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We report here new findings on the visible light photodecomposition activity of gaseous iso-propyl alcohol over Cr and Fe co-
doped TiO2 nanoparticles. High surface area, doped TiO2 nanoparticles were synthesized hydrothermally and co-dopant
effects are investigated. The physico-chemical properties of the co-doped nanoparticles led to efficient photocatalysts. Cr and
Fe co-doped TiO2 nanoparticles exhibited two times higher photocatalytic activity for the photodecomposition of gaseous
isopropyl alcohol than the individually (Cr/Fe) doped TiO2 nanoparticles under visible light irradiation (λ > 420 nm). The
activity is mainly correlated to the larger absorptions around 496nm and 563nm wavelengths by co-doped TiO2 nanoparticles
than Fe doped TiO2 nanoparticles which possibly absorb λ > 496 nm.
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Introduction

Photon-induced chemical conversion using solar radiation,
has been a main focus of research since 1972 when
Honda and Fujishima [1] first reported the photocatalytic
ability of TiO2 to generate oxygen and hydrogen by
splitting water. The photo-induced chemical conversion is
of great importance for an efficient pollution abatement
and energy conversion. Titanium dioxide, an inexpensive
metal oxide semiconductor has demonstrated high activity
and stability for its applications in organic and inorganic
pollutant degradation to purify air and water [2-5] and
in obtaining superhydrophilicity of the solid surfaces.
[6, 7] However, TiO2 is active only under ultraviolet
(UV) light (λ<400 nm) due to its wide band gap of ca.

3.2 eV (for the crystalline anatase phase). Since the
fraction of UV radiation in the solar spectrum is less
than 5%, [8] TiO2 cannot exploit efficiently the abundant
solar radiation (dominant visible light) on earth. For a
smarter utilization of this dominant part of the solar
spectrum as well as  indoor applications under weak interior
lighting, the photocatalyst must be able to absorb visible
light photons. Consequently, the search of visible light-
active photocatalysts has become a subject of intense
research even today.

Apart from traditional visible-light photocatalysts (CdS,
WO3, Fe2O3, etc), [9, 10] two main popular paths have
been followed in this search; (i) to hunt for new

materials with suitable visible-light activity[11, 14] and
(ii) to modify the electronic structure of the known UV
active photocatalysts by intentional doping or substitution.
For the second case, the trend has been to convert the
UV-active oxides by cationic doping, as in NixIn1-xTaO4

and (V-, Fe-, or Mn-) TiO2 or SrTiO3, [15, 18] or anionic
doping of C, N and S, as in TiO2−xNx, and TiO2−xCx [19-21]..

However, these original lattices could accommodate
only very small dopant levels (much less than 10 atomic%)
without destroying the original structure. Thus, in general,
doped materials show a small absorption in the visible
light region with the original band gap absorption in
the UV region intact, rather than a total red-shift of the
band gap energy [22]. This limitation has contributed
to their low activities. The nanoparticle photocatalyst
form a different category of photocatalysts, which do
need independent attention.

Here, we report the new findings on Cr and Fe co-doped
TiO2 nanoparticles prepared by a hydrothermal synthesis
method, which showed a high activity for the photo
degradation of organic compounds under visible light
irradiation (λ > 420 nm). We studied the optical structure
of doped TiO2 nanoparticles and correlated the physico-
chemical properties with their photocatalytic behavior.

Experimental

Cr and Fe co-doped TiO2 nanoparticles were made by
a hydrothermal treatment (HT). The procedure involved
preparation of a sol and its hydrothermal treatment.
Accordingly, TiO2 sol was prepared from a controlled sol-
gel method using titanium isoproxide Ti(OCH(CH3)2)4

(99.0%, Aldrich Co.). One molar solution of Ti(OCH(CH3) 2)4
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in absolute ethanol (5 ml) was drop-wise added to
47 ml of distilled water under vigorous stirring. The
final pH was adjusted to 1.77 with nitric acid. Then 0.1
molar solutions of Fe(NO3)3·6H2O and Cr(NO3)3 · 6H2O
were dissolved in distilled water. The TiO2 sol was drop-
wise added to the aqueous solutions of Fe(NO3)3 · 6H2O/
Cr(NO3) 36H2O in a water bath with continuous stirring.
The final mixture was stirred for 2 h at 50oC until it
became a transparent greenish clear solution for Cr and
Fe co-doped TiO2. The mixture finally obtained was
subjected to a hydrothermal treatment for 5 days at
180 oC and were further calcined at 400 oC 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, in
which an ammonium hydroxide aqueous solution with
an 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 a N2 flow in an ice
bath while continuously stirred. These samples were
further calcined at 400 oC for 2 h in an electric furnace
to obtain crystalline powders of TiO2−xNx. The bulk-type
TiO2 was prepared from the controlled sol-gel method
of Ti(OCH(CH3)2)4.

The Cr and Fe co-doped TiO2 crystalline powders were
characterized by high-resolution transmission electron
microscopy (HR-TEM, Phillips Model CM 200), UV-
vis diffuse reflectance spectroscopy (Shimadzu, UV 2401),
powder X-ray diffraction (XRD, Mac Science Co.,
M18XHF). The BET surface area of Cr and Fe co-
doped TiO2 were evaluated by N2 adsorption on a constant
volume adsorption apparatus (Micrometrics, ASAP2012).
About 200 ppm of gaseous isopropyl alcohol (IPA) 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.

Results

Figure 1 displays the XRD patterns of pure and
doped anatase TiO2 nanoparticles. All the samples
exhibited the anatase structure of TiO2. The lattice
parameter of anatase TiO2 with a tetragonal crystal
structure was estimated to be a = b = 3.78 Å and
c = 9.49 Å. There was no effect of the dopants on the
crystal structure with the dopant concentration used in
the present study. The doped TiO2 did not show the
presence of chromium or iron related oxide phases.

The crystallite size (D) can be calculated using the
Scherrer’s equation,23 D = 0.9λ/B cosθ, 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 Bragg angle, and D is the particle size (nm). The
average particle size for TiO2 samples used in the study
was found to be 18 nm.

Figure 2 shows HR-TEM images of the samples (A;
Cr and Fe co-doped TiO2, B; TiO2−xNx) calcined at
400 oC. Figure 2(A) indicates that the average particle
size of Cr and Fe co-doped TiO2 particles at 21 nm, in
near agreement with the sizes estimated from XRD (ca.

18 nm). The particle sizes for M-doped TiO2 (M = Cr or
Fe) particles were also found to be similar as for the co-
doped TiO2 particles. The TiO2−xNx samples however
consisted of fine particles yielding agglomerates of
around 200 nm. The particle sizes of metal doped TiO2

prepared by the HT method were smaller than TiO2−xNx

particles obtained by the HS method.
The optical properties of pure and doped TiO2 were

probed by UV-DRS as shown in Fig. 3 which shows
that co-doped TiO2 exhibit larger absorption the visible
light region than others doped or pure TiO2. The main
absorption edge of TiO2 was estimated to be about 387 nm

Fig. 1. Powder XRD patterns of various materials (A) Cr-doped
TiO2, (B) Fe-doped TiO2, (C) Fe and Cr co-doped TiO2, (D) TiO2

calcined at 400 oC. O : Anatase phase.

Fig. 2. TEM images of samples (A) Fe and Cr co-doped TiO2, (B)
N-doped TiO2 calcined at 400 oC.
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(3.2 eV). However, doped TiO2 (M = Cr and Fe), Cr
and Fe metals co-doped TiO2 and TiO2−xNx showed
shoulder peaks in the wavelength range of 450-700 nm,
which were absent in the spectrum of TiO2. It is
reported that Cr3+ and Fe3+ ions show strong absorption
bands in the UV region[24]. Therefore, these shoulder
peaks are probably due to the absorption induced due
to dopants. The energy gaps estimated from the UV-vis
spectra of doped TiO2 and Cr and Fe co-doped TiO2 are
in the visible light region of 1.8-2.31 eV. These band gap
energies are greater than the theoretical energy required
for splitting water (> 1.23 eV). Table 1 summarizes results
of the physical characterization of different materials
under study. Further, the BET surface areas of Cr and
Fe metals co-doped TiO2 is similar to Fe/Cr doped TiO2,
but higher than TiO2−xNx and TiO2.

To evaluate the photocatalytic activities of these materials
under visible light (λ > 420 nm), oxidative decomposition
of gaseous IPA was carried out. Figure 4 shows the
time courses of CO2 evolution from IPA decomposition

over various materials as a function of irradiation time.
TiO2 showed no photocatalytic activity for IPA
degradation to CO2 under visible light. However, doped
and pure TiO2 showed the activity for IPA degradation
to CO2. Interestingly, Cr-Fe co-doped TiO2 showed the
highest activity. In the case of TiO2−xNx and doped
TiO2, the concentration of CO2 increased rapidly with
increasing irradiation time. The photocatalytic activity
of Cr-doped TiO2 for IPA degradation was similar to
that for TiO2−xNx. The CO2 production stopped when
the light was turned off and was resumed at the same
rate when light was turned on again. The Cr and Fe co-
doped TiO2 showed much higher decomposition rates
and activities than those of Cr/Fe doped TiO2 for IPA
degradation. Thus, the material co-doped with Cr and
Fe exhibited two times higher photocatalytic activity
for photodecomposition of IPA gases than Cr/Fe doped
particles under visible light.

Discussion

The favorable effect of co-dopants on the photocatalytic
performance was further analyzed. It can be recalled that
the TiO2 band gap consists of a contribution from O 2p
orbitals for the valence band and from Ti 4d orbitals
towards the conduction band. The band structures of the
Fe/Cr doped and co-doped TiO2 are mainly affected by
the 3d bands/energy states of these transition metal ions
(Cr3+ and Fe3+), thus the UV-vis absorption studies do
also indicate the respective absorptions below the main

Fig. 3. UV-vis diffuse reflectance spectra for the various materials.
A, TiO2; B, TiO2−xNx; C, Fe-doped TiO2; D, Cr and Fe co-doped
TiO2; E, Cr-doped TiO2.

Table 1. Band gap energy and BET surface areas of various
materials

Photocatalyst
Calcination
temperature

(oC)

BET
surface area

(m2/g)

Band gap(a)
energy
(eV)

Cr-Fe co-doped TiO2 400 93 2.52

Cr-doped TiO2

Fe-doped TiO2

TiO2−xNx

400
400
400

86
89
48

2.31
2.51
2.73

TiO2 - 51 3.20

(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.

Fig. 4. Time courses of CO2 evolution from IPA decomposition
over various materials under visible light irradiation (λ ≥ 420 nm).
Material, 0.3 g; IPA concentration, 200 ppm in air. X, TiO2;□ , Cr-
doped TiO2;◇, TiO2−xNx;△, Fe-doped TiO2;○, Cr and Fe co-
doped TiO2.
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absorption edges of TiO2 as described in the above section.
Thus, it also possibly indicates that the partially filled
Fe/Cr 3d band are located 2.2-2.5 eV below the conduction
band. Hence, when photons with wavelengths longer
than 420 nm are used for illumination, the electrons in
the Cr 3d and Fe 3d interbands, instead of electrons in
the valence band of TiO2, are excited to the conduction
band, while Cr3+ and Fe3+ loses one electron and becomes
Cr4+ and Fe4+. 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, Cr and Fe metals co-doped TiO2 absorb more
visible light photons than those of Fe/Cr doped TiO2. The
band gap energy for Cr and Fe co-doped TiO2 indicates
that the minimum energy photons necessary to produce
conduction band electrons, which, for example, can give
rise to valence band “holes”, which are actually the
absence of electrons [25]. These holes can react with
water to produce the highly reactive ·OH. Both the
holes and the ·OH have a strong oxidation potential
for the degradation of organic compounds. Thus above
discussion indicates a guideline to understand the role
of Cr- and Fe- co-doped TiO2 nanoparticles in yielding
better performance as a visible light photocatalyst.

Conclusions

In order to develop efficient photocatalysts working
with sun light, transition metals co-doped TiO2 nanoparticles
were synthesized by the hydrothermal synthesis
method and their co-doping effect was analyzed on the
photodecomposition of IPS. The average diameter of the
Cr and Fe metals co-doped TiO2 particles was estimated
to be 21 nm. They exhibited two times higher photocatalytic
activity for photodecomposition of gaseous isopropyl
alcohol (IPA) than did the individually (Cr/Fe) doped TiO2

nanoparticles under visible light irradiation (λ > 420 nm).
The activity is mainly correlated to the larger absorptions
around 496 nm and 563 nm wavelengths by co-doped
TiO2 nanoparticles than Fe doped TiO2 nanoparticles which
possibly absorb λ≤ 496 nm.
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