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We studied the photophysical properties of metal-doped photocatalytic materials active under
visible light irradiation in order to understand the operating principles. We synthesized chromiumdoped nanocrystalline titanium oxide by using the sol-gel and the hydrothermal synthesis methods.
After heat treatment for the samples, we characterized their structures and basic properties by
using conventional X-ray di raction patterns, UV-visible absorption spectra and high-resolution
transmission emission microscope. The photoluminescence spectra in the visible region at room
temperature were taken to study the photophysical properties of the synthesized nanoparticles.
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I. INTRODUCTION

Titanium oxide (TiO2 ) has been considered as a
promising material in applications such as dye-sensitized
solar cells, water splitting, coating materials to obtain
super hydrophilic surfaces and optical devices [1{3]. The
structure of TiO2 is of interest because it forms in tetragonal (rutile and anatase) and orthorhombic (brookite)
phases. Among these phases, the anatase phase generally shows a higher photoactivity than the other phases
of TiO2 [4]. Photocatalysis converts solar energy into
clean hydrogen energy by splitting water, decomposes
toxic organic and inorganic pollutants to purify water
and air and provides superhydrophilicity to the solid surface [5]. TiO2 is applied for photocatalysis for environmental remediation in order to decompose volatile organic compounds (VOCs, kinds of endocrine disruptors
or environmental hormones) completely [6]. Although
TiO2 shows excellence in decomposing VOC's by using
UV light due to its wide band gap of 3.2 eV (for the
crystalline anatase phase), it is dicult to absorb visible
light because of its energy band structures. The development of phtocatalysts absorbing visible light has become
one of the attractive concerns in energy-related areas [7].
It is utilized in the main part of the solar spectrum for
production of hydrogen energy by splitting water, for the
puri cation of water and air and for other applications.
In preparation of metal-ion-doped TiO2 , doping metal
ions into the anatase phase is more e ective than dop
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ing than into the rutile phase because the oxidation and
the reduction reactions in the anatase phase are much
easier than those in the rutile phase due to the negative values of the reduction potential of hydrogen atom.
The anatase phase is reported to be photocatalytically
active than the rutile phase [4]. Therefore, the synthesis of metal-ion-doped anatase TiO2 is very important
in the development of visible-light active photocatalytic
materials.
We have reported transition metal-ion (Co2+ and
Fe3+ )-doped TiO2 for photocatalytic activities [8].
In this study, we prepared chromium (Cr3+ )-doped
nanocrystalline TiO2 by using sol-gel and hydrothermal
methods in order to understand the principle of transition metal-ion-doped photocatalytic materials active
under visible-light irradiation. We annealed the TiO2
nanoparticles and characterized their basic properties
by using the absorption spectrum, the X-ray di raction
(XRD) patterns and high-resolution transmission electron microscope (HR-TEM). We studied the photophysical properties of TiO2 nanoparticles by taking photoluminescence (PL) spectra at room temperature. We found
that the Cr3+ -doped nanocrystalline TiO2 had a higher
eciency for operation under visible-light photocatalysis.
II. EXPERIMENTAL DETAILS

Cr3+ -doped TiO2 was prepared using the sol-gel and
the hydrothermal methods. First, TiO2 was prepared
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Fig. 2. HR-TEM image of a Cr3+ -doped TiO2 sample
synthesized using the sol-gel and the hydrothermal methods.
Fig. 1. XRD patterns of Cr3+ -doped TiO2 samples after
heat treatment at various temperatures. The heat treatment
temperatures are from top to bottom 900  C, 800  C, 700  C,
600  C, 500  C, 400  C and 350  C. The upper patterns are
vertically shifted for clarity. The open circles and the open
squares represent the anatase and the rutile phase peaks, respectively.

from the controlled sol-gel method of titanium isopropoxide (TIPO, Ti(OCH(CH3 )2 )4 , Aldrich, 99.0 %). The 5
ml of a 1.0-mole solution of TIPO in absolute ethanol
was added to 46 ml of distilled water drop-by-drop with
vigorous stirring, which was adjusted to pH 1.6 with nitric acid. The 0.1 mole of chromium nitrate nonhydrate
(Cr(NO3 )3 9H2 O, Aldrich, 99.0 %) precursor was dissolved in distilled water. The TiO2 sol was slowly added
drop-by-drop to an aqueous solution of Cr(NO3 )3 9H2 O
in a water bath with continuous stirring and the mixture
was stirred for 2 hours at 50  C until it became a transparent reddish clear solution of Cr-mixed TiO2 . Second,
the Cr-mixed TiO2 solution was treated hydrothermally
at 180  C for 4 days. The samples were calcined at various temperatures from 300  C to 900  C for 5 hours
in an electric furnace to obtain nanocrystalline powders
of TiO2 . The obtained powder was characterized using
HR-TEM (Phillips CM 200), UV-visible absorption spectrophotometer (Shimadzu, UV 2401) and X-ray di ractometer (MacScience M18XHF).
The synthesized powder was pressed into a pellet with
a 1 cm diameter for the PL measurement. The PL
spectra were measured with a steady-state uorescence
system with a 450-W Xe lamp. The excitation light
from the Xe lamp selected by using a 300-mm-focallength monochromator (Dongwoo DM320) was focused
onto the sample. The PL from the samples was collected
and refocused into the emission monochromator (Dongwoo DM320) with a 300 mm focal length. The PL was
detected by using a photomultiplier tube (Hamamatsu
R955) and was accumulated with a computer. All spectra were taken at room temperature.

III. RESULTS AND DISCUSSION

We checked the crystallization of the synthesized
nanoparticles by using the XRD patterns with copper
K radiation. The obtained patterns were compared
with the standard data in JCPDS for the identi cation
of the phases formed. Figure 1 shows the XRD patterns
of the synthesized nanoparticles after heat treatment at
di erent temperatures. All samples show the tetragonal
structure of TiO2 . For heat treatment at temperatures
above 600  C, the samples showed only the rutile phase,
but below that temperatures, both the anatase and the
rutile phases were observed. For all samples, however,
the chromium oxide was not observed at all. We estimated the average particle size by using Scherrer's equation:

r =

S

B cos 

;

where S is the Scherrer constant, which is 0.89 for
a Gaussian distribution,  is the wavelength of Xrays (0.154 nm), B is the full width at half maximum
(FWHM) of the XRD peak in radians corrected for instrumental broadening and  is the di raction angle. The
estimated average particle size was found to be about 16
nm. According to the XRD patterns of Figure 1, the
estimated lattice parameters of the anatase TiO2 phase
are a = b = 3.78 
A and c = 9.49 
A.
Nanoparticles are usually coupled to an environment
consisting of other nanoparticles, a glass or polymer support matrix, or a solid substrate and this mechanical interaction can modify a nanoparticle's low-frequency vibrational spectrum [9]. Figure 2 shows a HR-TEM image
of a synthesized Cr3+ -doped nanocrystalline TiO2 . We
can observe that the synthesized nanoparticles have circular, but irregular shapes and form clusters. The diameter of the nanoparticles estimated from the TEM image
is found to be 18  20 nm, which is quite close to the
value estimated from the FWHM of the peaks by using
Scherrer's equation, as shown in Figure 1.
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Fig. 3. UV-visible absorption spectra in pure and Cr3+ doped TiO2 nanoparticles. The dashed line and the dotted
line represent absorption of Cr3+ -doped and pure TiO2 , respectively.

Figure 3 shows absorption spectra of pure and Cr3+ doped TiO2 nanoparticles, where the spectrum of TiO2
was introduced for comparison. Generally, pure TiO2
has the main absorption band around 387 nm (3.2 eV).
However, our nanocrystalline TiO2 shows a blue shift of
this main absorption band and almost constant absorption throughout the visible range. Since the optically
active 3d electrons are outside the ion core, they interact
strongly with electric elds of nearby ions and in consequently the associated crystal eld e ects are stronger
than those experienced by rare-earth ions. Thus, Cr3+
ion shows strong absorption bands in the UV region. In
addition to this strong band in the UV region, Cr3+ doped TiO2 shows a broad shoulder peak around 450 
550 nm, which is in good agreement with the fact that the
Cr3+ ion has strong visible absorption bands [10]. This
additional peak is due to the absorption by anions and
metal-ion-doping in TiO2 . The estimated energy band
gap of Cr3+ -doped TiO2 nanoparticles from the absorption spectrum in the visible region is around 536 nm (2.3
eV). This band gap energy is greater than the theoretical energy required for water splitting (1,010 nm or 1.2
eV). When we compare the obtained result with other
transition metal-doped TiO2 [11], the band gap energy
is higher than that of Co2+ -doped TiO2 , but lower than
that of Fe-doped TiO2 .
The conduction band of TiO2 consists of a broad 4d
orbital in Ti4+ , while the valence band consists of the
2p orbital of O2 . The band gap energy between the
valence and the conduction bands in Cr3+ -doped TiO2
is 3.2 eV, while the partially lled Cr3+ band is located
at 2.3 eV below the conduction band. When light with
wavelengths longer than 420 nm is used for illumination,
the electrons in the 3d bands of Cr3+ are excited to the
conduction band while Cr3+ loses one electron and becomes Cr4+ . There is no such photo-excitation of elec-

trons in the valence band of TiO2 because the energy of
the incident light is much less than the band gap energy.
Thus, the band gap energy for transition metal-doped
TiO2 indicates the minimum energy of light necessary to
produce conduction band electrons, which, for example,
can give rise to electrical conduction band and valence
band \holes" which are actually the absence of electron
[11].
Figure 4 shows PL spectra of Cr3+ -doped nanocrystalline TiO2 after heat treatment at di erent temperatures. In all spectra, the excitation wavelength from the
Xe lamp was 460 nm (2.17 eV), in the long-wavelength
tail of the 4 A2 ! 4 T2 absorption band. The Cr3+ -ions
were studied extensively because the luminescence transitions can be so sharp and of such high quantum efciency that trace amounts of Cr3+ are easily detected
and identi ed in many solids [12]. However, the observed
bands in the Cr3+ -doped nanocrystalline TiO2 of Figure 4 are quite broad. We think that this broadening
is due to the non-uniform spherical shape and the particle size distribution of the nanoparticles, interactions
between the nanoparticles themselves, or additional disorder present in the smaller particles. For a transition
metal ion in a tetrahedral crystal eld, the even parity
component of the crystal eld can be characterized by a
crystal eld parameter Dq , but this has a negative value.
The crystal eld splitting of a 3d7 system in a tetrahedral
crystal eld is the same as that in an octahedral crystal
eld, but with negative Dq and we know that this has
the same pattern as the splitting of a 3d3 system in an
octahedral eld. Thus, the splitting of the level of Co2+
(n = 7) in a tetrahedral eld is similar to the splitting of
Cr3+ (n = 3) in an octahedral eld. Thus, the general
features of the spectrum are quite similar to our previous
results for Co2+ [8].
The emission of the Cr3+ ion consists of two sharp lines
(the so-called R lines) in the far red. Since it is a line, it
must be due to the transition 2 E ! 4 A2 ; the emission of
transition-metal ions originates from the lowest excited
state. The lifetime of the excited state amounts to some
ms because the parity selection and the spin selection
rule apply. The emission line is followed by some weak
vibronic transitions: Obviously this emission transition
belongs to the weak coupling case. In some cases, the
4 T2 level is lower for relatively low crystal elds. Optical
absorption occurs to the spin-quartet levels in view of
the spin selection rule. Thus, there are three transitions
possible: 4 A2 ! 4 T2 , 4 T1 (4 F ) and 4 T1 (4 P ). The broad
band around 625 nm ( 2.0 eV) corresponds to the transition between the 4 A2 and the 4 T2 states with a shorter
decay time. Another band around 690  700 nm corresponds to the transition between the 4 A2 and the 4 T1
(4 F ) states. Both bands of Cr3+ ions show red-shifts of
their positions compared with those in other bulk-type
crystals [11,12] due to the di erent crystal elds of the
host material and the size con nement of nanoparticles.
The strength of the crystal eld on the Cr3+ ion is very
important for its optical properties. For high crystal eld
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sic properties by using XRD patterns, UV-visible absorption spectra and HR-TEM. We studied the photophysical properties of synthesized TiO2 nanoparticles by
taking the photoluminescence spectrum in the visible region at room temperature. We found that chromiumdoped nanocrystalline TiO2 produced in the presence
of a methanol-water aqueous solution is a candidate for
visible-light photocatalytic applications.
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Fig. 4. PL spectra of Cr3+ -doped TiO2 samples after
heat treatment at di erent temperatures. Upper spectra were
shifted upward for clarity. The heat treatment temperatures
are from top to bottom 900  C, 800  C, 700  C, 600  C and
500  C.

strengths, the color is red. However, the color is green for
low crystal eld strengths and the emission is broad band
in the near infrared [12]. We think that our nanocrystalline samples have low crystal eld strengths and lots
of disorders. More work is needed for a full understanding of the transition mechanism of Cr3+ ions, such as
the excitation spectra of the samples and the emission
spectra using lasers.
The results in this work provide new insight into the
optical properties of localized centers in disordered materials, such as nanoparticles. We have reported the photocatalytic activity of Cr3+ -doped TiO2 [8]. Combining
the former results and present results provide a possible mechanism for the photocatalytic behavior and the
photophysical properties of the system clearly.

IV. SUMMARY

In order to understand the operating principles of transition metal-doped photocatalytic materials active under
visible light irradiation, we synthesized chromium-doped
nanocrystalline titanium oxide by using the sol-gel and
hydrothermal synthesis methods. After heat treatment
of the samples, we characterized their structures and ba-
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