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Abstract

Fe-doped TiO, catalysts were prepared by coprecipitation and the sol-gel method. The anatase to rutile phase transformation is dependent
on the nature of the precursor used. Sol-gel-derived iron-doped catalysts show the presence of rutile and pseudobrookite phases, whereas
coprecipitated catalysts show only the anatase phase. The role of the dopant ion is primarily to improve the charge separation of the
photoproduced electron-hole pairs via a permanent electric field. The photocatalytic activity of the iron-doped catalysts can be explained in
terms of the heterojunction formed between the Fe/TiO, and a-Fe,0; phases for the sol-gel-derived catalyst. ©1997 Elsevier Science S.A.

Keywords: Characterization; Iron-doped TiQ, catalysts; Photocatalytic properties; Synthesis

1. Introduction

Of the many semiconducting oxides, TiO, [ 1-3] is a suit-
able material. It offers a high light conversion efficiency,
mainly due to its stability in aqueous suspensions of different
pH value on irradiation and the relatively favourable dispo-
sition of its band edges. However, one disadvantage of TiO,
is that the bandgap energy is approximately 3.2 eV; therefore
UV illumination is necessary to photoactivate this semicon-
ductor. Another disadvantage of TiO, is that charge carrier
recombination occurs within nanoseconds and, in the absence
of promoters (e.g. Pt or RuO,), the photocatalytic activity is
low.

Attempts to improve the performance of TiO, as a photo-
catalyst and to extend its light absorption and conversion
capacity to the visible portion of the solar spectrum have
primarily been concerned with the effect of dopants [4-8].
A wide range of metal ions, in particular transition metal ions,
have been used as dopants for TiO,, and their effects on the
properties of the doped samples have been reported [9-11].

Although many studies have been reported on the electro-
chemical reduction of nitrite and nitrate ions in acidic media,
few investigations of the photocatalytic reduction have been
performed in neutral medium [ 12-14]. The purpose of this
study is to examine a number of experimental variables which
affect the photocatalytic reduction of nitrite and nitrate ions
on Fe-doped TiO, catalyst.
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2. Experimental details
2.1. Preparation of doped TiO,

The doped samples were prepared by coprecipitation and
the sol-gel method.

2.1.1. Coprecipitation method

In the coprecipitation method, iron and titanium hydroxide
were coprecipitated by reacting an aqueous solution of TiCl,
containing Fe** ions with vigorous stirring owing to the
exothermicity of the reaction. The solid was filtered and
washed repeatedly to remove C1~ (tested as AgCl(s)). After
standing for 24 h at room temperature, the solid was dried at
383 K for 24 h and calcined in air at 823 K for 24 h. The
temperature of 823 K for calcination was chosen for two
reasons, namely crystallization only occurred on heating at
823 K for 24 h and the impregnated and coprecipitated sam-
ples showed an endotherm around 723 K due to the decom-
position of adsorbed nitrate.

2.1.2. Sol-gel method

Iron-doped TiO, was prepared by the acid-catalysed sol-
gel method. The sol was prepared by mixing Ti(IV) isopro-
poxide with anhydrous 2-propanol, water, nitric acid and iron
nitrate with stirring. Three different sols were prepared with
varying ratios of alcohol and water content and different
molar ratios between Ti(IV) isopropoxide and acid. The gel
obtained was dried in an air oven at 383 K for 12 h. Crystal-
lization occurred in air by heating at 823 K for 24 h.
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2.2. Estimation of metal loading

The dopant concentration in the catalyst was analysed by
inductively coupled plasma atomic emission spectrometry
(ICPAES; model 3410, ARL) after calibration with a stan-
dard metal solution.

2.3. X-Ray diffraction (XRD) studies

X-Ray diffractograms were obtained for powdered sam-
ples with a Philips diffractometer (Philips Generator, Neth-
erlands; model PW 1130) provided with an on-line recorder
and dot-matrix printer (Tele type, USA). The diffraction
patterns were recorded at room temperature using Ni-filtered
Cu Ka radiation (A= 1.5418 A) for all the samples. A scan-
ning speed of 3° min~' and a chart speed of 5 mm deg™"
were employed.

2.4. Thermogravimetry (TG) and differential scanning
calorimeiry (DSC) studies

TG and DSC experiments of some of the catalysts were
carried out using a Perkin—-Elmer TGA-DSC-7 instrument in
the temperature range 322-873 K for TG studies and 323-
773 K for DSC studies in air. A flow rate of 20 ml min ' and
a heating rate of 20 °C min~' were employed for all the
samples.

2.5. Surface area (SA) studies

The SAs of the samples were measured by N, adsorption
at 77 K using the dynamic Biunauer-Emmett-Teller (BET)
method with a Carlo Erba (model 1800) sorptometer. The
samples were outgassed in an evacuation chamber to a pres-
sure of 10~ atm at 393 K prior to adsorpticn.

2.6. Diffuse reflectance spectroscopic studies

A Hitachi spectrophotometer (model 150-20) equipped
with an integrating sphere was used to record the diffuse
reflectance spectra of the samples. The baseline correction
was performed using a calibrated sample of barium sulphate.
The spectra were recorded at room temperature in air in the
range 350-900 nm. The same spectrophotometer was used to
record the UV absorption spectra of the solutions.

2.7. Photocatalytic studies

The photocatalytic experiments were performed in an all-
glass static system at ambient temperature and atmospheric
pressure. In all the experiments, 100 mg of the freshly pre-
pared catalyst and 20 ml of the appropriate solution (sodium
nitrite and sodium nitrate of appropriate concentration for
nitrite and nitrate reduction) were placed in a double-walled
cylindrical Pyrex glass reactor. The reactor was equipped
with water circulation in the outer jacket in order to maintain

a constant temperature and to act as an IR filter. The reaction
mixture was stirred at a constant speed during illumination
by a magnetic stirrer. The suspension was irradiated using a
450 W Xe lamp (Oriel Corporation, USA). Argon gas was
purged when nitrite (nitrate) solutions were illuminated.
Before starting the illumination, the reaction mixture was
stirred for 30 min in the dark. After irradiation, the solution
was centrifuged to remove essentially all the catalyst and the
centrifugate was analysed for ammonia.

2.8. Estimation of ammonia

Ammonia was estimated by the indophenol blue method
[15].

2.9. Electron spin resonance (ESR) studies

ESR spectra were recorded at the X band on a Varian (E
Line Century Series) spectrometer at ambient conditions of
temperature and pressure using DPPH (g=2.0036) as the
reference.

3. Results and discussion
3.1. Coprecipitated iron-doped TiO, catalysts

The X-ray diffraction patterns of the coprecipitated sam-
ples show peaks corresponding to the anatase phase of TiO,
only. No peaks due to haematite (Fe,0;) are observed in any
of the samples. Hence it is concluded that the incorporation
of iron in these catalysts does not catalyse the anatase to rutile
phase transformation, at least at the temperatures at which
these catalysts are calcined. The calculated lattice parameters
show that, with increasing iron content, there is an increase
in the unit cell volume, but beyond a certain value the unit
cell volume decreases. The ionic radius of Fe** is 0.64 A,
whereas that of Ti** is 0.68 A. The increase in the unit cell
volume indicates that Fe** does not replace Ti’* in the lat-
tice, but forms a solid solution. The characteristics of iron-
doped samples prepared by the coprecipitation method are
given in Table 1.

Table 1
Characteristics of iron-doped samples

Specimen Fe content Surface area Unit cell volume
(Wt.%) (m*g™") (A%

CP-1 0.11 524 136.58

CP-2 0.13 829 136.79

CP-3 0.28 359 136.89

SG-1 0.29 12.1 -

SG-2 1.48 N.D. -

SG-3 1.76 3.2 -

N.D., not determined.
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Fig. 1. Diffuse reflectance spectra of iron-doped TiO, catalysts.

TG analysis and DSC studies of the coprecipitated samples
show a small endothermic peak at approximately 723 K. This
is due to the decomposition of adsorbed nitrate, which is used
as the precursor. These results corroborate the fact that no
rutile phase is present in these catalysts.

The diffuse reflectance spectra of the specimens (Fig. 1)
show that the onset of absorption is shifted to longer wave-
lengths with increasing iron content. In addition, the absorb-
ance of the samples increases with increasing iron content.

The ESR spectrum of the coprecipitated sample containing
0.28 wt.% Fe (see Fig. 2(a)) consists of an intense line at
£=1.988 with a symmetric shape. This can be assigned to
“‘isolated’” Fe** ions in the anatase phase [ 16].

The photocatalytic activity of iron-doped TiO, catalysts
was examined and the results obtained are given in Table 2.
Since this is a comparative study, the amount of ammonia
formed after 2 h of irradiaticn alone was measured (the
amount of ammonia formed in this time period is within
measurable limits). No kinetic studies were attempted since
the amount of ammonia formed is low at short intervals. The
error in the estimation of ammonia is +0.05 pmol.

When TiO, is doped with a p-type donor, the rate of ammo-
nia production is expected to decrease monotonically with
increasing dopant concentration [ 15]. Indeed, this behaviour
is observed, i.e. the yield of ammonia (expressed per unit SA
of the catalyst) decreases with increasing iron content after
passing through a maximum. However, the pure TiO, semi-
conductor does not exhibit any activity. Thus the increase in
activity on doping with iron can be attributed to the increase

in lifetime of the electron-hole pairs. Another important fac-
tor is that the diffusion length of the minority carriers is also
influenced by the presence of iron species (2 pm for Fe-
doped TiO, compared with 1 pwm for TiO, [4]).

3.2. Sol-gel-derived catalysts

The X-ray diffractograms of the sol-gel-derived catalysts
show peaks due to rutile and pseudobrookite phases. No X-
ray diffraction peaks due to anatase are observed for any of
the sol-gel-derived catalysts.

The reactant composition and time required for gelation
are given in Table 3.

The sol-gel process includes two steps. The first step is the
hydrolysis of the metal alkoxide and the second step is polym-
erization. Since the process is acid catalysed, tle rate of
hydrolysis will increase with increasing acid concentration.
However, this has no direct effect on the gelation time.

The characteristics of the iron-doped samples prepared by
the sol-gel method are given in Table 1.

It is observed that the catalysts prepared with a large ROH/
Ti ratio have a higher SA. Diluting the reactants with the host
medium has the effect of separating the molecules and favour-
ing those reactions which depend less on the diffusion of the
larger species. Thus hydrolysis reactions are favoured com-
pared with polymerization reactions at high ROH/Ti ratios.
Consequently, the particle size decreases with dilution and
hence SG-1 exhibits a higher SA (see Table 1).
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Fig. 2. ESR spectra of iron-doped TiO, catalysts.

Table 2
Photocatalytic activity of iron-doped TiO, catalysts

Catalyst Fe content Yield of ammonia (pmot)
(WL%)
NO'_; -~ NH, NO; ""NHq

CP-i 0.1t 041 0.25
CP-2 0.13 0.78 045
CP-3 0.28 0.35 0.07
5G-1 0.29 0.38 0.19
5G-2 1.48 2.84 0.36
SG-3 1.78 0.08 -

Reaction conditions: 20 ml of nitrite (nitrate). 2 h irradiation, 100 mg
catalyst.

Table 3
Reactant compositions for sol-gel-derived catalysts

Specimen Temperature H,O/Ti ROH/Ti Ti: HNO, Gelatior time

(K) (b
SG-1 318 18 41 044 20
SG-2 308 25 20 1.25 24
SG-3 308 30 23 1.30 2

ROH, 2-propanol.

The diffuse reflectance spectra of the sol-gel-derived iron-
doped catalysts are shown in Fig. 1. With an increase in iron
content, enhanced absorption is observed in the visible
region.

The ESR spectrum of the sol-gel-derived catalyst SG-1 is
shown in Fig. 2(b). The peaks can be assigned to Fe** ions
substituting for Ti** in the TiO, rutile lattice [ 17].

The photocatalytic activities of the sol-gel-derived iron-
doped TiO, catalysts were examined and the results obtained
are given in Table 2. For the sol-gel-derived catalysts, there
is an optimum iron content.

The diffuse reflectance spectra of the sol-gel-derived cat-
alysts exhibit high absorbance due to the accumulation of
iron-rich layers at the surface. The heterojunction formed by
the contact between the two chemically distinct phases plays
an important role in determining the activity of the catalysts.

The negligible activity exhibited by the heavily doped cat-
alyst, namely SG-3, can be explained as follows. The factor
that can contribute to this low activity is a simple optical
screening effect, in which the iron oxide surface phase
absorbs all of the electromagnetic radiation and the core phase
cannot be activated directly. The existence of Anderson states
has been proposed by Bickley et al. [18]. Accordingly, a
similar condition can be expected to prevail in the overlayer
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Fig. 3. Heterojunctions formed between Fe.0, and TiO; catalysts.

of iron(III) oxide when the anatase to rutile phase transition
occurs. This transition is assisted by the presence of anion
vacancies, creating Fe** ions, which result in the precipita-
tion of the iron-rich oxide layer, since the rutile phase has a
lower limit of solubility [ 16] for Fe®* than the anatase phase.
Since the observed effect of the overlayer is to cause deacti-
vation, it is assumed that the existence of Anderson states in
the overlayer promotes a favourable condition for electron—
hole recombination [ 19] as illustrated in Fig. 3(¢).

In catalysts SG-1 and SG-2, the iron-saturated TiO, matrix
need not necessarily be covered entirely by iron(1Il) oxide
or Fe,TiOs. Thus the screening effect may operate over a
portion of the external surface, but activation of the remaining
portion of the iron-saturated surface is possible. Thus these
two specimens exhibit moderate activity. The different kinds
of heterojunction formed between TiO, and the a-Fe,O,
phase are depicted in Fig. 3.

In the specimen SG-1, the contact between the doped TiO,
matrix and the a-Fe, 0, phase is depicted in Fig. 3(b). Elec-
tron transfer from the Fe/TiO, phase to the iron oxide is
facilitated, while hole transfer has an activation energy of 5--
10 kJ mol ™', In specimen SG-2, a similar circumstance pre-
vails for the conduction band electrons, but the magnitude of
the activation energy for hole transport into the iron oxide is

approximately 30-40 kJ mol ~', with electron-hole recom-
bination less favoured as shown in Fig. 3(a).

4. Conclusions

The following conclusions can be drawn from the present
investigation.

1. The anatase to rutile phase transformation is dependent
on the nature of the precursor used. Sol-gel-derived iron-
doped catalysts show the presence of rutile and pseudo-
brookite phases, whereas coprecipitated catalysts show
oaly the anatase phase of TiO,. )

2. The onset of absorption is shifted to longer wavelengths
on doping TiO, with Fe cations. In addition, the absorb-
ance values increase with increasing dopant con-
centration.

3. The role of the dopant ion is primarily to improve the
charge separation of the photoproduced electron-hole
pairs via a permanent electric field.

4. An increase in dopant ion content favours electron-hole
separation and therefore enhances the photoactivity. How-
ever, beycnd a certain level, the space charge layer
becomes thicker, and the probability of carrier recombi-
nation is increased. Thus there is an gptimal value at which
the photoactivity reaches a maximum.

5. Doping of TiO, may influence the adsorption of the rea-
gent species ( the equilibrium dark adsorption of nitrite is
higher for doped catalysts than for pure TiO,) and may
also induce a displacement of the Fermi level. This dis-
placement does not seem to affect the effectiveness of the
electron-hole pair separation with respect to that of pure
TiO,.

6. The resulting photoactivity of the doped catalysts derives
from a balance of the above factors, some of which play
contrasting roles.
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