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Cobalt- or iron-doped TiO2 nanocrystals were fabricated by the hydrothermal synthesis method.
The electronic structure and optical properties of the materials were studied by using XRD, UVDRS, and the FP-LAPW (Full-Potential Linearized Augmented Plane Wave) method. The bandgap energy of Co- and Fe-doped TiO2 obtained by FP-LAPW and UV-DRS was ca. 2.6 and 2.5 eV,
respectively. These doped materials absorbed visible light and exhibited photocatalytic activity for
oxidative decomposition of CH3 Cl to CO2 under visible light irradiation (λ > 420 nm). However,
only Fe-doped TiO2 showed the activity for CH3 Cl degradation to CO2 , probably due to its higher
oxidation potential, as the FP-LAPW calculation indicated.
PACS numbers: 36.40.Vz, 42.60.Fc, 42.62.Fi
Keywords: FP-LAPW method, Nanocrystals, Hydrothermal synthesis method, Anatase TiO2

I. INTRODUCTION

Titanium dioxide, TiO2 , has been considered a promising material for use in dynamic random access memories, dye-sensitized solar cells, photocatalysts for environmental remediation and water splitting, coating materials to obtain superhydrophilic surfaces, and optical
devices [1–9]. Further, the structure of TiO2 is of interest, because there are tetragonal (rutile and anatase)
and orthorhombic (brookite) crystal types. Among the
various structure types of TiO2 , the anatase-type TiO2
generally shows a higher photoactivity than the other
crystal types of TiO2 . However, TiO2 is active only under ultraviolet (UV) light (wavelength < 400 nm) due to
its wide band gap of ca. 3.2 eV (for crystalline anatase
phase). Photocatalysts that respond to visible light (λ >
400 nm) are needed to utilize the main part of the solar
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spectrum for production of hydrogen energy by splitting
water, purification of water and air, and other applications [3]. The development of visible-light-photocatalytic
materials, therefore, has become an important topic in
photocatalysis research today.
One promising approach to develop new photocatalysts is the tuning of the optical properties of UVlight-active catalysts by substitutional doping, as demonstrated in TaON [10], TiO2−x Cx [11], or TiO2−x Nx [12]
for anion doping. However, this substitutional doping,
in most of the cases, resulted in small absorption in the
visible-light region with the original band-gap absorption intact, rather than a total red-shift of the band-gap
energy, and also there is concern for the stability of substituted anions under reaction conditions. The metalcation-doped TiO2 particles are also interesting as materials absorbing visible light. Indeed, Choi et al. [13]
reported that the absorption edge of metal-doped TiO2
shifted to the visible-light region. Anpo et al. [14, 15]
showed that ion implantation of V, Cr, and several tran-
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sition metals shifted the absorption edge to the visiblelight region. These materials showed stability in reaction
systems involving water or air. Despite numerous previous studies on metal-doped photocatalysts, there is a lot
to be understood in the photocatalytic mechanism and
the structure and role of dopants.
To understand the working principle of doped photocatalytic materials active under visible-light irradiation,
we calculated the electronic structure of Co- and Fedoped TiO2 by FP-LAPW, and characterized them with
UV-vis diffuse reflectance spectroscopy (UV-vis DRS)
and X-ray diffraction (XRD). We believe that knowledge
of the electronic band structure is desired and very important for understanding the optical candidacy of doped
metal for relevant applications, such as phosphors and
visible-light photocatalysis.

II. EXPERIMENT
Metal-doped TiO2 was prepared by the sol-gel method
[8]. Thus, TiO2 sol was prepared by the controlled solgel method with titanium isopropoxide 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 dropwise under vigorous stirring to 46 ml of distilled water, which was adjusted to pH 1.6 with nitric acid. 0.1
mol of Co(NO3 )3 ·6H2 O and Fe(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 Fe(NO3 )3 ·6H2 O in 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 Fe-mixed
TiO2 , respectively. Next, the Co- or Fe-doped TiO2
was made by a hydrothermal-treatment (HT) method
at 150 ◦ C for 3 days. These samples were calcined at
400 ◦ C for 4 h in an electric furnace to obtain crystalline
powders of TiO2 . The Co- or Fe-doped TiO2 thus obtained was 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). For the purpose of comparison, nitrogendoped TiO2 was prepared by the hydrolytic synthesis
(HS) method [16, 17], 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.
Further, 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 .
The electronic-structure calculation was based on the
FP-LAPW (Full-Potential Linearized Augmented Plane
Wave) method, which used the generalized gradient ap-

Fig. 1. TEM images of (A) a precursor Fe-doped TiO2
sample prepared by the sol-gel and hydrothermal synthesis
methods, and (B) a precursor N-doped TiO2 sample prepared
by the hydrolytic synthesis method.

proximation within the density functional theory, known
to be an efficient and accurate scheme for solving manyelectron problems for a crystal. The Wien97 package
was used in this study. The crystallographic parameters including lattice parameters and atomic positions
were adopted from the literature for the calculation [18].
About 200 ppm of gaseous CH3 CHO or 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 thermalconductivity detector and a molecular-sieve 5-Å column.
The BET surface area was evaluated by N2 adsorption on
a constant-volume adsorption apparatus (Micrometrics,
ASAP2012).

III. RESULTS AND DISCUSSION
Figure 1 compares HR-TEM images of a typical
Fe-doped TiO2 prepared by the HT method and a
TiO2−x Nx prepared by the HS method. Fe-doped TiO2
nanoparticles prepared by the HT method assumed an
irregular spherical shape with a particle size of ca. 10
nm. The particle size of Co-doped TiO2 samples prepared by the HT method was almost the same as that
of the Fe-doped TiO2 sample. However, the TiO2−x Nx
sample consisted of fine particles that form agglomerates 100 nm in size. The particle sizes of Fe-doped TiO2
prepared by the HT method are smaller than that of
TiO2−x Nx prepared by the HS method.
In order to examine the crystallization behaviors of
anatase in various samples prepared by the HT and HS
methods, powder XRD patterns are shown in Figure 2
in the 2θ range of 10 ∼ 90◦ . XRD reflections of all the
samples exhibited a single phase of anatase. However,
the presence of both anatase and amorphous phases was
detected by XRD in samples (TiO2 and TiO2−x Nx ) heattreated below 350 ◦ C. In the case of the Co- or Fe-doped
TiO2 prepared by the HT method, no impurity peaks
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Table 1. Band gaps and BET surface areas of various
materials.
Photocatalyst
Fe-doped TiO2
Co-doped TiO2
TiO2−x Nx
TiO2 P25

BET Surface
Area (m2 /g)
98
84
48
51

Band Gap (eV)
UV-DRS Calculation
2.62
2.51
2.10
2.21
2.76
–
3.20
3.20

Fig. 2. Powder XRD patterns of TiO2−x Nx , M-doped
TiO2 (M = Co, Fe), and TiO2 . All samples were heat-treated
at 400 ◦ C.

Fig. 4. Time courses of CO2 evolution from CH3 Cl decomposition over various materials under visible-light irradiation
(λ ≥ 420 nm). Material: 1 g; CH3 Cl concentration: 200 ppm
in air.

Fig. 3. UV-vis diffuse reflectance spectra for various materials.

such as cobalt or iron oxides were observed. Application
of Scherrer’s equation on the half width of XRD peaks
gave a crystal size of 12 nm. Particle sizes estimated
from XRD (ca. 12 nm) and HR-TEM (ca. 10 nm) were
similar. The lattice parameters of anatase TiO2 with
tetragonal crystal structure were estimated to be a = b
= 3.78 Å and c = 9.49 Å from the XRD patterns in
Figure 2.
Figure 3 shows UV-DRS for the various materials. The
main absorption edge of TiO2 was estimated to be about
387 nm (3.2 eV). However, M-doped TiO2 (M = Co, Fe,
and N) showed a shoulder peak at a wavelength of around
590 – 473 nm, which was absent in the spectrum of TiO2 .
These shoulder peaks are probably due to absorption by
anion and metal doping. The energy band gaps estimated from the UV-vis spectra of M-doped TiO2 (M =
Co and Fe) are in the visible light region of 2.1 – 2.62 eV.
These band-gap energies are greater than the theoretical
energy required for water splitting (>1.23 eV). Table 1
summarizes the results of physical characterization for
a number of materials. Our M-doped TiO2 materials

are compared with nitrogen-doped TiO2 and bulk-type
TiO2 . The BET surface areas of M-doped TiO2 were
higher than those of N-doped TiO2 and TiO2 .
To evaluate the photocatalytic activity of these materials under visible light (λ > 420 nm), oxidative decomposition of gaseous CH3 Cl was tested. Figure 4 shows
the time courses of CO2 evolution from CH3 Cl decomposition over various materials as a function of irradiation time. Although N- and Fe-doped TiO2 showed
the activity for CH3 Cl degradation to CO2 , TiO2 and
Co-doped TiO2 showed no activity. In the case of Nand Fe-doped TiO2 , the concentration increased steadily
with irradiation time at a decomposition rate of ca. 8.7
× 10−4 mol/h only under irradiation of light. The CO2
production stopped when the light was turned off and
was resumed at the same rate when the light was turned
on again. The photocatalytic activity of Fe-doped TiO2
for CH3 Cl degradation was similar to that for N-doped
TiO2 .
Figure 5 shows the total and projected partial densities of states (DOS) for M-doped TiO2 and TiO2 , calculated by FP-LAPW. The computed band gap of the
pure TiO2 oxide was ca. 3.2 eV, which is the same as
the observed value of 3.2 eV. Thus, the distinguishable
contribution to the states at the top of the valence band
for TiO2 comes from the O 2p orbital, while the states
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Fig. 5. The total density of state of the M-doped TiO2 (M
= Co and Fe).
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while the valance band consists mainly of the O 2p orbital. 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 Fe 3d bands are located 2.2 –
2.51 eV below the conduction band, respectively. When
light of wavelength longer than 420 nm is used for illumination, the electrons in the Co 3d and Fe 3d bands are
excited to the conduction band, while Co2+ and Fe3+
lose one electron and become Co3+ and Fe4+ . There is
no such photoexcitation 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 a M-doped TiO2 remains the same as that of undoped TiO2 , yet the minimum energy of light necessary
to produce conduction-band electrons and valence-band
“holes” (which are actually the absence of electrons) is
greatly reduced, due to the interbands due to dopants
located in the band gap [3]. These holes can react with
water to produce the highly reactive ·OH. Both the holes
and the ·OH have very powerful oxidation potential for
organic-compound degradation.

IV. CONCLUSIONS
In this study, it was found that M-doped TiO2 (M =
Co and Fe ) has an electronic band structure absorbing
visible light by UV-DRS and FP-LAPW. However, only
Fe-doped TiO2 showed activity for CH3 Cl degradation
to CO2 . It is clear that the localized Fe 3d interband
is lower than the Co 3d interband. Thus, the oxidation
potential of Fe-doped TiO2 is much higher than that
of Co-doped TiO2 . Therefore, only Fe-doped TiO2 has
activity for CH3 Cl degradation.

Fig. 6. (A) Schematic band structure of M-doped anatase
TiO2 (M = Co and Fe), and (B) its mechanism of photocatalytic decomposition of CH3 Cl.
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at the conduction-band minimum are predominantly the
contribution of Ti 4d. However, the most significant feature in the band structure of Co- and Fe-doped TiO2 was
the formation of a new band near 2.2 – 2.51 eV. These
localized bands formed in the original band gap of TiO2
came from the Fe 3d and Co 3d orbitals. In the case of
Fe-doped TiO2 , the unoccupied Fe 3d orbital also contributed to the conduction band, which was composed
mainly of unoccupied Ti 4d, while the occupied Fe 3d
orbital contributed to the lower-energy part of the valence band, composed mainly of the O 2p orbital.
From the electronic-structure calculations and characterization results of UV-visible DRS and FP-LAPW,
the band structure of Co- and Fe-doped TiO2 can be
schematically described as in Figure 6. The conduction
band of TiO2 consists mainly of the broad Ti 4d orbital,
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