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Photophysical Properties of Nanosized Metal-Doped TiO2 Photocatalyst
Working under Visible Light
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Metal-doped TiO2 nanoparticles were prepared by the sol-gel and hydrothermal synthesis methods. The estimated quantum yields (QYs) of Pt/Cr-doped TiO2 nanoparticles was ca. 0.3 %. Cr-,
Co- and N-doped TiO2 showed the photocatalytic activity for IPA degradation to CO2 , but only
Cr-doped TiO2 produced H2 photocatalytically in the presence of methanol-water aqueous solution
under visible light (λ > 420 nm). Thus, in the case of Pt/Co-doped TiO2 , the electron excited to the
conduction band has a sufficient reduction potential to reduce H+ ion, but hole in the valence band
has lower oxidation potential than required for CH3 OH degradation to CO2 . Therefore, Cr- , Coand N-doped TiO2 show the different activity for the photocactalytic reaction of gases and solution
phases. The results of the calculated electronic structure and experimental optical properties are
correlated to schematically to describe the possible mechanism of the photocatalytic behavior of
the system under study.
PACS numbers: 36.40.Vz, 42.60.Fc, 42.62.Fi
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CuO, and PbO alone could not be used to obtain hydrogen from photocatalytic reduction of water, due to the
less negative conduction-band [9] edge than the reduction
potential of water, these compounds have the advantage
of absorbing visible light, since their band-gap energy is
smaller than 3.0 eV (>400 nm). Therefore, if we could incorporate these transition metals that can absorb visible
light into other semiconductors with a conduction-band
level more negative than the reduction potential of water,
it would be expected that H2 could be obtained through
excited electrons in the conduction band of the host oxide under visible irradiation. Recently, some UV-active
oxides were turned into visible-light photocatalysts by
substitutional doping of metals as in (Fe-, V- or Mn-)TiO2 [10] and Nix In1−x TaO4 [3], reduced TiOx (x < 2),
and anion doping with N, C, and S as in TiO2−x Nx [2],
TiO2−x Cx [11,12], TaON [13] and Sm2 Ti2 O5 S2 [14]. Despite such reports, there are no reports on the evolution
of H2 under visible irradiation from metal-doped TiO2
nanoparticles.
Here, we report the new finding that metal-doped
TiO2 nanoparticles have activity for the photoreaction
of water under visible light irradiation. We characterized
the electronic structure of Cr-doped TiO2 nanoparticles
by FP-LAPW, and characterized them with UV-vis diffuse reflectance spectroscopy (UV-vis DRS) and X-ray
diffraction (XRD). This report describes the characteristics of Cr-doped TiO2 fabricated by the hydrothermal

I. INTRODUCTION

Photocatalysis converts solar energy into clean hydrogen energy by splitting water, decomposing toxic organic
and inorganic pollutants to purify water and air, and providing superhydrophilicity to solid surfaces [1–5]. Most
of the applications have focused on TiO2 , which shows
high activity and long-term stability and is inexpensive
[6]. However, TiO2 is active only under ultraviolet (UV)
light (wavelength λ < 400 nm), due to its wide bandgap energy of ca. 3.2 eV (for anatase crystalline phase).
Since the fraction of UV in the solar spectrum is less than
5 %, TiO2 photocatalysis cannot efficiently exploit the
abundant natural resource, i.e. solar radiation, which
dominantly consists of visible light. In order to utilize
the main part of the solar spectrum, and even for indoor
applications under weak interior lighting, photocatalysts
absorbing visible light are required. Hence, development
of visible-light active photocatalytic materials is a subject of extensive current research in this field.
Traditional visible-light photocatalysts either are unstable under light illumination (CdS, CdSe, etc.) [7] or
have low activity (WO3 , Fe2 O3 , etc.) [8].
Although some transition metal oxides such as Cr2 O3 ,
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synthesis method and its photocatalytic activity for water splitting under visible light irradiation (λ > 420 nm).

II. EXPERIMENT
1. Material Preparation

TiO2 sol was prepared by the controlled sol-gel method
with titanium isoproxide Ti(OCH(CH3 )2 )4 (99.0 %,
Aldrich Co.). 5 mL of 1.0 M solution of Ti(OCH(CH3 )2 )4
in absolute ethanol was added drop wise under vigorous
stirring to 46 ml of distilled water which was adjusted to
pH 1.73 with nitric acid. 0.1 mol of Co(NO3 )3 ·6H2 O and
Cr(NO3 )3 ·6H2 O precursors were dissolved in distilled
water. The TiO2 sol was slowly added drop by drop to an
aqueous solution of Co(NO3 )3 ·6H2 O or Cr(NO3 )3 ·6H2 O
in a water bath with continuous stirring, and the mixture was stirred magnetically for 2 h at 50 ◦ C until it
became a transparent greenish or reddish clear solution
for Co- or Cr-mixed TiO2 , respectively. Next, Co- or
Cr-doped TiO2 was made by a hydrothermal treatment
(HT) method at 180 ◦ C for 4 days. These samples were
calcined at 400 ◦ C for 5 h in an electric furnace to obtain
crystalline powders of TiO2 . For the purpose of comparison, nitrogen-doped TiO2 was prepared by the hydrolytic
synthesis (HS) method [2, 15], in which ammonium hydroxide aqueous solution with ammonia content of 28 30 % (99.99 %, Aldrich Co.) was slowly added drop by
drop to titanium (III) chloride (TiCl3 , 99.0 %, Aldrich
Co.) under N2 flow in an ice bath while continuously
stirring. These samples were calcined at 400 ◦ C for 2
h in an electric furnace to obtain crystalline powders of
TiO2−x Nx . Also, bulk-type TiO2 was prepared by the
controlled sol-gel method with Ti(OCH(CH3 )2 )4 .
2. Electronic Structure and Physical Characterization

The Co- and Cr-(1 wt%)doped TiO2 thus obtained
were characterized by high-resolution transmission electron microscopy (HR-TEM, Philips Model CM 200),
UV-vis diffuse reflectance spectroscopy (Shimadzu, UV
2401), and powder X-ray diffraction (XRD, Mac Science Co., M18XHF) [16, 17]. The BET surface area
was evaluated by N2 adsorption on a constant volume adsorption apparatus (Micrometrics, ASAP2012).
The electronic structure calculation was based on the
FP-LAPW (Full-Potential Linearized Augmented Plane
Wave) method, which used the generalized gradient approximation (GGA) within the density functional theory,
known to be an efficient and accurate scheme for solving many-electron problems for a crystal. The Wien97
package was used in this study [18]. In order to acquire
a qualitative idea of the electronic structure of metaldoped nanoparticles of TiO2 , we followed the supercell

Fig. 1. Powder XRD patterns of (A) a precursor sample
prepared by the HT method, and of crystals formed in the
samples heat-treated at (B) 300 ◦ C, (C) 350 ◦ C, (D) 400 ◦ C,
(E) 450 ◦ C, (F) 550 ◦ C and (G) 650 ◦ C. Anatase: (a); Rutile:
(r).

approach similar to that used in earlier work [10,18]. We
used the results of calculations from present and earlier
study to improve the understanding of the photocatalysts. As our main interest is to understand the mechanism behind the working of photocatalysts, we have not
included the electronic-structure results in the present
report.
3. Photocatalytic Reaction

Photocatalytic water splitting was performed in an
outer irradiation-type Pyrex reactor equipped with a cutoff filter (λ > 420 nm) using a high-pressure Hg lamp
(oriel, 500 W). The material (0.3 g) was suspended in distilled water (100 mL) together with methanol (50 mL)
by magnetic stirring. The amount of H2 evolved was
analyzed by gas chromatography (TCD, molecular-sieve
5-Å column, and Ar carrier). About 200 ppm of gaseous
isopropyl alcohol was injected into a 500-mL Pyrex reaction cell filled with air and containing 0.3 g of a catalyst. The concentration of the reaction products (CO2 )
was determined by a gas chromatograph equipped with
a thermal-conductivity detector and a molecular sieve
5-Å column.
III. RESULTS AND DISCUSSION
Figure 1 shows powder XRD patterns for nanoparticles of Cr (1 wt%)-doped TiO2 prepared by thermal
treatment of samples prepared by the HT method. The
XRD patterns for the precursor and the sample treated
below 300 ◦ C were primarily those of amorphous solids,
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Fig. 2. TEM images of (A) a precursor Cr-doped TiO2
sample prepared by the hydrothermal synthesis method, and
(B) a Pt (1 wt%)/Cr-doped TiO2 sample.

indicating that the precursor sample was not crystalline
at low temperatures. The crystallization of anatase crystal in a precursor sample is completed between 350 ◦ C
and 450 ◦ C. The lattice parameters of anatase TiO2 with
tetragonal crystal structure were estimated to be a = b =
3.78 Å and c = 9.49 Å. The presence of both anatase and
rutile phases in a precursor sample heat-treated at 550
◦
C was detected by XRD. For all samples, the presence
of chromium oxide was not detected. Crystallite size can
be calculated by using Scherrer’s equation [19]: S = 0.9λ
/ Bcosθ, where λ is the wavelength of X-ray radiation
(λ = 0.154 nm), B is FWHM of the peak (radians) corrected for instrumental broadening, θ is the Bragg angle,
and S is the particle size (nm). The average particle size
of a typical sample (D) was found to be 16 nm.
Figure 2 shows HR-TEM images of a typical Crdoped TiO2 prepared by the HT method (A) and Pt(1
wt%)/Cr-doped TiO2 (B). From the observation by HRTEM shown in Figure 2(A), the diameter of the particles
was estimated to be 18 − 20 nm. This size is almost equal
to that estimated from the FWHM of an X-ray diffraction peak by using Scherrer’s equation. In Figure 2(B),
the TEM image of Pt(1 wt%)/Cr-doped TiO2 shows a
platinum particle size of ca. 10 nm. This indicates that
platinum is mostly deposited on the outer surface of Crdoped TiO2 nanoparticles.
The optical properties of various photocatalysts were
probed by UV-DRS as shown in Figure 3. Then a comparison was made with the base material, TiO2 , and
nitrogen-doped TiO2 , that is, TiO2−x Nx . The latter material is considered to be a standard example of a visiblelight photocatalyst; the band structure of TiO2 is modified by nitrogen doping to induce visible-light absorption
[2]. The main absorption edge of TiO2 was estimated to
be about 387 nm (3.2 eV). However, M-doped TiO2 (M
= Co and Cr) and TiO2−x Nx showed a shoulder peak at
a wavelength of around 550 − 450 nm, which was absent
in the spectrum of TiO2 . These shoulder peaks are probably due to the absorption by anion and metal doping.
The energy band gaps estimated from the UV-vis spectra of M-doped TiO2 (M = Co and Cr) are in the visible
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Fig. 3. UV-vis diffuse reflectance spectra for the various
materials.
Table 1. BET surface areas of various materials.
Photocatalyst
Cr-doped TiO2
Co-doped TiO2
TiO2−x Nx
TiO2 P25

Calcination
temperature (◦ C)
500
500
400
−

BET
surface area(m2/g)
87
84
48
51

Fig. 4. Time courses of CO2 evolution from IPA decomposition over various materials under visible light irradiation
(λ ≥ 420 nm). Sample: 0.3 g; IPA concentration: 200 ppm
in air.

light region of 1.8 − 2.31 eV. These band gap energies
are greater than the theoretical energy required for water splitting (>1.23 eV). Table 1 summarizes the results
of the physical characterization of the different materials under study. Our M-doped TiO2 materials are compared with TiO2−x Nx and bulk-type TiO2 . The BET
surface areas of M-doped TiO2 were higher than those
of TiO2−x Nx and TiO2 .
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Table 2. Photocatalytic activity for H2 evolution from an
aqueous CH3 OH solution as tested for the various materials.
Photocatalyst
Cr-doped TiO2
Co-doped TiO2
TiO2−x Nx
TiO2 P25

Band gap energy(a)
(eV)
2.31
1.82
2.73
3.20

H2 evolution
µmol/h
QY
2.2
0.3
0
0
trace
0
-

Material loaded with 1 wt% Pt, 0.3 g; light source; 450-W
Ace lamp (Oriel) with UV cutoff filter (λ ≥ 420 nm).
Reaction was performed in aqueous methanol solution
(methanol 30mL + distilled water 150 mL). (a) The wavelength at the absorption edge, λ, was determined as the
intercept on the wavelength axis for a tangent line drawn
on absorption spectra.

To evaluate the photocatalytic activities of these materials under visible light (λ > 420 nm), oxidative decomposition of gaseous IPA was tested. Figure 4 shows the
time courses of CO2 evolution from IPA decomposition
over various materials as a function of irradiation time.
Although N-, Co- and Cr-doped TiO2 showed activity
for IPA degradation to CO2 , TiO2 showed no activity.
In the cases of N- and Cr-doped TiO2 , the concentration of CO2 increased steadily with irradiation time at
a decomposition rate of ca. 1.48 × 10−3 mol/h under
irradiation of visible light. The photocatalytic activity
of Co-doped TiO2 was much lower than those of Cr- and
N-doped TiO2 . The CO2 production stopped when light
was turned off and was resumed at the same rate when
light was turned on again. The photocatalytic activity of
Cr-doped TiO2 for IPA degradation was similar to that
for TiO2−x Nx .
As the final test reaction, we studied the photodecomposition of water in the presence of sacrificial agents.
Methanol was used as holes scavenger. In Table 2,
H2 evolution from aqueous methanol-water solution over
various materials is summarized. H2 evolution was observed only over Cr-doped TiO2 when Pt was loaded
on its surface. H2 was evolved steadily with no indication of catalyst deactivation during 18 h, and no reaction took place without irradiation. Therefore, it could
be concluded that H2 evolution over Pt/Cr-doped TiO2
occurred photocatalytically. In order to investigate the
stability of the Cr-doped TiO2 under photocatalytic reaction conditions, we checked the structure of Cr-doped
TiO2 with an anatase structure before and after photocatalytic reaction. The structure and crystalline state of
Cr-doped TiO2 before and after reaction were almost the
same. Thus, Cr-doped TiO2 crystals are very stable under visible light and in aqueous solution. The quantum
yields (QEs) of these materials were calculated by using
the following equation [20]:
QE = evolution rate/12.639
× [(I1 − I3 ) − (I1 − I2 )] × A1 /A2 × 100,

Fig. 5. Schematic band structure of M-doped anatase TiO2
(M = Co and Cr) (A), and its mechanism for photocatalytic
decomposition of IPA (B), and methanol-water solution (C).

where I1 is blank light intensity, I2 is scattered light intensity, I3 is photocatalyst light intensity, A1 is lighted
area of the photoreactor, A2 is area of the sensor face,
and 12.639 is the mole number of photons with λ ≥ 420
nm emitted from the lamp for 1 h. The estimated quantum yield (QE) of Pt/Cr-doped TiO2 was ca. 0.3 %.
However, Pt/TiO2−x Nx showed only a trace amount of
H2 evolution (<0.1 %). Pt/TiO2 and Pt/Co-doped TiO2
did not produce any hydrogen under visible light irradiation (λ > 420 nm).
Based on our experimental and theoretical work and
an earlier report [9], we further analyzed our observations. From the electronic-structure calculation and
characterization results of UV-visible DRS and FPLAPW, the band structure of Co- and Cr-doped TiO2
can be schematically described as shown in Figure 5. The
conduction band of TiO2 consists mainly of broad Ti 4d
orbital, while the valence band consists mainly of O 2p
orbital (Figure 5(A)). The band gap energy between the
valence and conduction bands of M-doped TiO2 is 3.2
eV, while the partially filled Co 3d and Cr 3d bands are
located 1.8 − 2.31 eV below the conduction band, respectively. When light with wavelength longer than 420 nm
is used for illumination, the electrons in the Co 3d and Cr
3d bands are excited to the conduction band, while CO2+
and Cr3+ lose one electron and become Co3+ and Cr4+ .
There is no such photo-excitation of electrons 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 M-doped TiO2 indicates the minimum energy of light necessary to produce conductionband electrons, which, for example, can give rise to electrical conduction band and valence-band “holes”, which
are actually the absence of electrons [21]. These holes
can react with water to produce the highly reactive ·OH.
Both the holes and the ·OH have very powerful oxidation
potential to organic compound degradation.
In this study, Cr-, Co- and N-doped TiO2 showed photocatalytic activity for IPA degradation to CO2 (Figure
5(B)), but only Cr-doped TiO2 produced H2 photocat-
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alytically in the presence of aqueous methanol-water solution under visible light (Figure 5(C)). Thus, in the case
of Pt/Co-doped TiO2 , an electron excited to the conduction band has a sufficient reduction potential to reduce a
H+ ion, but a hole in the valence band has lower oxidation potential for CH3 OH degradation to CO2 . Therefore, Cr-, Co- and N-doped TiO2 show different activity for the photocatalytic reaction of gases and solution
phases.
IV. CONCLUSIONS
To explore the possibility of making new and efficient
photocatalysts active under sun-light, we have investigated the effect of metal doping on TiO2 . The photocatalytic activity of Pt/Cr-doped TiO2 for IPA degradation
was similar to that of N-doped TiO2 . However, only
Pt/Cr-doped TiO2 produced H2 photocatalytically in
the presence of aqueous methanol-water solution under
visible light. It is clear that the localized Cr 3d interband
is lower than the Co 3d interband. Thus, the oxidation
potential of Cr-doped TiO2 for CH3 OH degradation to
CO2 is much more positive than that of Co-doped TiO2 .
Therefore, Pt/Cr-doped TiO2 showed activity for photocatalytic decomposition of aqueous methanol-water solution. The results for the calculated electronic structure and experimental optical properties are correlated
schematically to describe the possible mechanism of the
photocatalytic behavior of the system under study.
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