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A general, efficient method was developed to incorporate a variety of second metal ions
into ultrathin TiO2 films. The thin films were first prepared by the surface sol-gel process
from a mixture of the matrix-forming titanium alkoxide and template magnesium alkoxide.
Mg2+ ion was removed by acid/base treatment, forming highly efficient and robust
ion-exchange sites. A large variety of metal ions, including alkaline, alkaline earth, transition,
and rare earth elements, were then incorporated into the thin films by ion exchange with
Na+. The amount of incorporation increased with increasing charge of the metal ions. The
rate of the ion-exchange process was investigated in the case of Gd3+. The incorporated metal
ions were immobilized by thermal treatment at 450 °C. The UV absorption edge of the TiO2
film was extended to the visible region by Fe3+ doping and calcination.

Introduction

The incorporation of second metal ions into metal-
oxide matrixes is a very useful method for modifying
physical and chemical properties of metal oxides to bring
about new functional features. For example, TiO2 doped
with ions of transition metals,1 aluminum,2 and beryl-
lium3 was extensively studied as a photoanode in the
photoelectrolysis of water. Much enhanced photocata-
lytic activity was observed for TiO2 species highly
dispersed in SiO2

4 and for TiO2 matrixes doped with
iron(III)5 and rare earth metal6 ions. Rb+-modified V2O5/
SiO2 could selectively convert 2-methylpropane to 2-me-
thylpropane-2-ol by photoassisted oxidation.7 In the
preparation of thermal catalysts for redox reactions,
metal oxides are often used as supports. Doping of TiO2
with ions with different valencies but with sizes similar
to TiIV improves the catalytic activity. For example,

doping of anatase with Li+, Nb5+, and W6+ resulted in
increased specific surface areas.8 Highly dispersed Cu
ion on TiO2 or CeO2 support was readily reduced and
oxidized.9,10 Whereas TiO2-supported Cu showed cata-
lytic activity for methanol reforming,11 NO and N2O
decomposition,12-14 combustion of soot particles, etc.,
Cu/CeO2 revealed high catalytic activity for CO oxida-
tion and SO2 reduction.15 More recently, highly dis-
persed CeO2 on discrete barium hexaaluminate nano-
particles was reported to display excellent methane
combustion activity.16 On the other hand, Nb-doped
mesoporous silicates have been used as supports of
metalloporphyrins for enzyme-mimicking catalysis.17

Further examples of metal ion incorporation include
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modification of film optical properties by sequential
implantation of Sc (Ti), O, and Ag ions in silica18 and
the preparation of metal ion (Ca2+, Zn2+)-doped cerium
dioxide as UV filters.19 Luminescent materials have
been prepared by doping rare earth metal ions in silica
matrixes.20 Fukumura et al. predicted that ZnO would
become ferromagnetic by doping with 3d transition
elements,21 and they recently succeeded in preparing
Co-doped TiO2 thin films that exhibited ferromagnetism
even at room temperature.22

The approaches that have been used for the incorpo-
ration of metal ions into metal-oxide matrixes can be
classified as follows: MOCVD, ion implantation, epit-
axy, laser ablation, metal sputtering followed by anodic
oxidation, calcination of mixed metal oxides, conven-
tional coprecipitation, sol-gel processing, and impreg-
nation. They naturally have specific advantages and
disadvantages, and the general application to varied
metal ions of each approach is not possible.

The surface sol-gel process is a newly developed
technique by which ultrathin metal oxide films of
controlled thickness can be fabricated.23 We have shown
that intricate structures of many organic compounds can
be imprinted in the network of TiO2 gel.24,25 Our
subsequent study demonstrated that Cu2+ and Zn2+ ions
were effective as template species26 with the help of
ethylenediamine ligand. The use of metal oxide gel itself
as imprinting sites for metal ions has been our long-
standing target, because it is conceivable that oxygen
bridges and free hydroxy groups act as ligands to metal
ions. In the present study, we showed that it was in fact
the case. The loosely bound Mg2+ ion in the TiO2 gel
matrix provided Mg2+-templated sites after its removal
by acid treatment. These sites underwent efficient ion
exchange with a large variety of other metal ions.

Experimental Section

Materials. KNO3, LiNO3, Ca(NO3)2‚4H2O, Mg(NO3)2‚6H2O,
Ba(NO3)2, Fe(NO3)3‚9H2O, Co(NO3)2‚6H2O, AgNO3, Cr(NO3)3‚
9H2O, Pd(NO3)2, Cd(NO3)2‚4H2O, La(NO3)3‚6H2O, Gd(NO3)3‚
6H2O, 2-mercaptoethanol, aqueous HCl, and NaOH (1 M) were
purchased from Kanto Chemical. Mn(NO3)2‚6H2O was pur-
chased from Wako Pure Chem. Ti(O-nBu)4 was obtained from
Gelest, Inc. All of these chemicals were guaranteed reagents
and used as purchased. Ultrapure water with the specific
resistance of 18.3 MΩ‚cm was obtained by reversed osmosis
followed by ion exchange and filtration (Yamato-WQ500,
Millipore, Tokyo, Japan). Aqueous solutions of given pH’s were
prepared by adjusting the pH of ultrapure water with aqueous
HCl or NaOH (1 M).

Quartz Crystal Microbalance. A quartz crystal microbal-
ance (QCM, 9 MHz) device manufactured by USI System,
Fukuaka, Japan, was used for monitoring layer-by-layer film
assembly and removal of template and for evaluating the
incorporation of various metal ions into resulting films. Gold-
coated QCM resonators were treated with piranha solution
(96.0% sulfuric acid/30.0-35.5% hydrogen peroxide, 3/1, v/v),
rinsed with pure water, and dried by being flushed with
nitrogen gas. Then, they were immersed in an ethanol solution
of 2-mercaptoethanol (10 mM) for 12 h, followed by rinsing
with ethanol and drying with nitrogen gas. Frequency shifts
due to the surface sol-gel cycle and removal and incorporation
of metal ions were monitored in air after drying and were
transformed into mass changes by using the Sauerbrey equa-
tion.27 In our system, a frequency decrease of 1 Hz corresponds
to a mass increase of 0.87 ng. The thickness (d) of an adsorbed
film on one side of a resonator is given by23

where F is the film density and ∆F is the frequency shift of
the QCM. The bulk density of TiO2-based gel, 1.7 g/cm3, was
used for the calculation of the film thickness.

Preparation of Mg2+-Templated Ultrathin Films. Pure
TiO2 gel films were prepared as a control by the surface sol-
gel process. In a typical preparation of Mg2+-templated ul-
trathin films, 0.0114 g of Mg(O-Et)2 was dissolved in 10 mL
of 2-ethoxyethanol, with the aid of an ultrasonic bath and
stirring for 5 days. Ti(O-nBu)4 (0.3531 mL) was then added
with stirring, and the mixture was stirred further for 1 h. The
composition of the mixed solution was 10 mM Mg(O-Et)2 and
100 mM Ti(O-nBu)4. A mercaptoethanol-modified electrode
was immersed in this solution at room temperature for 10 min
and then rinsed with toluene for 1 min to remove the
physisorbed species and dried with nitrogen gas. Then, the
electrode was attached to a QCM frequency counter and kept
in air until the frequency change, probably due to the progress
of the hydrolysis of surface alkoxide groups, became insignifi-
cant. These steps constitute one cycle of chemisorption and
activation.

Removal and Incorporation of Metal Ions and Calci-
nation of Thin Films. To remove the metal ions, the thin
film was immersed in aqueous HCl of pH 4 for 10-20 min,
rinsed with pure water for 2 min, and dried with nitrogen gas.
It was then treated with aqueous NaOH (pH 10) for 10-20
min, followed by rinsing with pure water for 2 min and drying
with nitrogen gas. The frequency of the film was measured at
this stage. The resonator was then immersed in an aqueous
solution of metal ions (0.01-10 mM) for 20 min or 4 h, rinsed
with pure water for 30-60 s and dried by being flushed with
nitrogen gas. The frequency shift was recorded and used to
calculate the mass of incorporated metal ion. Calcination was
carried out in a programmable KDF-S70 furnace manufac-
tured by Denken, Kyoto, Japan. The samples were heated at
a rate of 22.5 or 25 °C‚min-1 to 450 or 500 °C and then kept
at that temperature for 30 min. The samples were subse-
quently allowed to cool to room temperature.

X-ray Photoelectron Spectroscopy (XPS) and Scan-
ning Electron Microscopy (SEM). For XPS measurements,
the films were assembled on quartz plates that had been
cleaned first with concentrated sulfuric acid (96%) and then
rinsed in ultrapure water and dried with N2, followed by a
second cleaning with 1 wt % ethanolic KOH solution (ethanol/
water ) 3:2, v/v). The XPS measurements were carried out
on ESCALAB 250 instrument (VG) using Al KR (1486.6 eV)
radiation. The applied power was operated at 15 kV and 20
mA. The base pressure in the analysis chamber was less than
10-8 Pa. Smoothing, background removal, and peak fitting
were carried out with the VG analysis software package
ECLIPS. All of the peaks were corrected with C 1s (285 eV)
as the reference. For SEM observations, the films on QCM
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electrodes were cleaved, and 2 nm of Pt was coated on them
with a Hitachi E-1030 ion-coater. Then, the films were
observed on a Hitachi S-900 scanning electron microscope.

UV-Visible Absorption Spectra and ATR Infrared
Spectra. The samples were assembled on quartz plates. Their
UV-visible absorption spectra were recorded with a quartz
plate as the background on a Shimadzu UV-3100PC UV-vis-
NIR scanning spectrophotometer. The attenuated total reflec-
tion (ATR) IR spectra were measured with air or a quartz plate
as the background on a Nicolet Avatar 320 FT-IR spectrometer
with an Omni sampler accessory.

Results and Discussion

Assembly of Thin Films with Ion-Exchange Sites.
We adopted a template approach for film assembly, as
illustrated in Scheme 1. The template metal alkoxide
should meet the following requirements: (1) it readily
reacts with Ti(O-nBu)4 to form Ti-O-M linkages rather
than separate M-O-M linkages during the surface
sol-gel process; (2) it can be selectively removed from
TiO2 matrixes by simple treatments. We tested the
following metal alkoxides for this purpose: Sm(O-iPr)3,
La(O-iPr)3, Ce(O-iPr)3, Fe(O-Et)3, and Mg(O-Et)2. The
first three compounds did not show satisfactory solubili-
ties in common organic solvents, such as tetrahydrofu-
ran, 1,4-dioxane, 1,2-dimethoxyethane, and 2-ethoxy-
ethanol, and we could not obtain suitable precursor
solutions. Fe(O-Et)3 showed a good solubility in 2-ethoxy-
ethanol, but Fe3+ ion was not readily removed from the
TiO2 matrix. Mg(O-Et)2 is soluble in solvents such as
2-ethoxyethanol, ethanol, and methanol. Also, the Mg2+

ion can be removed from mixed TiO2 thin films. Thus,
we chose Mg(O-Et)2 as the template.

A QCM was used to monitor the film growth process
for both single-component and mixed TiO2 gel films.
Frequency shifts increase in proportion to adsorption
cycles in the absence and presence of Mg(O-Et)2 (Figure
1a and b). The frequency shift per cycle becomes greater
at higher Mg(O-Et)2 concentrations (Figure 1c and d),
but it deviates from linearity. The thickness of the eight-
layer film was estimated to be 20 nm for Figure 1b and
8.5 nm for Figure 1a (see the Experimental Section).

The enhanced adsorption in the presence of Mg(O-Et)2
was probably due to the high basicity of the template.

When this film was treated with aqueous HCl (pH
4), a QCM frequency increase of 221 Hz was recorded.
This appears to result from the removal of Mg2+ and
the accompanying hydrolysis of unhydrolyzed alkoxide
groups (Scheme 1). Further treatment of this film with
aqueous NaOH (pH 10) resulted in a QCM frequency
decrease of 80 Hz, apparently due to replacement of
protons by sodium ions.

It must be emphasized at this point that the QCM
data represent a qualitative measure of the ion-
exchange process, and XPS measurements were carried
out to confirm the QCM results. The XPS peaks ob-
served for the as-prepared, two-component film are
centered at 89 eV (Mg 2s) and 50 eV (Mg 2p) and at 62
eV (Ti 3s), 465 eV (Ti 2p1/2), 459 eV (Ti 2p3/2), and 37
eV (Ti 3p) (Figure 2a), indicating that both Mg and Ti

Scheme 1. Template Approach to the Incorporation of a Second Metal Ion into TiO2 Ultrathin Films

Figure 1. Assembly of TiO2 gel films in the presence of Mg-
(O-Et)2 at concentrations of (a) 0, (b) 10, (c) 100, and (d) 300
mM [100 mM Ti(O-nBu)4, 2-ethoxyethanol as the solvent,
toluene as the rinsing solvent, room temperature]. The condi-
tions for film assembly in the subsequent figures are the same
as those of part b.
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exist in the TiO2 thin film. The peak at 155 eV was
assigned to Si 2s of the quartz substrate. Peaks below
35 eV were difficult to assign, because they came from
valence bands. Treatment of the film with acidic and
alkali solutions resulted in the disappearance of the Mg
peaks (Figure 2b). In contrast, the intensities of the Ti
peaks remained unchanged, indicating that the TiO2 gel
was stable under the treatment conditions. This is in
agreement with our independent tests on pure TiO2 gel
films, which showed that TiO2 gel films do not deterio-
rate in solution in the pH range of 3.0-13.3.28 Thus,
stable TiO2 gel films with ion-exchange sites were
formed, as illustrated in Scheme 1.

Incorporation of Metal Ions by Ion Exchange.
The Mg2+-templated film was then subjected to doping
with a variety of metal ions by immersion in aqueous
solutions of metal ion nitrates. The mass increase upon
20 min of immersion for a templated film of 51-nm
thickness was estimated from the frequency decrease.
This mass increase is an overall change that includes
accompanying reactions and structural modifications of
the film in addition to the incorporation of metal ion.
Thus, it does not represent the exact amount of metal
ion introduced. In spite of these shortcomings, the QCM
frequency change is highly useful as a qualitative
measure of metal ion incorporation. The general trend
of incorporation, as expressed simply by the mass
increase divided by the atomic mass of the correspond-
ing metal, is shown in Figure 3. The QCM mass increase
is enhanced in the order Li+, K+ < Mg2+, Ca2+, Ba2+ <
La3+, Gd3+, and it appears that the charge number is

reflected in the extent of incorporation. However, this
result is not necessarily consistent with the XPS data
of Table 1. Therefore, a quantitative discussion is made
with the latter data.

As discussed above, after removal of template Mg2+

species, ion-exchange sites are created in thin films. The
validity of the ion-exchange mechanism was further
supported by SEM observations, as well as ATR IR and
XPS measurements. For example, doping of Ba2+ for 4,
10, 25, and 50 h did not result in any crystal growth of
metal salt on the film surface (SEM observations),
unlike single-component TiO2 films where metal salts
tended to crystallize on their smooth surfaces. After
removal of the template Mg2+ ions, nanopores (less than
2 nm, TEM observtions) were formed in the film,
preventing the deposition of metal salts by crystalliza-

(28) The stability of TiO2 gel films was tested in environments of
varying pH by using aqueous HCl and NaOH. In the range of 3.0 e
pH e 13.3, the gel film was stable. At pH 2 or 13.7, the gel film was
partially damaged. At pH 1 (0.1 M HCl) or pH 14 (1 M NaOH) and
above, the gel film was totally destroyed.

Figure 2. XPS spectra of Mg2+-templated TiO2 thin films (a) before and (b) after removal of Mg2+ and (c) after incorporation of
Ba2+ ions [10 mM aqueous Ba(NO3)2, 4-h immersion time]. The inset shows the expanded spectrum between 500 and 400 eV. The
three spectra agree exactly.

Figure 3. Incorporation of various metal ions into Mg2+-
templated TiO2 thin films (51 nm), as estimated from QCM
frequency changes divided by atomic mass (10 mM aqueous
metal ion nitrate, 20-min immersion time, room temperature).
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tion. IR peaks (1390, 830, 720 cm-1) and the XPS peak
(407 eV) characteristic of NO3

- were not found, indicat-
ing that metal ions alone were incorporated into the
matrix network without the adsorption of metal nitrates
themselves. All of these results clearly show an ion-
exchange mechanism for the approach described herein.

The generality of metal ion incorporation was ad-
ditionally confirmed by XPS measurements of the doped
films on quartz plates (Figure 2 and Table 1). In the
as-prepared film, the Mg/Ti ratio was estimated to be
1.2 from the XPS peak areas. All of the tested metal
ions representative of main group, transition, and
lanthanide metal ions were successfully incorporated
into the TiO2 matrixes. The amounts of metal ions
introduced (M/Ti ratios) varied greatly under identical
conditions. From the M/Ti and Mg/Ti values, the num-
ber of metal ions incorporated per ion-exchange site was
estimated and is expressed as M/Mg in Table 1. The
Gd3+ peak overlaps partially with the Si peak, making
it difficult to obtain accurate data. Thus, the Gd3+M/Ti
and Gd3+M/Mg ratios were estimated to be in the range
of 0.3-0.7. Pd2+, Mn2+, Cd2+, and Cr3+ fall in the ranges
of M/Ti ) 0.1-0.4 and M/Mg ) 0.1-0.3, indicating that
the ion-exchange sites are not fully occupied by these
metal ions. Co2+ and Ba2+ have M/Ti values of 1-1.5
and M/Mg values of ca. 1, showing essentially stoichio-
metric ion exchange. In the case of Fe3+, the M/Ti and
M/Mg ratios reach 2.2 and 1.9, respectively, three times
as large as the charge-based exchange. It is known that
Fe3+ can form ol complexes in aqueous solutions. The
high ratios might originate from the olation effect. Ag+

also gives a much larger doping efficiency than other
monovalent metal ions (Li+, K+). This might be caused
by the photoreduction of Ag+ ions.

The Nature of the Ion-Exchange Process. An
important feature of the current approach is that
incorporated metal ions could be quantitatively removed
and reloaded under mild conditions for at least several
cycles with limited deterioration of the ion-exchange
capacity. It is clear that both the film matrix and the
ion-exchange site are stable and robust. This reversible
process, on one hand, allows for many trial adsorptions
to be executed on a single thin film, providing an
efficient tool for examining the adsorption process. On
the other hand, such a matrix itself might be used for
the separation and recovery of metal ions for which the
reversible process is essential.

The reversible ion exchange is naturally dependent
on the reaction time and reactant concentration. As
shown in Figure 4, the amount of Gd3+ ions incorporated
into thin film increases rapidly in the early stages and
less rapidly in the later stages. Ion incorporation ap-
pears to saturate in 10-12 h. The effect of the Gd3+

concentration on ion exchange was studied for an
immersion time of 20 min, where a gradual increase in

Gd3+ incorporation is observed. Figure 5 illustrates that
the Gd3+ incorporation increases sharply in the concen-
tration range of 0-1 mM Gd(NO3)3. However, it is
constant in the higher concentration range we exam-
ined, indicating that the exchange rate is zeroth order
in the Gd3+ concentration. Note that the Gd3+ incorpo-
ration increases linearly with time under these experi-
mental conditions (Figure 4). It is clear that the overall
rate of the ion exchange is governed by several kinetic
processes. The ion-exchange process might consist of five
steps as represented in Scheme 2: (1) diffusion of Gd3+

from the solution to the film surface, (2) diffusion of
Gd3+ inside the film, (3) ion-exchange reaction (Gd3+ +

Table 1. Atomic Ratios of Doped Metal Ions to Ti As Determined by XPS Peak Intensitiesa,b

M M/Ti M/Mg

binding
energy

(eV) assignment M M/Ti M/Mg

binding
energy

(eV) assignment M M/Ti M/Mg

binding
energy

(eV) assignment

Ba 1.4 1.2 781 3d5/2 Fe 2.2 1.9 711 2p3/2 Ag 3.6 3.1 369 3d5/2
Cr 0.20 0.17 578 2p3/2 Co 1.2 1.0 781 2p3/2 Cd 0.33 0.28 406 3d5/2
Mn 0.26 0.22 642 2p3/2 Pd 0.14 0.12 337 3d5/2 Gd 0.3-0.7 0.3-0.7 143 4d

a The concentration of aqueous metal ion nitrate was 10 mM, and the immersion time was 4 h. b The Mg/Ti ratio in the as-prepared
thin film was 1.2.

Figure 4. QCM dependence of the quantity of incorporated
Gd3+ ions on immersion time [10 mM aqueous Gd(NO3)3, room
temperature].

Figure 5. QCM dependence of the quantity of incorporated
Gd3+ ions on the Gd3+ concentration in the immersion solution
(20-min immersion time, room temperature).
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Na-O-TiO2 f Gd-O-TiO2 + Na+), (4) diffusion of Na+

to the film surface, and (5) diffusion of Na+ away from
the film surface into the solution. Process 1 would be
rate-determining at very low Gd3+ concentrations, as
evidenced by a rapid rise in Figure 5. At higher Gd3+

concentrations in bulk solution, process 1 is no longer
rate-determining. In this region, ion exchange proceeds
according to zeroth-order kinetics, suggesting that the
later processes (processes 2-4) are rate-determining.
Process 5 cannot be rate-determining, because the Na+

concentration in solution is extremely small. The dif-
fusive migration of Gd3+ and Na+ ions within the film
(processes 2 and 4) can not be rate-determining, if we
consider the ultrathin nature and loose gel structure of
the film matrix. Then, the ion-exchange step itself
appears to be rate-limiting, although further investiga-
tions are needed to clarify this point.

Calcination of Metal-Ion-Doped Thin Films. Metal
ions introduced by ion exchange are labile and can be
readily removed under acidic conditions. Complete
immobilization of these metal ions in TiO2 matrixes is
achieved by calcination. Calcination was carried out at
450 °C for 30 min. Figure 6 shows ATR IR spectra of a
Mg2+-templated thin film (Mg2+ removed) and of a Ba2+-
doped thin film before and after calcination. In Figure
6a, peaks at 2956, 2925, and 2854 cm-1 (C-H stretching
vibrations) indicate the existence of unhydrolyzed alkox-
ide groups (Ti-O-nBu) after Mg2+ removal. The broad
peak around 3400 cm-1 is assigned to OH groups of the
TiO2 matrix. After Ba2+ doping (Figure 6b), however,
the C-H peaks decreased sharply, probably as a result
of hydrolysis of the remaining alkoxide groups during
doping. Further calcination resulted in complete disap-
pearance of the C-H peaks and the broad O-H peak
(Figure 6c).

The effect of calcination on film morphology was
studied by SEM for these three films. These films
appear flat, smooth, and transparent macroscopically.
On the microscopic scale, some gel particles can be seen
scattered on the film surface (Figure 7a).29 Doping of
Ba2+ did not result in morphology changes (SEM image
not shown). Significant morphology changes were also
not observed for the calcined Ba2+-doped film (Figure

7b). As shown in Table 1, the templated film could
efficiently incorporate Ba2+ ions to give ratios of Ba/Ti
) 1.4 and Ba/Mgtemplate ) 1.2 at an immersion time of 4
h in 10 mM aqueous Ba(NO3)2. In contrast, when the
templated film was calcined before doping, subsequent
immersion of this film in aqueous Ba(NO3)2 under the
same conditions led to only limited Ba2+ incorporation
(Ba/Ti ) 0.14 and Ba/Mgtemplate ) 0.12). Apparently, the
ion-exchange sites (Na+ sites) were inactivated by
calcination.

It can be concluded from the preceding IR, SEM, and
XPS results that the organic moeties and trapped water
molecules were burned or driven out during calcination
and that the existing hydroxy groups further cross-
linked to form Ti-O-Ti linkages, resulting in a much
tighter gel network. Lack of the nanoporous structure
might lead to the low ion-exchange ability after calcina-
tion.

Elongation of UV Absorption Edge of Doped
TiO2 Films. A primary interest of metal ion doping is
to enhance the optical absorption of the TiO2 matrix in
the near-UV and visible regions, to improve the photo-
catalytic and photoelectrochemical activities. This has
been achieved, for example, by MOCVD,1d ion impreg-
nation,5 and ion implantation.30 UV-visible spectra of
undoped thin films are shown in Figure 8A. The
as-prepared TiO2/MgO film shows the shortest onset
wavelength at 316 nm. After removal of Mg2+, the
absorption spectrum is red-shifted and has an onset
wavelength at 325 nm. Anpo and co-workers reported
that UV-visible reflectance spectra were blue-shifted
when the fraction of TiO2 was decreased in TiO2/SiO2
binary oxide catalysts.4 In contrast, the calcination in
our case leads to a small red shift with an onset
wavelength at 331 nm. This onset wavelength is con-
siderably blue-shifted from that of bulk TiO2 (anatase,
387 nm; rutile, 413 nm) as well as those of the quantum-
size TiO2 (370 nm for 24-Å anatase, 375.1 nm for 38-Å
anatase, and 398 nm for 55-Å rutile). It appears that
this film is composed of very fine condensates of TiO2.31

(29) Ichinose, I.; Senzu, H.; Kunitake, T. Chem. Mater. 1997, 9,
1296-1298.

(30) Ichihashi, Y.; Yamashita, H.; Anpo, M. Funct. Mater. 1996, 16,
12.

Scheme 2. Schematic Representation of the
Ion-Exchange Processa

a Counterion NO3
- not shown here for simplicity. Figure 6. ATR IR spectra of (a) templated (Mg2+ removed),

(b) Ba2+-doped, and (c) calcined Ba2+-doped TiO2 ultrathin
films. Doping conditions: 10 mM aqueous Ba(NO3)2, 4-h doping
time, room temperature.
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When Cr3+ and Fe3+ are introduced into TiO2 networks
(without calcination), the absorption spectra are red-

shifted by 7 and 22 nm, respectively (Figure 8B and
Table 2). When calcined, a Cr3+-doped film shows a red
shift of 11 nm, and an Fe3+-doped film exhibits a red
shift of 82 nm for the onset wavelength relative to that
of the calcined but undoped film. In fact, the absorption
edge is extended into the visible region. Iron doping by
impregnation5 or MOCVD1d was reported to have re-
markable effects on the photocatalytic and photoelec-
trochemical properties of TiO2. A high quantum effi-
ciency was observed even at long wavelengths. The
current doping method provides a novel, efficient ap-
proach for the preparation of such materials.

Conclusion

In the present study, we developed a novel template
approach for the incorporation of a variety of second
metal ions in ultrathin TiO2 films. The Mg2+ template
was very efficient for creating the ion-exchange site.
There are conceivably two major implications for the
current results. First, it is the formation of robust ion-
exchange sites during the surface sol-gel preparation
of TiO2 matrixes. A stable network topology that cor-
responds to the ion-exchange site is preserved in the
TiO2 matrix. We showed previously that structural
characteristics of organic molecules are imprinted in the
TiO2 gel.24 The effectiveness of the Mg2+ template
suggests the same conclusion.

Second, ion exchange can lead to many novel func-
tional materials. As described in the Introduction, the
doping of second metal ions into metal oxide matrixes

(31) Moriguchi, I.; Maeda, H.; Teraoka, Y.; Kagawa, S. J. Am. Chem.
Soc. 1995, 117, 1139-1140.

Figure 7. SEM images of (a) templated (Mg2+ removed) and (b) calcined Ba2+-doped TiO2 ultrathin films. The samples are
identical to those in parts a and c of Figure 6, respectively. The arrows point to gel particles.

Figure 8. (A) UV-visible spectra of (a) MgO/TiO2, (b)
templated (Mg2+ removed), and (c) calcined TiO2 ultrathin
films. (B) UV-visible spectra of (a) Fe3+-doped and (b) calcined
Fe3+-doped TiO2 ultrathin films. Doping conditions: 10 mM
aqueous Fe(NO3)3, 4-h doping time, room temperature.

Table 2. UV-Visible Spectra of Ultrathin Filmsa

onset wavelength (nm)

ultrathin films Cr3+-doped Fe3+-doped

as-prepared TiO2/MgO film 316 316
Mg2+-templated film (Mg2+ removed) 325 325
calcined Mg2+-templated film 331 331
metal-ion-doped film 332 347
calcined metal-ion-doped film 342 413

a The doping conditions were the same as those in Table 1.
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is an important method of exploring functional materi-
als. Our method is facile and general. The incorporated
metal ions are readily immobilized by calcination. These
features should be highly advantageous in designing
catalytic, electronic, optoelectronic, and magnetic prop-
erties in metal oxide films. For example, we have
succeeded in the size-controlled preparation of nano-
particles (single-component, alloy, and core-shell types)
of various metal elements by using the above ion-

exchange approach and will publish the results in a
future report.
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