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RE/TiO; photocatalysts were prepared by the sol-gel method us-
ing rare earth (RE =La3*, Ce’t, Er’t, Pr3t, Gd3*, Nd*+, Sm?+)
metal salts and tetra-n-butyl titanate as precursors, and were char-
acterized by XRD, IR, UV-vis diffuse reflection, and transient
absorption spectra. Their photocatalytic activities were evaluated
using nitrite as a decomposition objective. As a result, suitable con-
tent of doping rare earth in TiO, can efficiently extend the light
absorption properties to the visible region. At the same time, it is
beneficial to NO, adsorption over the catalysts due to rare earth
doping. RE/TiO, samples can enhance the photocatalytic activity
to some extent as compared with naked TiO,. The increase in pho-
toactivity is probably due to the higher adsorption, red shifts to a
longer wavelength, and the increase in the interfacial electron trans-
fer rate. Nitrite is almost completely degraded over RE/TiO; cata-
lysts after longer irradiation, which is different from Degussa P-25
with a plateau of activity after ca. 20 min irradiation. Gd3*-doped
TiO, showed the highest reaction activity among all concerned RE-
doped samples because of its specific characteristics. The amount
of RE doping was an important factor affecting photocatalytic ac-
tivity; the optimum amount of RE doping is ca. 0.5 wt%, at which
each RE/TiO, sample shows the most reactivity. The photocatalytic
degradation reaction of nitrite over Gd3*-doped samples and P-25
follows apparent first order kinetics, which is different from that
of Sm3t, Ce3t, Er’t, Pr3t, La’*, and Nd3*-doped TiO; catalysts,
which obey zero-order Kinetics, indicating that these processes were
dominated by electron—hole recombination. @ 2002 Eisevier Science (USA)
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1. INTRODUCTION

Titania, as a photocatalyst, exhibits a number of attrac-
tive characteristics such as chemical stability, nontoxicity,
low cost, and the highest oxidation rate of the many pho-
toactive metal oxides investigated (1-7). Several reviews
and books provide an overview of this research and an ex-
planation of TiO,-mediated photocatalytic process (1, 6).
Although TiO; is the most widely used photocatalyst, its
large bandgap (E,=3.2 eV) requires that near-UV light
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be used to photoactivate this very attractive photocatalyst.
Unfortunately, in solar energy applications only ca. 3% of
the solar light is absorbed. In recent years, attention has
been paid to metal-doped titania specimens, testing their
efficiency in replacing naked TiO; (8-17). So far, this tech-
nology has not been successfully commercialized, in part
because of the low photocatalytic degradation efficiency
on the surface of TiO, particles, which is due to the fast
recombination rate of photogenerated electron-hole pairs.
The quantum yields of most photocatalytic reactions are
still extremely low and seldom exceed 1% in a liquid-phase
photocatalytic system (18). In order to slow down the re-
combination rate of the electron-hole pairs and enhance
interfacial charge-transfer efficiency, the properties of TiO,
particles have been modified by selective surface treatments
such as surface chelation, surface derivatization, platiniza-
tion, and by selective metal ions doping TiO, (19-23).

There have been many reports on transition metal ion
and noble metal dopants in TiO; investigated previously.
The preparation of rare-earth-doped TiO, nanoparticles
and their photocatalytic properties have seldom been re-
ported so far.

In this paper, we present a comparative study on the
photocatalytic efficiency of bare TiO, and rare-earth-doped
titania prepared by the sol-gel method with precursors of
rare earth nitrate salts and tetra-n-butyl titanate, and the
enhanced photocatalytic performance of rare-earth-doped
TiO, is demonstrated. RE/TiO, catalysts are also charac-
terized by XRD, DRS, and transient absorption spectra.

2. EXPERIMENTAL

2.1. Catalyst Preparation

RE/TiO, particles were prepared by the sol-gel route
using tetra-n-butyl titanate and the rare earth metal salts
La(N03)3 . 6H20, CG(NO3)3 . 6H20, EI’(NO3)3 . 5H20,
PI‘(NO3)3 . 5H20, Gd(NO3)3 . 5H20, Nd(NO3)3 . 6H20,
and Sm(NO3)3 - SH,O as the precursors. In the molar ratio
Ti(OBu)4 : C;HsOH : H,O : HNO3=1:20:6:0.8, 12.5 ml
Ti(OBu)4 (C.P) was dissolved in 33.3 ml ethanol with
stirring for 10 min; then 0.25 ml HNO3 was added dropwise
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to the above solution under stirring for 30 min. Another
solution containing 16.7 ml ethanol, 1.5 ml H,O, and rare
earth metal salts in the required stoichiometry was slowly
added into the above solution, the mixture was hydrolyzed
at room temperature for 40 min under vigorous stirring,
and the transparent sol was obtained. The gel was prepared
by aging the sol for 48 h at room temperature. The derived
gel was dried at 373 K for 24 h to remove the solvents and
then fired in air at 773 K for 3 h and milled into powders
for use. Pure TiO; was prepared in the same way.

2.2. Catalyst Characterization

Polycrystalline XRD patterns were obtained for the pow-
dered samples using a Rigaku Max-3A. The diffraction pat-
terns were recorded at room temperature using Ni-filtered
CuK « radiation (A = 0.15418 nm) for all samples. The par-
ticle size was determined from the diffraction peak broad-
ening with the Scherrer formula D =0.891/8 cos 6 (24).
Unit cell volume was obtained by using Bragg’s Law. The
surface area of the samples was measured by N, adsorption
at 77 K using the dynamic BET method using a Carlo Erba
(Model 1800) sorptometer. The samples were outgassed in
an evacuation chamber to a pressure of 107> atm at 393 K
prior to adsorption. The IR analysis was carried out using
KBr discs in the region of 4000400 cm~! by using FTIR-
Bruker-EQUINOX-55 at ambient conditions. A Shimadzu
spectrophotometer (Model 2501PC, Japan) equipped with
an integrating sphere was used to record the diffuse re-
flectance spectra of the samples. The baseline correction
was done using a calibrated sample of barium sulfate. The
spectra were recorded at room temperature in air in the
range of 300-900 nm. Samples used for the laser flash pho-
tolysis experiments were prepared by adding an aqueous
suspension of the catalyst to a quartz cell (10 x 2 mm).
The samples were excited with pulses from a Q-switch
third-harmonic Nd:YAG laser (355 nm, 5 ns FWHM).
Excitation pulse energies were ~10 mJ/pulse. Transient ab-
sorption kinetics was observed using a CW He-Ne laser
as a probe. All decay kinetics was monitored by following
the trapped charge carrier absorption at 544 nm. The mea-
surements were performed under Ar bubbling. Three spec-
tra for each sample were averaged to obtain the displayed
spectra.

2.3. Photocatalytic Activity Testing

The photocatalytic activities of pure TiO, and RE/TiO,
catalysts were tested by using nitrite degradation. Nitrite
(NO;) was chosen as amodel compound because it is a rep-
resentative inorganic pollutant in water. Experiments were
performed in a Pyrex photochemical reactor with a 300-W
high-pressure mercury lamp (1 =290-450 nm, 365 nm peak
intensity, GGZ-300Z, China). Running water was passed
through the double wall to cool the reaction solution and re-
move the IR fraction of the beam. The photon flow per unit
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volume inside the cell, measured by uranyl oxalate actinom-
etry,was 1.2x 1077 einsteins s~! dm~> and was kept constant
in all experiments. All experimental conditions were kept
constant as follows: catalyst concentration = 1 g dm™~3; ini-
tial nitrite concentration Cy = 1.2 (+0.1) x 10~* mol dm—3;
open, magnetic stirring; pH = 6.5. Before irradiation, sus-
pensions were stirred for 30 min in the dark to ensure equi-
libration of nitrite over the oxide surface, and the amount of
adsorption of nitrite on the oxides was tested. At least five
photocatalytic experiments were carried out for each con-
dition, averaging the results. No reaction was found in any
case in the absence of the photocatalyst. After irradiation
the solution was periodically withdrawn and centrifuged
to remove almost all the catalyst, and the centrifugate
was analyzed for nitrite. The concentration of nitrite was
analyzed by standard N-(1-naphthyl) ethylene diamine
hydrochloride colorimetric method. Absorbance was de-
termined by 722 UV-vis spectrophotometer (Lingguang,
China) at 540 nm. The error in the determinations was lower
than 2.2%.

3. RESULTS

3.1. Catalyst Characterization

The XRD patterns showed that only anatase was found in
all samples of rare-earth-doped TiO,. Table 1 gives the char-
acteristics of Sm*-doped samples containing different con-
tents of Sm. Particle sizes of Sm**-doped samples slightly
decrease with nominal content of Samarium increasing as
compared with undoped TiO,. The decrease in particle size
can be attributed to the presence of Sm—O-Ti in the doped
samples, which inhibits the growth of crystal grains (23).
From the values given in Table 1 it is clear that there is not
much change in unit cell volume between pure TiO, and
Sm>*-doped samples.

The results obtained from the diffuse reflectance spec-
tra are shown in Fig. 1. The spectra of rare earth metal-
doped TiO, show red shifts in the band gap transition. The
absorption edge shifts to a longer wavelength in the or-
der of Gd*" > Nd** > La*t > Pr*+ (Er*t) > Ce’t > Sm3+
doped samples (the DRS spectra of Nd3*-, La**-, and

TABLE 1

Characteristics of Pure TiO, and Sm3+-Doped TiO,
with Different Doping Contents

Particle size Surface area Unit cell volume

Catalyst (nm) (m? g (A%

Pure TiO, 20 357 136.51
0.1 wt% 17 389 136.46
0.5 Wt% 13 44.5 136.55
1.0 wt% 14 40.6 136.64
2.0 wt% 16 373 136.49
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FIG. 1. Diffuse reflectance spectra of pure TiO, and Sm3*-, Ce3*-,
Er’*-, and Gd**-doped TiO, (from left to right, with the same content of
0.5 wt%).

Pr3*-doped samples are not shown herein). Red shifts of
this type can be attributed to the charge-transfer transition
between the rare earth ion f electrons and the TiO, con-
duction or valence band (25). Moreover, the absorbance of
the rare earth doped samples was found to increase with
increasing in rare earth content.

3.2. FTIR Analysis

Infrared studies were used to identify the state of rare
earth ions in the rare earth doped samples. By comparing
IR spectra of Sm**-doped TiO, (3.0 wt% Sm dopping) and
of pure TiO, (not shown herein), a new band at 490 cm~!
was observed in the spectra of Sm**-doped samples. This
band is attributed to the Sm—O bond (26). It can be seen Sm
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FIG.2. Transient absorption decays observed at 544 nm in the
microsecond time scale for (a) naked TiO,; (b) Sm**-doped sample
(0.5 wt%); (c) Gd**-doped sample (0.5 wt%).
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TABLE 2

Comparison of the Fitting Parameters (Eq. [1]) from the
Transient Absorption Decays with the Apparent Degradation Rate
Constants

Apparent rate constant

Dopant Ay (x1073) kg (x107)  ky (x10°) (mol dm— min—1)
Undoped 1.29 1.85 1.47 0.8 x 10~
Gd3* 9.87 1.34 0.96 9.1 x10°¢
Sm3+ 3.45 2.73 1.12 22 %107

ions dispersed on the surface of TiO; in the form of metal
oxides. IR spectra also show other rare earth ions dispersed
on TiO; particles in the form of rare earth oxides RE;O3
formed during the calcination process.

3.3. Transient Absorption Spectra

The decay profiles of photoexcited absorption are shown
in Fig. 2. All excited state decays in microsecond time region
were fitted to the following double-exponential equation:

A(t) = A + B exp(—kit) + By exp(—kat). [1]

The fitting parameters for three samples and their corre-
sponding reaction rate constants are listed in Table 2. No
correlation was observed between the decay constants (k;
and k;) and the photocatalytic activity. However, the A,
which is determined from the plateau region, seems to cor-
relate between A, and the photoreactivity. A, represents
the residual absorption by the trapped charge carriers that
survive recombination over the nano- to microsecond time
domain (9).

3.4. Adsorption Measurements

The equilibrium adsorption of nitrite was studied. Sus-
pensions were stirred for 30 min in the dark to ensure
equilibration of nitrite over the oxide surface, and the
amount of adsorption of nitrite on the oxides was tested
by comparing the concentration before and after stir-
ring. The saturation amount of nitrite adsorbed on Sm3*-
doped TiO; containing different content of Sm and other
rare-earth-ion-doped samples is given in Table 3 and Table 4

TABLE 3

Equilibrium Adsorption of Nitrite in the Dark
over Sm3*-Doped TiO, Catalysts

Catalyst Percentage of nitrite adsorbed (%)
0.0 wt% 35
0.1 wt% 5.6
0.5 wt% 6.5
1.0 wt% 5.1
2.0 wt% 4.0
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TABLE 4

Equilibrium Adsorption of Nitrite in the Dark
over Different Rare-Earth-Doped TiO,

Catalyst Percentage of nitrite adsorbed (%)
Pure TiO, 3.5
1.0 wt% Sm’*+ 5.1
1.0 wt% Ce3* 71
1.0 wt% Er’* 9.2
1.0 wt% Pr+ 9.3
1.0 wt% La’*+ 11.7
1.0 wt% Nd** 12.8
1.0 wt% Gd**+ 18.4

respectively. Percentage of nitrite adsorption was evaluated
from (1 — C/Cyp) x 100, where C and Cy represented the
equilibrium concentration and the initial concentration of
nitrite, respectively. From Table 3, it is observed that the
amount of nitrite adsorbed on 0.5 wt% Sm3*-doped TiO,
shows the highest value. From Table 4, it can be seen that
the amount of nitrite adsorbed on all rare-earth-doped sam-
ples is more than that of pure TiO,, and the adsorption on
Gd**-doped sample shows the highest value among all rare-
earth-doped samples.

3.5. Photocatalytic Activity Measurement

The photocatalytic oxidation of nitrite over Sm**-doped
samples was evaluated and the results are shown in Fig. 3. It
is clear from Fig. 3 that 0.5 wt% Sm**-doped TiO, showed
the most activity among all samples. Moreover, it can be
seen that plots of Sm**-doped samples are linear, indicating
that the disappearance of NO, obeys a zero-order equa-
tion, i.e., C/Cy = 1 — (K/Cy)t, since the reaction rate
constant is independent of NO; concentration. Zero-order

0 10 20 30 40 50 60

Irradiation Time (min)

FIG. 3. Normalized concentration vs reaction time for nitrite degra-
dation over Sm**-doped TiO, catalysts.
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FIG. 4. Photocatalytic degradation conversion of nitrite over differ-
ent rare earth doped TiO; catalysts. Catalyst: 1: pure TiO5; 2: Sm>* doping;
3: Ce*t doping; 4: Er** doping; 5: Pr** doping; 6: La** doping; 7: Nd*+
doping; 8: Gd** doping with the same concentration (1.0 wt%).

kinetics was also observed for Ce3*-, Er*t-, Pr3t-, La3t-,
and Nd**-doped TiO; catalysts in the degradation of nitrite.
As we will discuss later, this behaviour could be explained
on the basis of a high electron-hole recombination rate.

Figure 4 showed the results of the photocatalytic degra-
dation of nitrite over the different rare earth doped sam-
ples with the same doping content (1.0 wt%) for 40 min
irradiation. It is obvious that all rare earth doped samples
shows higher reactivity than of pure TiO,, and Gd**-doped
TiO, sample exhibits the highest photocatalytic acvitity of
all tested samples due to its particularity.

The photocatalytic degradation of nitrite over Gd*-
doped TiO, catalysts and Degussa P-25 is given in Fig. 5.
It is clear from Fig. 5 that 0.5 wt% Gd3*-doped sample
showed the highest activity among all samples at longer
irradiation times. Although P-25 presented the highest ini-
tial rate together with the 0.5 wt% Gd**-doped sample,
an inhibition corresponding ca. 75% NO; conversion oc-
curred after 20 min irradiation when using P-25, this result is
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FIG.5. Normalized concentration vs reaction time for nitrite degra-

dation over Gd**-doped TiO, catalysts and Degussa P-25.
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FIG. 6. Dependence of the rate constants on the content of Gd** in
the T102

agreement with that of Hori et al. (27). Any inhibition was
not found with the Gd**-doped samples. It can also be seen
that the photocatalytic oxidation reactions of nitrite over
Gd**-doped samples and P-25 follow the apparent first-
order kinetics by analyzing this data. Figure 6 shows the
rate constants k of nitrite oxidation over different content
Gd**-doped samples, which were obtained by correlating
the Langmuir-Hinshelwood kinetics model with these data
(L-H relationship : R=kKC /(1 + KC), where R is the re-
action rate, k is the rate constant, and K is the adsorption
equilibrium constant). It can be seen from Fig. 6 that the
rate constant of the sample doped with 0.5 wt% Gd has the
highest value (9.1 x 107 mol dm~3 min~!).

4. DISCUSSION

The ionic radii of Sm**, Ce3t, Er’t, Pr3t, La3*, Nd3*,
and Gd3* are 0.96, 1.03,0.89, 1.01, 1.15,0.99, and 0.94 A, re-
spectively (28), and much larger than that of Ti** (0.68 A).
Therefore, it is difficult for these rare earth ions to enter
into the lattice of TiO,. Unit cell volumes of RE-doped
TiO; particles from XRD analysis (Table 1) are basically
the same as that of undoped TiO,, which obviously indi-
cates that these rare earth ions cannot enter into the lattice
of TiO; to replace the Ti** ion. IR spectra identify that rare
earth salts were changed into rare earth oxides during the
calcination process. These oxides were uniformly adsorbed
on the surface of TiO, and may favor separating charge
carriers efficiently, prolonging the life of carriers, inhibiting
the recombination of electron-hole pairs, and eventually
causing the enhancement of the reactivity. In addition, tita-
nium atoms can substitute for rare earth ions in the lattice
of rare earth oxides to form tetrahedral Ti sites because
the ionic radius of Ti** is much smaller that those of rare
earth ions. The Ti** ion replaces a rare earth ion with a +3
oxidation state and creates a charge imbalance. The charge
imbalance must be satiated, so more hydroxide ions would
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be adsorbed onto the surface for charge balance. These hy-
droxide ions on the surface can accept holes generated by
UV irradiation to form hydroxyl radicals, which oxidize ad-
sorbed substrates. Therefore, the photoinduced charge car-
riers recombination can be suppressed.

DRS spectra of RE-doped catalysts show that the range
of photoresponse increases and there exist red shifts in the
doped samples, and the degree of red shift is different. As
can be seen in Fig. 1, a little red shift of Sm3**-doped sam-
ple and the largest red shift of Gd**-doped sample were
observed. A closer inspection clarifies that the absorp-
tion edge shifts to a longer wavelength in the order of
the samples doped with Gd**>Nd**>La*t>Pr** (Er’*)>
Ce**>Sm?*, which is consistent with that of the photo-
catalytic activity. A larger red shift might indicate that the
sample absorbs more photons and photoactivity is thus
enhanced. Wang et al. (29) reported that the IPCEs (the
incident monochromatic photon to current conversion effi-
ciency) of Eu**-, La’*-, Nd* -, and Pr**-doped TiO; elec-
trodes were much larger than that of undoped TiO,, and
the IPCE of the Sm**-doped TiO, electrode was a lit-
tle larger than that of the undoped TiO, electrode, which
indicates that the photogenerated electron-hole pairs
were separated more efficiently in rare-earth-doped TiO,
nanoparticles than in pure TiO,. A little higher activity of
Sm3*-doped sample is due to a little larger IPCE as com-
pared to other RE-doped TiO;. Our results are consistent
with that of the IPCEs measured by Wang.

It is well known that the photocatalytic reaction oc-
curs on the surface of the catalysts, and recombination
of the photogenerated electron and hole is very fast
(nanosecond timescale) (30, 31), so interfacial charge car-
rier transfer is possible only when the donor or accep-
tor is pre-adsorbed before the photocatalytic reaction.
The preliminary adsorption of the substrates and the
amount of adsorption are very important pre-requisites
for highly efficient degradation. The results of adsorp-
tion measurements (Table 4) showed that the amount of
Sm>**-doped sample is the smallest, and that of Gd>*-
doped sample is the largest. In order of decreasing
adsorption capacity they are Gd**->Nd**->La’"->Pr¥*-
(Er**t-)>Ce?*->Sm3*-doped catalysts. All doping samples
show the stronger adsorption capacities than pure TiO,.
The more amount of nitrite is adsorbed, the higher reac-
tivity of the catalyst shows. The photocatalytic activity is
positive correlation to the amount of adsorption over the
catalysts (Table 3 and Fig. 3, Table 4 and Fig. 4). The re-
sults indicate that the amount of substrate adsorbed on the
catalyst is an important factor affecting the photocatalytic
activity.

The optimum concentration of rare earth doping at ca.
0.5 wt% may be due to the fact that there exists an opti-
mum doping content of rare earth ions in TiO, particles
for the most efficient separation of photoinduced electron—
hole pairs. Pleskov (32) reported that the value of the
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space charge region potential for the efficient separation
of electron-hole pairs must be not lower than 0.2 V. As
the concentration of dopant ions increases, the surface
barrier becomes higher, and the space charge region be-
comes narrower, the electron—hole pairs within the region
are efficiently separated by the large electric field before
recombination. On the other hand, when the concentration
of doping ions is high, the space charge region becomes
very narrow and the penetration depth of light into TiO,
greatly exceeds the space charge layer; therefore the re-
combination of the photogenerated electron-hole pairs in
semiconductor become easier. Consequently, there is an
optimum concentration of dopant ions to make the thick-
ness of space charge layer substantially equal to the light
penetration depth. But for small colloidal particles, there is
nearly no band-bending and the electrical field in colloidal
semiconductorsis usually small, so high dopant levels are fa-
vorable in producing a significant potential difference (per-
manent electric field) between the surface and the center of
the particles to separate photoinduced electron-hole pairs
efficiently (33). Moreover, the band-gap energies of the rare
earth oxides used in the experiments are not sufficient for
initiating photocatalytic reaction after UV irradiation (34).
Excess amounts of rare earth oxide covering the surface of
TiO, would increase the number of recombination centers
and result in low photoactivity. So it is not a surprise that
the mixed TiO,-rare earth oxides with more than 0.5 wt%
rare earth show poor photocatalytic activity. At the same
time, the Sm>*-doped sample at 0.5 wt% shows the most
adsorption amount of nitrite, this could be another reason
causing the activity of the sample with 0.5 wt% doping to
be the highest.

The Gd**-doped sample has the highest reactivity among
all concerned rare earth doped samples (as shown in Fig. 4).
The main reason may be that gadolinium is a special ele-
mentinrare earth elements. The Gd** has 7 f-electrons and
is halffilled, which is different from the other rare earth ions.
Choi et al. (9) presented the results of a systematic study
of the effects of 21 different metal ion dopants on the pho-
tochemical reactivity of quantum-sized TiO, with respect
to both chloroform oxidation and carbon tetrachloride re-
duction. The largest enhanced photoactivity was seen for
Fe3*-, Ru**-, and Os**-doped samples. These three metal
ions have the half-filled electronic configuration. Some gen-
eral trends are apparent based on considerations of the
electronic configuration of the dopants. It is well known
that half-filled electronic configuration is of more stability.
When Gd** ions trap electrons, the half-filled electronic
configuration is destroyed and their stability decreases, the
trapped electrons can easily be transferred to the oxygen
molecules adsorbed on the surface of the catalysts, and
the Gd** ions return to the original stable half-filled elec-
tronic structure. This might promote charge transfer and
efficiently separate the electrons and holes by shallowly
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trapping electrons. The prerequisite for an effective dopant
may involve the possibility of charge detrapping and mi-
gration to the surface of catalysts. Other rare earth ions
might deeply trap the photoexcited electrons which are
difficult to detrap and migrate to the surface of previouly
trapped charges. So Gd**-doped TiO; has higher efficiency
in the separation and transfer of charge carriers and shows
higher reactivity than other rare-earth-doped samples. This
is a possible mechanistic role of Gd** ions with half-filled
f-shells in enhancing photocatalytic activity. DRS spec-
tra (Fig. 1) indicated that the Gd**-doped sample has the
biggest red shift and absorbance. The largest amount of
adsorption, the half-filled electronic configuration, and the
largest red shift of the Gd*"-doped samples would con-
tribute to its highest enhancement photoreactivity in the
degradation of nitrite. The result is in good agreement with
transient absorption measurements (Fig. 2). In general, a
relative increase in the interfacial electron transfer rate re-
sults in a corresponding increase in photoreactivity. The
photocatalytic degradation reaction of nitrite over Gd>*-
doped sample and P-25 follows Langmuir-Hinshelwood ki-
netics (Fig. 5), which are different from those of Sm3*-,
Ce*t-, Er*t- Pr¥*- La’*-, and Nd**-doped TiO; catalysts,
which obey zero-order kinetics (Fig. 3). Zero-order kinetic
behavior could be explained on the basis of a high electron—
hole recombination rate.

During the photocatalytic process, the absorption of pho-
tons by the photocatalyst leads to the excitation of electrons
from the valence band to the conduction band, thus gen-
erating electron—hole pairs. The electron in the conduction
band is captured by oxygen molecules dissolved in the sus-
pension, and the hole in the valence band can be captured
by OH™ or H, O species adsorbed on the surface of the cata-
lysts, to produce the hydroxyl radical. It has been assumed
that NO; is oxidized by hydroxyl radicals:

h* + OH™ — "OH 2]
h* + H,0 — "OH +H* [3]
NO; +2'OH — NOj + H,0. [4]

The presence of zero-order kinetics indicated that the
availability of holes on the surface was the rate determin-
ing step. In fact, considering the concentration of NO, ions
to be in excess in respect to trapped holes, and due to the
fact that the number of holes only depend on the intensity
of incident light, which was kept constant along the exper-
iments, the above mechanism can explain the zero-order
kinetics. The shortage of trapped holes which, on the other
hand, does not take place in the samples of Gd** doping,
may be explained by considering that interfacial electron
transfer rate increases when Gd3* is present in the TiO,
matrix as discussed above.
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5. CONCLUSION

In conclusion, doping rare earth ions in TiO; to form
mixed RE/TiO; catalysts can enhance photocatalytic acti-
vity in the degradation of nitrite. The increase in activity is
probably due to the higher adsorption, red shifts, and pre-
vention of electron-hole recombination. The highest en-
hancement in photoreactivity was obtained at ca. 0.5 wt%
rare-earth-ion doping, which may be in favor of the most ef-
ficient separation of the charge carriers. Gd**-doped TiO,
shows the highest activity among all rare-earth-doped sam-
ples investigated because of the increase in the interfacial
electron transfer rate. The activity differences are due to the
change in the amount of surface hydroxyl groups resulting
from the interaction between the rare earth oxides and tita-
nia. The photocatalytic degradation reaction of nitrite over
Gd**-doped sample and P-25 follows the apparent first or-
der kinetics, which is different from that of Sm3+-, Ce3t-,
Er’t-, Pr’t-, La’t-, and Nd**-doped TiO, catalysts, which
obey zero-order kinetics, indicating that the photochemical
process is dominated by electron-hole recombination.
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