopy (XPS) mea-
surements were carried out to examine the valence states of
chromium element in Cr-TiO, nanoparticles. The XPS
spectra were recorded on a Physical Electronics 5600
Multi-technique System with monochromatic Al Ko
radiation.

3 Results and discussion
3.1 X-ray diffraction analysis

XRD patterns of TiO, and Cr-doped TiO, nanoparticles are
shown in the Fig. 1. XRD was used to investigate phase
structures and crystallite size of the prepared nanoparticles.
The diffraction pattern of the all Cr-doped TiO, nanopar-
ticles matches with the standard anatase TiO, (JCPDS
21-1272). All Cr-doped TiO, nanoparticles consist of

= a=TiO,

I b=Cr1-TiO,

¢=Cr2-TiO,

d=Cr31-TiO,

Intensity (a.u.)

20
26 (Degree)

Fig. 1 XRD pattern of TiO, and Cr-TiO, nanoparticles

anatase as a unique phase. The crystallite size calculated by
using Scherer’s equation range from 12 to 14 nm. The
diffraction pattern does not show any peak of secondary
phase or other impurities such as chromium oxides. The
peak position and intensity were not significantly affected
by doping of Cr into the TiO, host lattice. The ionic radii of
Cr’t is 0.755 A, which is very close to that of Ti*"
(0.745 A), a TiO, crystalline lattice [8]. This shows that
substitutional doping of Cr’" occurred rather than inter-
stitial doping in the Ti*" sites.

3.2 UV-Vis diffuse reflectance spectroscopy

UV-Vis diffuse reflectance spectra of TiO, and Cr-doped
TiO, nanoparticles are presented in Fig. 2. The sol-gel
synthesized Cr-doped TiO, nanoparticles show absorption
edge at 417, 436 and 477 nm for Cr1-TiO,, Cr2-TiO, and
Cr3-TiO, samples, respectively. The band gap energy
values were determined by linear fitting the absorption
edge. The band gap energy values were calculated to be
3.21, 3.0, 2.86 and 2.60 eV for TiO,, Cr1-TiO,, Cr2-TiO,
and Cr3-TiO, samples, respectively. The increase of Cr
ions contents in TiO, host lattice leads to linear increase in
the optical absorption to the visible light region. The
extended absorption in the visible region is due to the
excitation of the electrons from the Cr to the conduction
band of TiO,. [8] The observed red shift in Cr-TiO,
samples is consistent with the incorporation of Cr’" into
the titania matrix. The absorption spectra of the Cr-TiO,
samples show more absorption than TiO, in the visible
region, which indicates the existence of surface states. The
oxygen vacancies should have been created to maintain
charge neutrality due to metal doping, inducing bath-
ochromic shift in the band gap transitions [12, 21].

a=TiO,
b=Cr1-TiO,
¢=Cr2-TiO,
d=Cr3-TiO,

Absorption (a.u.)

T y T T T i T v T
300 400 500 600 700

Wavelength (nm)

Fig. 2 UV-Vis diffuse reflectance spectra of TiO, and Cr-TiO,
nanoparticles
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Influence of doping on optical properties of TiO, is clearly
evident in UV—Vis spectra and it is manifested by change
of the color of doped samples from light to dark brown.
The extended absorbance of Cr—TiO, nanoparticles into the
visible region provides a possibility for enhancing the
photocatalytic activity of TiO, for visible or solar light
induced applications.

3.3 Raman spectroscopy

We carried out Raman spectroscopy experiments for fur-
ther investigation of structural phases of TiO, and Cr-
doped TiO, nanoparticles. Raman spectra of the samples
are consistent with XRD data and suggests a pure phase as
seen in Fig. 3. All samples exhibited a Raman peak pattern
similar to the characteristic feature of anatase structured
TiO.,.

The tetragonal anatase structured titania belongs to D
(I4,/amd) space group and may have following normal
lattice vibration modes.

Anatase = Ajy + Big+ Bog+ Eg (2)

The strongest E, mode at 145 cm_l, arises due to the

external vibration of the anatase structure is well resolved,
which demonstrates that an anatase phase for all samples.
A very small peak at 197 cm™! is attributed to intrinsically
weak vibrations in anatase TiO,. For all samples, the peaks
at 147, 445 and 639 cm™! belong to By, E, and A,
modes, respectively. The peaks at 516 and 396 cm ™' can
be attributed to B, and the peaks at 196, 144 cm~! cor-
respond to E, vibration modes [22]. Interestingly, any

peaks related to other oxides are not detected for Cr—TiO,

nanoparticles. This reveals that the dopant is
—TiO,
Crl-Tio,
Cr2-Ti0,
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Fig. 3 Raman spectra of TiO, and Cr-TiO, nanoparticles
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substitutionally interposed in the TiO, frame-work
replacing Ti*" cations. The absence of Raman bands (235,
447, and 612 cm™") corresponding to the rutile phase of
TiO, again confirms the phase purity of the samples [23].

3.4 Transmission electron microscopy

A typical TEM image of TiO, and Cr3-TiO, nanoparticles
can be seen in the Fig. 4. The diameters obtained from
TEM analysis are in good agreement with those obtained
from XRD analysis, which distribution from 7 to 14 nm.
This demonstrates that the all Cr-doped TiO, nanoparticles
were anatase crystalline, well dispersed and non-spherical
shape. The selected area electron diffraction patterns
(SAED) of TiO, and Cr3-TiO, are shown in inset of
Fig. 4a, b, respectively. The bright spot in the center
indicates that the electrons are diffracted randomly by the
material and confirms crystalline nature of the TiO, and
Cr3-TiO, nanoparticles [24].

The content of doped ions in the TiO, matrices was
evaluated from EDS analysis. Figure 4c shows the ele-
mental compositions of the representative Cr3-TiO,
nanoparticles. From this figure, the peaks of corresponding
dopant, Ti and O can be clearly seen, indicating that the
nanoparticles contain dopants. Ti and O elements are found
to be essentially pure and with the absence of any other
impurities. All dopants of Cr were successfully identified,
indicating that the doped metal ions have been integrated
into TiO, host lattice. The obtained amount in EDS anal-
ysis was in good agreement with the doping contents.

3.5 X-ray photoelectron spectroscopy

XPS technique was used to study the surface chemistry of
the Cr3-TiO, sample (Fig. Sa—d). In survey spectrum, peak
observed at 284.6 eV corresponds to carbon impurities,
arising due to the background of XPS test or the residual
precursors [25].

The survey spectra for Cr3-TiO, sample exhibit pres-
ence of Ti, O, and Cr elements. The core level binding
energies of Ti 2p3/, and Ti 2p,,, are observed at 463.56 eV
and 457.87 eV, respectively which are in good agreement
with standard binding energies of anatase TiO, [26]. The
separation between the Ti 2p3, and Ti 2p, peaks is
5.69 eV. These values are consistent with the values of
Ti** cations of anatase TiO, [26]. The Cr 2p XPS spectrum
showed a major peak at 576.93 eV and a minor peak at
585.71 eV. The peak can be assigned to Cr’" [25]. Fig-
ure Sc show the XPS spectrum of O ls configuration. The
binding energies at 531.73 and 526.46 eV reveal the
existence of surface hydroxyl groups of TiO, as well as O
s of titanium lattice, respectively [27].
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Fig. 4 TEM image of a TiO, and b Cr3-TiO, nanoparticles (inset shows corresponding SAED pattern); ¢ EDS of Cr3-TiO, nanoparticles

3.6 Photodegradation of MB under visible light

MB is a distinguished histological dye that has extensive
applications in dying cottons, wools, temporary hair col-
orant, coloring papers and coating for paper stock [28, 29].
Although MB is not strongly dangerous, it can cause some
harmful effects such as heart rate, shock, Heinz body for-
mation, cyanosis, jaundice, vomiting, quadriplegia, and
tissue necrosis in humans [30].

In this study, MB used as a model dye to demonstrate
and compare the photocatalytic activity of metal modified
TiO, nanoparticles. The photocatalytic degradation activity
was tested with nanoparticles and a definite dye concen-
tration (1.6 x 107> mol L") under dark conditions and
with visible light irradiations.

Figure 6 indicates the absorption spectra of Cr3-TiO,
nanoparticles which demonstrates the photodegradation of
about 100 % of the MB solution after 10 h of the irradia-
tion under visible light. It can be seen that about 20 % of
the MB solution is mineralized under dark condition before
irradiation of visible light.

The absorption maximum wavelength shift from 664 to
630 nm during the irradiation was observed. Such blue-
shifted absorption is characteristic of N-demethylated
derivatives of MB; the hypsochromic shifts occurred
slowly. A mixture of N-demethylated analogs of MB

broadens the absorption spectra in the visible region [31].
Moreover, a parallel decrease in intensities and slight blue
shift of the bands located at 292 nm was observed; these
are caused by the N-demethylated degradation concomi-
tantly with the degradation of the phenothiazine [32, 33].
The absorption of MB decreased with irradiation time due
to photocatalytic degradation process under visible light.
The plausible reaction mechanism for the photocatalytic
degradation is given below.

TiO; + hv — TiOy(h" +e7) (3)
H,O +h" — OH+ H* (4)
O, +e — Oy (5)

The absorption of a photon with energy greater than the
band gap of the TiO, excites a valence band electron to the
conduction band, generating a positive hole in the valence
band. The generated holes (h™) are trapped by H,O and
OH™ groups adsorbed on the surface of TiO, to generate
hydroxyl radicals, and the electrons (e™) are attracted to the
metal particle due to the difference in the work functions
between TiO, and metal nanoparticles, thus preventing the
recombination of photogenerated charge carriers [34, 35].
Hydroxyl radicals and superoxide anions produced by the
photocatalytic process oxidize most the organic com-
pounds until complete decomposition is achieved [36, 37].
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Houas et al. [38] proposed that the decomposition of MB
leads to the transformation of organic carbon into CO,
while that of nitrogen and sulfur into inorganic ions. The
resulting degradation process is as shown the equation
below.
hv/TiO,

Ci6H1sN3SCI 4 25.50, — "16CO, + 6H,0 + HCI

+ H,SO4 + 3HNO; (6)

The photocatalytic activities of different samples are
evaluated with the degradation rate of MB. Figure 7 shows
the variation of the photocatalytic degradation using vari-
ous samples estimated at the maximum absorption wave-
length of MB (664 nm) with the time of irradiation. After
15 h exposer, blue color of MB solution completely van-
ished in the presence of Cr-doped TiO, nanoparticles under
visible light irradiations. From figure it is observed that the
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Fig. 7 Time dependent photodegradation of MB in presence of TiO,
and Cr-TiO, nanoparticles under visible light irradiation

Cr3-TiO, exhibit much higher photocatalytic degradation
of MB than other samples. This reveals that the photocat-
alytic activity of TiO, can be enhanced by the doping with
chromium metal ions in the host lattice of TiO,.

As shown in Fig. 8, the degradation efficiency was
impressed with increasing Cr doping. For Cr-TiO,, MB
degradation rate depends on the Cr loading. Cr3-TiO,
nanoparticles presented the highest activity with 100 %
MB degradation at 10 h. In an extended time region, Crl—
TiO, and Cr2-TiO, were able to achieve complete MB
degradation in about 13 and 15 h, respectively. Here, Cr3—
TiO, nanoparticles had higher visible light photocatalytic
activity and this can be correlated with the enhanced vis-
ible light absorption of TiO, by doping with 3.0 mol%
chromium ions. The efficient absorption of visible light
does not seem to be a key factor which controls the visible-
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Fig. 8 Photocatalytic degradation of MB in presence of TiO, and
Cr-TiO, nanoparticles

light photocatalytic activity of metal ion doped TiO,.
Although to initiate photoreactions a visible-light absorp-
tion is obviously essential [8]. The variable activity of Cr-
doped TiO, nanoparticles may be due to the dopant con-
centration. The concentration of dopant should be consid-
ered here, since a high concentration of Cr*" in TiO, may
induce over-trapping of holes with Cr*™, which retards the
recombination of photogenerated charge carriers [9]. The
photocatalytic activity of metal ion doped TiO, strongly
depends on the crystalline nature, phase composition,
morphology, chemical composition, band gap, energy,
surface area, particle size, electron—hole recombination
rate, the existence of several dopants ions and synthesis
methodology [39-42].

The photoactivity can be enhanced by doping TiO, with
metal ions for improving the trapping-to-recombination
rate ratio. However, when metal ions are incorporated into
TiO, host lattice, the impurity energy levels formed in the
band gap of TiO, can also lead to decrease the rate of
recombination between photogenerated charge carriers.
Not all metal doped TiO, photocatalyst will exhibit posi-
tive effects. The dopant content directly influences the rate
of electron and hole recombination [43]. There is an opti-
mum concentration of dopant ions where the thickness of
the space-charge layer is similar to the depth of light
penetration.

The dopants like Cr*™ and Fe®" ions at a low concen-
tration promote the separation of photogenerated charge
carriers, which benefit the photocatalytic reaction. Con-
versely, the reaction between metal ions and electrons are
rapidly enhanced at higher concentration of dopants, which
is disadvantageous to photocatalytic reaction [15]. The
present investigation reveals that the addition of optimum
concentration of chromium ion into TiO, host lattice can
tune the photocatalytic activity in the visible region of
electromagnetic spectrum.

4 Conclusions

Cr doped anatase TiO, nanoparticles with visible light
activity were successfully synthesized by modified sol-gel
method at room temperature. XRD and Raman analysis of
Cr-TiO, nanoparticles show characteristic features of
nanocrystalline TiO, in tetragonal anatase phase. The
effect of low concentration chromium doping on the pho-
tocatalytic activity of TiO, was investigated by performing
the photodegradation of MB. The presence of chromium
dopant plays a vital role in altering physiochemical and
photocatalytic properties of TiO,. The optical band gap
energy of Cr-doped TiO, nanoparticles shifted in the vis-
ible light region. XPS analysis confirmed the proper sub-
stitution of Ti** cations by Cr° " cations in the TiO, matrix.
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Cr-TiO, nanoparticles showed higher photoactivity than
undoped samples. The photocatalytic degradation of MB is
enhanced with increasing chromium concentration in TiO,
host lattice. The doping of Cr’" cations into TiO, facili-
tated its photocatalytic activity under visible light irradia-
tion. Considering facile preparation process and visible
light activity at low dopant concentration, Cr-doped TiO,
photocatalyst are found to be plausibly applicable for
environmental remediation applications.
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