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Abstract

TiO, films were deposited on either glass or Si substrates by using a two-step soft-solution method. A submonolayer of anatase
TiO, nanocrystals was first deposited on the substrate by a drain-coating process that was performed at 333 K from an aqueous
TiO, colloidal solution. The substrate partially covered with the ;,TiO nanocrystals was immersed in an aqueous solution,
containing a titania precurséiluorine-complexed TilV)], and the whole was treated with microwave irradiation. The nanocrystals
deposited on the substrate acted as growth seeds in the subsequent formation of, the TiO film. The obtained TiO films showed
a high degree of crystallinityanatasg even without further thermal treatment; however, they did not show photocatalytic activity.
Thickness of the films was varied as a function of microwave power and irradiation @002 Elsevier Science B.V. All
rights reserved.
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1. Introduction water as a solvent are not extensively found in the
o o _ . , , , literature [18]. The development of ‘soft-solution proc-
Titanium dioxide (TiO,) films find extensive appli-  essing’ methods for the formation of advanced inorganic

cation in several fields such as photocataly4i®], dye materials, such as oxide fims, is nowadays gaining
sensitized solar cell$3_,4] or anti—reflectance coaf[ings much attention{19]. Simple equipment and low energy
[5,6]. To prepare the films, dry methodse. chemical  yequirement are the main characteristics of these meth-
vapor depositio(CVD) [7.8], sputtering[9], etc] and  ods. Hydrothermal[20] and electrochemica(20,21]
wet methods[sol-gel [2], Langmuir—Blodgett films  processes are examples of soft methodologies, as they
[10], self-assembled monolayef$1-13, liquid phase  ajlow the formation of crystalline films ‘in situ’, without
deposition (LPD) [14-17] are employed. The wet the need of an annealing post-treatment. In addition, the
methods usually require a thermal post-treatment in yse of aqueous solutions instead of organic solvents is
order to eliminate organics present in the films or to gesijrable for environmental and economic reasons.
induce crystallization of the deposited material. Some- Recently, two methods for the preparation of JiO
times, post-annealing is also required for films obtained fjims have been developed in our laboratd82—24,
by dry methods. _ o in which crystalline films of anatase are obtained with
Methods for the preparation of crystalline HO films relative ease under mild conditions, i.e. ambient pressure
at low temperatures, with low-cost equipment and using and temperature not higher than 373 K. No further
- . . _ _thermal treatment is required in either method.
*Qorrespondlng author. D_e_p_artament de "Quimica, Universitat The first method deals with the deposition of thin
Autonoma de Barcelona, Edificio Cn, Campus de la UAB, 08193 - . .
Bellaterra, Spain. Tel.:#34-93-581-29-19; fax:+ 34-93-581-29-20.  films of TiO, on glass substrates with one-side covered
E-mail address: joseantonio.ayllon@uab.€3.A. Ayllon). by a transparent conductive oxide. Microwa(e&W)
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Sean 2. Experimental
substrate . X .
(Si or glass) 2.1. Substrates cleaning previous to deposition process

Drain coating Sub_s_trates were cleaned jgst b(_afore performing the
method deposition process. Glass slidéknittel Glaser, Ger-
K many) were succesively immersed for 30 min in boiling

v sulfuric acid and Milli-Q wateMillipore), followed by

Substrate with 'seed" 5-min ultrasonic cleaning in acetor(analytl.cal grade,

hanocrystalline Ti0, Merck) and absolute ethandlEtOH, analytical grade,

Panreag. Finally, they were rinsed with water. The

organic contaminants of thg.00)-oriented Si substrates

Precursor TV} | i aninion were removed by sequential 5-min ultrasonication in

aqueous solution > acetone and EtOH, followed by a water rinse. In order

to eliminate the formed superficial layer of silicon oxide
from the surface, the Si substrates were immersed in

diluted hydrofluoric acid(HF, analytical grade, 40%,

Fluka) for a few seconds and thoroughly rinsed with

Fig. 1. Flow chart showing the preparation process of,TiO fims. water afterwards.

Ti0, aqueous
colloidal solution

r

Growth of the TiO,
film on substrate

2.2. Preparation of the TiO, aqueous colloidal solution

. . . . . The TiO, aqueous colloidal solution was freshly
irradiation was supplied to promqte OX|de_ formation prepared as described elsewhé2s,2d. Briefly, 5 ml
from homogeneous aqueous solutions of different pre- o itanium tetraisopropoxid€TIP, technical grade, Flu-
cursors[22—24. Characterization of the films reveals ) \vere dissolved in 30 ml of abs. EtOH. The mixture
that they consist of crystals with linear dimensions under \ya5 then added to a solution of 0.6 ml tetrabutylam-
100 nm forming a compact, well-adhered and homoge- monjum hydroxide(TBAOH, 40%, purum, Flukaand
neous film of TiQ,. Well-adhered TiQ films do not 30 m| EtOH. Solutions were protected from atmosphere
grow on the uncovered side of the glass. It is argued moisture before being mixed. Afterwards, 185 ml of
that nucleation of TiQ crystallites on the conducting water was added. The obtained transparent solution,
surface is enhanced by the interaction of microwave with a final Ti:TBA 19:1 mole ratio, was heated to
radiation with the electrons already present in this evaporate the ethanol and 2-propat@ITIP hydrolysis
surface. The possible role of the substrate acting as aby-produc) until the volume of the solution was reduced
seed for nucleation is also mentioned. to approximately 100 ml. This solution was heated to
The second method consists in the deposition of reflux for 2 h using a MW furnacéProlabo Maxidigest
TiO, films on several substrate@lass, F-doped SnO  MX350) working at 60 W. The obtained colloidal TO
covered glass or silicon waferby a drain-coating Solution was fivefold diluted with water prior to its use.
method from an aqueous solution of colloidal anatase
[25]. The process is performed in an open atmosphere
at the low temperature of 333 K. The colloidal TiO
obtained under mild conditions comprises anatase nan- For the deposition of ‘seed’ anatase nanocrystals, the
oparticles of approximately }@5-nm size, stabilized by drain-coating method was employed. Substrates were
tetrabutylammonium cation TBA+). The obtained immersed for 5 min into 100 ml of the anatase colloidal
titania films are very thin, transparent and show good solution prepared according to Section 2.2, which was

adherence. Different film thickness can be obtained by Maintained at 333 K in a thermostated vessel. After-
consecutive deposition processes. wards, the solution level was lowered at the rate of 23

In this paper, thin films of TiQ are deposited on mm/min by means of a peristaltic pump connected to

either glass on(100)-oriented silicon(Si) substrate by ?rgrr?ptir; esr(l)cliul'[ri]o;heﬂ?gt'fs%rgs?rfatt: \\//\?esrseeléaL:S%TI rermz\é?il
a combination of the two procedures described above . : y
) . . . with water and dried under a,N stream.
(Fig. 1. According to previous results, it seems reason-
able to assume that the growth of BiO films by using 2 4. preparation of the precursor fluorine complexed
the first method is favored when adequate nucleation 7;(7v) agueous solution
sites are already present on the substrate surface. The
deposition of TiQ anatase nanocrystal seétie nucle- The aqueous solution of the (TW¥) precursor was
ation sites is attained by using the second method. freshly prepared as described in Vigil et &3] with

2.3. Pre-treatment of the substrates using the drain-
coating method
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minor modifications. A fluorine-complexed titani- distinguished from the bare substrate because of their
um(lV) solution was made in a plastic vessel by different roughness. Layer thickness was obtained after
preparing first a solution constituted of 10 ml of TIP dividing the thickness observed in SEM micrographs by
(0.034 mo) and 50 ml of EtOH, and adding then 6 ml the sinus of 45 in order to take into account the
of an aqueous solution of HF0.136 mo). Solutions inclination of the sample holder. Surface characteristics
were ice-cooled before being mixed. Afterwards, 100 of gold-covered films were further investigated by SEM.
ml of an aqueous solution of ammonium fluorigéH ,F, To study the atom ordering, grazing angle X-ray diffrac-
analytical grade, FlukKa(0.068 mo) was added. The tion (XRD) patterns of the deposited films were record-
obtained clear solution was heated in an open vessel ined using a Siemens D-3400 apparatus, operated at 40
order to evaporate the alcohols, until the volume was kV and 30 mA. The diffraction spectra were recorded
reduced to approximately 70 ml. The obtained residue at incidence angles of 0.3 and D@ver the range 26

was diluted up @ 1 | with water. The precursor was 26 <65. CuKa radiation (A =0.154056 nm was used
formed after mixing equal volumes of the(IW) solu- for all X-ray measurements. Fourier transform infrared
tion ([Ti]=3.4x10"2 M) and a boric acidanalytical spectra(FTIR) of TiO, films on Si substrates were
grade, Fluka solution (6.8X10°2 M). The pH was recorded using a Perkin EImer 2000 system.

adjusted at 2.4 with hydrochloric aci@gnalytical grade,

25%, Fluka. 2.7. Photocatalysis experiments
2.5. Growth of TiO, films from a microwave-activated The photoactivity of TiQ films on glass slides was
solution evaluated through the analysis of the degradation of

salicylic acid under UV-illumination. Experiments were

Substrates pre-treated as explained in Section 2.3conducted in a cylindrical Pyrex cell of 0.13-I capacity
were immersed in 50 ml of the precursofW) solution thermostated at 298 K. A 125-W Philips HPK medium
(Section 2.4. The whole was first ultrasonnicated dur- pressure mercury vapor lamp was used as the light
ing 1 min, and, then, MW irradiated. Different MW source. An aqueous solution of salicylic acid
power and irradiation time combinations were tested. (6.25X10°°> M, 100 m) was used. The solution inside
After microwaving, substrates were taken out of the the cell was stirred and air was bubbled into it during
solution and rinsed with water. Before characterization, the experiment. Absorbances of both initial and irradi-
samples were thoroughly cleaned by sequential 5-minated samples were determined using a Philips PU 8620
ultrasonnication in acetone and EtOH, rinsed with water UV /VIS/NIR spectrophotometer at a wavelength of
and dried under a N stream. The obtained JJiO films 296 nm, using a quartz cuvette with 4 cm of optical
showed reflection-interference coldngellow, blue, pink path length.
and greeh with yellow corresponding to the thinnest
films. An abbreviation indicating the nature of the 3. Results and discussion
substrate, Si for silicon or G for glass, was used to label
the samples, in addition to the values of power and 3.1. Deposition of TiO, films: thickness, color and
irradiation time, which defined each working regime. transmittance
For example, a Si-60-5 is a sample obtained using a
silicon substrate with a 60-W power applied during 5  The process of deposition of TIO films onto glass

min. and Si substrates is schematically depicted in Fig. 1.
The first step was the deposition of anatase nanocrystals
2.6. Characterization techniques by the drain-coating technique. This pre-treatment was

performed under mild conditions and in an easy way,
Thickness measurements were performed using asince: (i) an aqueous solvent was usedi) it was
scanning electron microscog8EM, Hitachi S-570 and carried out at a low temperature; arn@di) it was
JEOL JSM-6300. Some of the samples chosen for performed in an open atmosphere. For all the treated
thickness measurements presented clear steps, whickubstrates, the working experimental conditions, colloid-
could be seen with the naked eye. The extreme experi-al solution concentration and temperature, were similar.
mental conditions employed in their preparatidong The amount of TiQ deposited in this step was extremely
time or high MW poweJ resulted in film detachment low and was not detectable by the naked eye. Previous
and formation of steps. Other samples were cut into studies, based on atomic force microscopy observation,
pieces resulting in the break of the TiO film near the showed that the substrate surface was only partially
cut edge of the substrate. Film thickness was studied incovered [25]. By repeating the drain coating process
these edges. Samples were gold-covered and mountedeveral times, a full coverage could be attained and the
onto a sample holder with an inclination of 4&ith film thickness was enlarged. However, this was a labo-
respect to the electron beam. TiO films were easily rious and time-consuming process, e.g. after 25 process-
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Table 1
Characteristics of Ti® films grown on Si substrates under different regimes
Sample Microwave Irradiation Mean particle Reflection-

power time diameter interference

(W) (min) (nm) color
Si-60-10 60 10 6610 Yellow with blue pints
Si-60-20 60 10 6610 Yellow or blue
Si-90-10 90 10 7615 Yellow or blue
Si-120-5 120 5 6615 Yellow or blue
Si-120-10 120 10 7825 Yellow or pink
Si-120-20 120 20 8625 Yellow with

blue pints

Si-150-5 150 5 8525 Dark and light blue
Si-180-5 180 5 86-30 Yellow or blue

es film thickness was only equivalent to 50 nm of tially detached. This problem could be overcome com-
non-porous TiQ . In the present work, rapid film growth bining high microwave power with short deposition
was attained after seed deposition by a second step irtime. Thin films could then be thickened by consecutive
which MW irradiation was applied to the substrate deposition processes. For example, regime G-210-3
immersed in an aqueous solution of(M) fluorine yielded samples with a faint yellow color which resulted
complex as the titania precursor. in a yellow layer after treating the sample under similar
Table 1 shows the characteristics of TiO films grown conditions for a second time. Thicker layers, between
on Si substrates at different MW power and irradiation 50 and 400 nm(blue, green or pink colored were
times. A proper combination of both experimental par- obtained by performing consecutive deposition process-
ameters yielded well-adhered films, which were trans- es. Deposition rates varied from 5 to 15 fmmin
parent and colored by the interference of ligtb depending on the experimental conditions.
general, a short irradiation or heating time required a
high microwave power; no deposition was observed for
low power and short irradiation timée.g. regimes: Si-
30-5, Si-60-5 and Si-90%5 On the other hand, for a
long time or high irradiation powefe.g. regimes: Si-
60-30, Si-90-20 and Si-150-20partial detachment of
the TiO, layer was observed. T}O films were also "o e,
deposited on glass substrates at different regimes, apply 3Pt g
ing similar experimental conditions to those used for Y A
deposition on Si. In this case, a smaller range of MW M.’; o/
power and time could be used to obtain a non-scratche "-’ =
film. It was observed that low microwave power and EEREa i
long deposition time yielded thick films; e.g. the sample
obtained with a regime G-30-30, showed a green color
due to the interference of lighfsee Table 2 for the
dependence between the color of the layer and the
thicknes3. However, the obtained thick film was par-

s

Table 2 -~
Thickness range of Ti© films grown on glass and Si substrates under 5%
different regimes, and dependence on their reflection-interference g4y

colors £

Reflection- Thickness rangénm)

interference Glass substrate @00) substrate

color

Light yellow 150-180 <140

Yellow 180-240 <140

Light bl 240-270 140-180

Pli?lk ue 300-360 300-360 Fig. 2. Cross-section SEM micrographs of 7iO films obtained on Si
Green 480-540 390-450 and glass substrates under different regintasSi-60-20,(b) G-30-

60, (c) G-150-11 andd) Si-60-15.
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films consisted of crystals with linear dimensions under
100 nm forming a compact layer. Moreover, no intra-
granular porosity, beyond the detection limit, could be
observed, neither in cross-section nor in surface micro-
graphs. The size of the crystallites was dependent on
the irradiation time and MW power, as shown in Table
1. The mean grain size value increased when raising the
MW power from 60 to 85 W, but, unfortunately, also
the grain size distribution broadend@dompare Fig.
3c,d). Also, a large number of loose adhered flower-like
TiO, crystals were observed on the film surface for high
MW powers. These deposits gave the films a whitish
appearance as they strongly scattered light. After ultra-
sonnication, which removed most of these deposits, a
very well adhered colored transparent film was obtained.
These films had similar characteristics to those grown
on conducting glass using a similar fluorine-complexed
Ti(IV) precursor solution and applying microwave irra-
diation at different regimef23].

3.3. X-Ray diffraction studies

Fig. 4 shows the recorded XRD patterns of a JiO
film deposited on a glass substrate at different stages.
The peak assignments are indicated next to the respec-
Fig. 3. SEM micrographs of the surface of TiO films deposited on tive Bragg reflections. Trac€a) corresponds to the
glass and Si substrates under different regimesb) G-60-20 spectrum obtained for the substrate after performing the
observed at different magnification ordefs) Si-120-5, and(d) Si- drain-coating pre-treatment; and trace) after the
150-5. complete two-step processegime G-60-20. In trace
(a) no relevant signals were observed, likely due to the
low amount of TiQ deposited in the drain-coating step.
In trace (b) reflections for TiQ films were sharp and
clearly showed the presence of the anatase structure.
The peak intensities differ from those of the anatase

Fig. 2 shows cross-section SEM micrographs of
TiO, films grown on glass and Si substrates. For films
having the same color in both substrates, larger grains
with a better shape definition were observed on Si
substrates when compared to glass subst(digs 2a,b,
respectively. It was also observed that grain dimensions
in the thinner layers were smaller than in the thicker
ones (see Fig. 2a,c for Ti® grown on Si substrate (004)
Table 2 shows the correlation between the film thickness
and the interference color for layers grown on glass and
Si substrates. This dependence was in accordance with
data reported by Vigil et al.[23] for TiO, layers
deposited on indium tin oxidéITO) conducting glass.
Fig. 2d shows the surface of a sample in which two
different layer thicknesses meet together. Larger grains
were found on the togpink layep than on the bottom
(thin yellow layep. This fact further confirms the
mentioned dependence between film thickness and grain
size.

b)
(101)

Intensity (a. u.)

3.2. Scanning electron micrographs of TiO, films 2 6 (degrees)

Surface characteristics of TO films deposited on
a P Fig. 4. X-Ray diffraction spectra corresponding to a glass substrate:

glass and Si substrates were also studied by SEM. (a) after the drain-coating pre-treatment, did after the second step

3). A similar layer morphology was Obtair_‘ed regardless carried out under regime G-60-20. The peak assignments are indicated
of the substrate employed. SEM analysis showed thatnext to the respective Bragg reflections.
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Fig. 5. FTIR spectra corresponding to a Si substréte: after the
drain-coating pre-treatment, afdd) after the second step carried out
under regime Si-60-20.

patron (which correspond to complete random ofder
For example the relative intensity of the peak corre-
sponding to the(004) plane at 37.8 was notably
increased, while that of112) plane at 38.6 was very
weak. This preferential growth and high crystallinity
could be attributed to the presence of fluoride anion
[27].

3.4. FTIR studies

Fig. 5 shows the FTIR spectra of a WO film grown
on a Si substrate at different stages. Fig. 5a correspond

to the spectrum obtained for the substrate after perform-

ing the drain-coating pre-treatment, and Fig. 5b after the
complete two-step proceg¢segime Si-60-20. In Fig. 5a

no relevant signals were observed, likely due to the low
amount of TiQ deposited in the drain-coating step. In
Fig. 5b the presence of TO was clearly noted by the
absorbance region below 800 cm[28,29. The broad

band at 3400 cm! is characteristic of associated

hydroxyl groups. The absence of bands assigned to C-H

bonds showed that the TiO film was mainly free of
organic moieties from starting products.

3.5. Photocatalysis

No photocatalytic activity was found for salicylic acid
degradation under UV-illumination when using these
TiO, films. This lack of photoactivity was associated to
contamination of TiQ@ with fluoride from the precursor
used in the second stdR9]. It has been reported that
fluoride anion competes with organic substances for
adsorption on the Ti© surfac9-31. Nevertheless,
it has also been reported that the addition of fluoride

anions, in proper concentrations, enhances the photoca-

talytic activity of TiO, towards the decomposition of
phenol in aqueous solutidi32]. The lack of photoactiv-
ity could also be ascribed to fluoride anions incorporated
in the anatase lattice, i.e. in the bulk of the material
[29].

A.M. Peiro et al. / Thin Solid Films 411 (2002) 185-191

4, Conclusions

Compact layers of anatase TiO with grain sizes
between 50 and 100 nm were deposited on Si and glass
substrates by a two-step solution process performed at
temperatures lower than 373 K. The layers were trans-
parent and colored by reflection-interference of light.
The employed deposition method was developed from
the combination of two different processes previously
reported: deposition from a colloidal agueous solution
and deposition from a soluble precursor induced by
microwave radiation. The present two-step process wid-
ens the range of substrates in which JiO deposition
can be performed using a microwave method. The
developed soft-solution method provides a low-cost
route to synthesize dense and well-crystallized titanium
dioxide films for different applications without any
annealing post-treatment being required. The obtained
films lack of photocatalytic activity, which could be
advantageous for optical or insulating applications.
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Adherent, uniform, and porous TiO, films have been obtained at ambient temperature by a novel
electrochemical process involving the simultaneous cathodic electrodeposition of a Ti(1v)-peroxo complex
and electrophoretic deposition of nanocrystalline TiO, particles on an Al cathode. Electrodepositions were
performed using an electrolytic suspension containing a water-soluble titanium complex stabilized with a
peroxo ligand and a commercial nanocrystalline TiO, powder (Degussa P25), and by applying a constant cell
voltage between 2.0 and 4.5 V. The reduction process favours the decomposition of the soluble titanium
complex to yield an amorphous TiO, precipitate on the cathode. This amorphous precipitate also acts as

a binder to the nanocrystalline TiO, particles. The whole assembly shows photocatalytic activity for the
degradation of salicylic acid without the need of thermal post-treatment.

1. Introduction

In recent years, there has been great interest in the preparation
of TiO, films for their application in different technological
fields, such as photocatalysis,l’3 dye sensitized solar cells,* ¢
antireflective coatings,7’8 and electrochromic devices.”!® A
large number of techniques such as sol-gel,!' CVD,'? sputter-
ing,"? self-assembled monolayers,'*!* liquid phase deposition,'®
atomic layer deposition,'”'® and Langmuir-Blodgett'® have
been utilized for the fabrication of TiO, films. The development
of new low-cost processes, which are of environmental interest,
for the deposition of such films is of considerable interest.
Electrochemical techniques using aqueous solutions provide an
attractive approach to meeting these needs.

Some recent studies have shown that cathodic electrodeposi-
tion of TiO, films holds great promise for various applica-
tions.?*>! This method is usually based on the electrochemical
production of OH™ from the cathodic reduction of water or
dissolved oxygen that promotes the precipitation on the cathodic
substrate deposits of oxides and/or hydroxides of metallic ions
or complexes contained in the electrolytic medium. However,
although this process is performed at low temperatures, a post-
annealing treatment is usually required to crystallize the amor-
phous deposit initially obtained. This technique has been
successfully used to produce films of several oxides such as
7r0,,2 WO0;,2 ZrTi0,,%2 Nb,0s5,2° and Zn0,>'?* as well as
several composites, e.g. RuO,-TiO5 and ALO5-Ti0,.%° Several
authors™?%% have also reported the cathodic electrodeposition
of TiO, films from soluble peroxo complexes in aqueous or
aqueous alcohol solutions. The process is carried out in two-
steps: in the first one, the soluble peroxo complexes are
transformed by an electrogenerated base into insoluble species
(Ti(0,)O0,-H,0) which precipitate on the cathode, while in
the second step this solid titania precursor, still containing
the peroxo ligand and with an amorphous nature, is thermally
decomposed. Crystallization to anatase is attained at 773 K.

Electrophoretic deposition is another electrochemical appr-
oach to the fabrication of ceramic films. This technique has
allowed the preparation of films of several simple oxides such
as alumina, zirconia,’®*?’ Ti0,,>" % and composites (e.g.

DOI: 10.1039/b203922b

alumina-zirconia micro-laminate).’**! Although crystalline
ceramic particles were employed in all the precursor suspen-
sions, an annealing post-treatment at elevated temperature was
necessary to sinterize the particles and produce well adhered
dense films (i.e., 573 K is the minimum temperature required to
produce stable TiO, films on stainless steelzg).

The aim of the present work is to combine both processes,
cathodic electrodeposition and electrophoretic deposition, with
the goal of obtaining photoactive TiO, films without the need
of a thermal post-treatment. An aqueous electrolytic suspen-
sion for this novel electrochemical method has been chosen for
environmental interest. The idea is that the electrodeposit
formed from the soluble Ti(1v)—peroxo complex should act as a
matrix that captures the nanocrystalline TiO, particles present
in the electrolytic suspension. A high number of these nano-
particles should not be completely occluded by the matrix, their
surface thus being accessible to yield photocatalytic processes.
According to previous studies,? this matrix is expected to be
composed of an insoluble polymeric titanium—peroxo complex.
However, under the experimental conditions tested, the peroxo
ligand decomposes, probably being cathodically reduced, and
the matrix is thus transformed into conducting amorphous
TiO,. The photocatalytic activity of the deposited films has
been tested in the degradation of an organic model compound
such as salicylic acid (SA) in aqueous medium.

2. Experimental

2.1. Reagents

Titanium dioxide P25 (TiO, P25, 80% anatase, 20% rutile) was
kindly supplied by Degussa. Tetraisopropyl orthotitanate (TIP)
was from Fluka; nitric acid (HNO;, 52.5%), absolute ethanol
(EtOH) and concentrated hydrogen peroxide (H,O,, 30 wt%
in H,O) from Panreac, and salicylic acid from Merck. These
chemicals were used without further purification. All solutions
were prepared with high purity water produced by a Millipore
Milli-Q system, with a conductivity lower than 6 x 10" 8Q 'em ™!
at 25 °C.

J. Mater. Chem., 2002, 12, 2769-2773 2769

This journal is © The Royal Society of Chemistry 2002

169


Boni y Silver
169


170

2.2. Preparation of the suspension for electrodeposition

Several procedures were attempted to prepare a stable elec-
trolytic suspension, until an effective method was achieved:
0.375 g TiO, P25 (4.70 mmol) were ultrasonically dispersed in
25 mL of H,O for 2 min and 360 pL. of HNOjs (4.71 mmol) were
added afterwards. Then, 209 pL TIP (0.680 mmol) were
dissolved in a mixture of 25 mL of EtOH and 70 pL of
concentrated H>O, (0.680 mmol). The solution of TIP was
added dropwise to the suspension of TiO, P25 and the resulting
suspension was homogenized by sonication for 10 min. The
electrolytic medium thus obtained has a pH = 1.5, being stable
at 298 K for more than 10 hours without separation of the TiO,
powder.

2.3. Electrolytic cell and electrode cleaning

All electrodepositions were carried out in an open, one-
compartment, cylindrical Pyrex cell of 120 cm® capacity having
an external water jacket for temperature control. The cell
contained the cathode centred between two parallel and
equidistant anodes, with a gap of 1.4 cm. The dimensions of
each electrode were 28 mm in length x 20 mm in width. Two
nets (10 mm x 5 mm x 1 mm of mesh) of platinized titanium
(with 2 um of Pt thickness) supplied by Inagasa were used as
Pt anodes. The cathode was an aluminium foil of 1 mm thick-
ness, always being placed into the electrolytic suspension with
an immersed surface area of 5.6 cm? each side. Before the
electrodeposition process, both anodes were cleaned in a hot
NaOH (0.25 M) solution for several minutes, and rinsed several
times with bidistilled water and finally, with Milli-Q water. The
cathode was polished with a sand bath, and consecutively
sonicated with bidistilled water, ethanol, acetone and Milli-Q
water. All electrolytic experiments were conducted in the poten-
tiostatic mode using an Amel 2053 potentiostat-galvanostat. A
constant cell voltage was applied ranging from 2.0 to 4.5 V. The
electrolytic suspension was not stirred and its temperature was
maintained at 298 K. After each electrodeposition trial, the
coated aluminium foil was removed from the cell, rinsed several
times with Milli-Q water to eliminate the residual components
of the suspension and dried in an open atmosphere up to a
constant weight. The weight of electrodeposited TiO, was then
determined as the mass difference between the coated and
uncoated cathode.

2.4. Characterization techniques

The surface morphology and thickness of the films were studied
by scanning electron microscopy (SEM) with a Hitachi S-570
microscope. Samples were gold-covered for all SEM measure-
ments. For thickness studies, samples were mounted onto a
holder with an inclination of 45 degrees with respect to the
electron beam. The crystalline phase of the films was analyzed
by grazing angle X-ray diffraction (XRD) with a Siemens
D-3400 diffractometer using Cu-K,, radiation (2 = 0.154056 A)
at 40 kV and 30 mA. The diffraction spectra were recorded
at an incidence angle of 1.8 degrees over the degree range
15 < 20 < 65.

2.5. Photocatalytic activity measurements

The degradation of SA under UV illumination was used as a
test of the photocatalytic activity of the films. Experiments
were carried out with films obtained at a cell voltage of 3.50 V
after an electrodeposition time of 90 min. The TiO, film was
placed in a 100 mL aqueous solution of 0.25 mmol L™! SA
filling a thermostated cylindrical Pyrex cell, in which the
temperature was kept at 298 K. The solution was maintained
under stirring with a magnetic bar throughout the experiment,
and air was bubbled through it. A 125 W Philips HPK medium-
pressure mercury vapour lamp was used as light source. The
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TiO,-covered aluminium foil was placed parallel to the light
direction in the middle of the lamp’s beam so that both faces
were illuminated. The SA concentration was followed by mea-
suring the absorbance of aliquots with a Philips PU 8620
UV/VIS/NIR spectrophotometer at a wavelength of 296 nm
(the maximum of the absorption peak of SA). Quartz cuvettes
of 1 cm optical path length were used.

3. Results and discussion

3.1. Preparation and composition of TiO, films

The electrolytic suspension used for electrodeposition contains
nanocrystalline TiO, particles at pH = 1.5. This pH value is
well below the pH of zero charge of TiO, (pH = 6.2) and thus,
the particles are expected to be positively charged by adsorbed
protons. On the other hand, when TIP is dissolved in absolute
EtOH and H,0, is added, a yellow solution is obtained due to
the formation of peroxotitanium complexes, which prevent the
condensation of Ti cations. In the electrolytic suspension of
pH 1.5, these complexes are also positively charged and their
main components are dinuclear species.’’ The existence of
positive charges also impedes the adsorption of such titanium
soluble species on the TiO, electrodeposits.

Electrolyses were carried out by applying a constant cell
voltage higher than 2.0 V between the electrodes, trying to
induce two parallel electrodeposition processes (cathodic and
electrophoretic) on the Al cathode. At these high cell voltages,
both processes also compete with the fast electrogeneration
of OH™ from the reduction of dissolved oxygen, and/or the
depletion of protons by their reduction to hydrogen gas. Thus,
when the positively charged peroxotitanium complex reaches
the vicinity of the cathode, where the pH is basic due to
the presence of electrogenerated OH™ ions, it reacts with
the precipitation of an insoluble peroxotitanium hydrate,
TiO3(H,0), (1 < x < 2).2%232 In addition, the positively
charged TiO, nanoparticles move electrophoretically toward
the cathode, being codeposited with the above mentioned
peroxotitanium hydrate. Electrodeposited TiO, films thus
obtained were white, as expected when no peroxo species are
present, at least not in any significant proportion. This point
was confirmed by the high stability of the films when treated
with strong acidic solution (HNOj3 or HCl) at room tem-
perature. It can then be inferred that during the electrolytic
process, the insoluble TiO5;(H,O), decomposes, probably by
cathodic reduction, and for this reason it is not present in the
final TiO, electrodeposit. It is noteworthy that the yellow
colour of the suspension faded away as the electrodeposition
process took place, while the pH of the solution remained
practically constant throughout the electrolysis (near 1.5),
indicating that all the soluble peroxo species are consumed in
the process.

The composition of the deposits was characterized using
XRD. Fig. 1 shows the XRD patterns of a TiO, film electro-
deposited at a constant cell voltage of 3.50 V for 30 min.
According to the JCPDS reference data, the main diffraction
lines were identified as those corresponding to TiO, anatase
(A), TiO; rutile (R) and aluminium (Al); very small peaks due
to Al,O; were also observed. Anatase and rutile phases are
present in the films in the same ratio as in TiO, P25, confirming
that the nanocrystalline TiO, powder has been incorporated
into the films. These results rule out the formation of crystalline
TiO, from the possible cathodic reduction of insoluble
TiO3(H,0),. Due to the low temperature of the process, the
titania formed in the reduction of the soluble peroxotitanium
precursor (which accounts for 14% of the titanium contained
in the electrolytic suspension) should be amorphous, and
therefore, will not exhibit any diffraction peak.

Efforts were then devoted to show the presence of
amorphous titania in the films produced by the proposed
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Fig. 1 Grazing incidence X-ray diffractogram corresponding to a
TiO, film electrodeposited onto an aluminium substrate. The main
diffraction peaks correspond to anatase (A), rutile (R), and aluminium
substrate (Al). Applied cell voltage 3.50 V. Electrodeposition time
30 min. Temperature 298 K.

electrochemical method. Initial confirmation was made by
treating the electrodeposits with a solution containing H,O,
and strong acid. In these treatments, yellow solutions were
obtained leading to a partial detachment of films, which can be
ascribed to the partial solubilization of amorphous titania
contained in them. In addition, several electrolyses were also
performed without the soluble peroxotitanium precursor in the
electrolytic bath, but no films grew on the cathode surface. This
behaviour allows us to establish that the amorphous titania
produced from the insoluble TiO3(H,0), acts as a binder of the
codeposited nanocrystalline TiO, particles.

3.2. Electrodeposition behavior

Different electrolytic conditions were tested in an attempt to
obtain TiO, electrodeposits. The use of a constant current
led to a progressive increase in cell voltage producing deposits
of very low adherence. The potentiostatic method was preferred
because adherent, uniform, and white deposits grew by apply-
ing a constant cell voltage ranging from 2.0 to 4.5 V for times of
up to 90 min. However, lower cell voltages did not yield films,
probably because of the low electrogeneration rate of OH ™ that
prevents cathodic electrodeposition of the soluble titanium
complex, whereas cell voltages higher than 4.5 V caused a fast
stripping of deposits.

Fig.2 shows a non-linear behaviour of the weight of
deposited material at the cathode per unit area, or the rate
of electrodeposition per unit area, with increasing voltage for
a fixed electrodeposition time of 30 min. As can be seen, the
electrodeposition rate is moderately low below 3.0 V, but
rapidly increases to ca. 30 pg cm > min~ ! at 4.50 V. Fig. 3
presents the change of deposit weight per unit area vs. the
electrodeposition time for a constant cell voltage of 3.50 V.
Faradaic behaviour can be observed until 60 min, for which an
average electrodeposition rate of ca. 17 pg cm 2 min~! is
obtained. However, at 90 min, the deposit weight is lower than
expected, while longer times promote a partial film stripping.

The data in Figs. 2 and 3 allow us to conclude that the
amount of electrodeposited TiO, can be controlled either by
adjusting the applied cell voltage at a fixed electrodeposition
time or by varying such time at a given cell voltage, always
limiting the cell voltage to between 2.0 and 4.5 V and the
electrodeposition time to 90 min. Under these conditions, a
relatively high cathodic current density (j.,;) is always found.
This can be observed in Fig. 4, where the time dependence of
Jear for a cell voltage of 3.50 V is depicted. Similar j,—¢ curves
were obtained for other experiments performed under the
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30 min. Temperature 298 K.
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Fig. 3 Dependence of the weight of electrodeposited TiO, on electro-
deposition time for a constant cell voltage of 3.50 V. Temperature 298 K.

conditions shown in Fig. 3. In all cases, the initial cathodic cur-
rent density drops rapidly reaching a value of ca. 5.2 mA cm ™2
after the first minute, when a thin film already covers the
immersed cathode surface. The subsequent slight, but gradual,
decay of j.,, with time can be ascribed to the increasing
electrical resistance of the thickening coating.

10

J cat (MA cm™)
»

0 L L 1 1 L 1

0 10 20 30 40 50 60
Time (min)

Fig. 4 Cathodic current density vs. electrodeposition time on applying
a constant cell voltage of 3.50 V. Temperature 298 K.
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Fig. 5 SEM images taken at 45 degrees for a TiO, film electrodeposited
for 90 min on Al: (a) cross-section of a step; (b) detail showing the
porous texture of the film. Applied cell voltage 3.50 V. Temperature
298 K.

3.3. Thickness and morphology of TiO, electrodeposits

The thickness of the films was measured using both SEM and
weight methods. As an example, two SEM cross-sections of the
TiO, electrodeposits obtained after different times are depicted
in Fig. 5. Although no regular films can be observed, SEM
measurements allowed us to measure an electrodeposition rate
of approximately 0.15 pm min~! under the conditions given
in Fig. 3 for a cell voltage of 3.50 V. On the other hand, the
average thickness of these deposits was also calculated from its
weight, once the area of the covered substrate was known, and
by assuming that the films are compact (weight method). The
density of electrodeposited TiO, required for this calculation
was assumed to be the same as that of TiO, P25 supplied by
Degussa,>® i.e. 3.7 g cm ™ >, because of the similar structure of
both materials, as above pointed out. The thickness of the films
were estimated by this method to be between 2 and 4.5 times
lower than those experimentally obtained by SEM measure-
ments. This difference clearly indicates that the films are porous.
In fact, the high porosity of the films can be readily observed in
the SEM image of Fig. 5(b).

The surface morphology of TiO, electrodeposited films on
Al was also studied by SEM. As it is shown in Figs. 6(b)-6(e),
all deposits obtained with a cell voltage of 3.50 V exhibit
significant cracking, which may be related to the drying process
or be induced by the Al substrate morphology (see Fig. 6(a)).
The Al substrate presents a rough surface that can affect
not only the morphology of the deposit but its adhesion, as
well. To clarify this point, supplementary electrodepositions
were performed under the same conditions using Al cathodes,
polished using a combination of a sand paper and diamond
grit polishing paste of 6 and 1 um, respectively. For these
experiments, less TiO, was electrodeposited than experiments
performed with rougher Al surfaces, but similar cracking was
observed in both cases. These results allow us to conclude that
cracking occurs during the drying process.

3.4. Photocatalytic activity of electrodeposited TiO, films

The photocatalytic activity of the electrodeposited TiO, films
was studied by testing their ability to degrade a 100 mL
solution of 0.25 mmol L™ ! salicylic acid. This acid has been
chosen as a model compound to test the activity of TiO, in a
large number of papers,** =8 not only because it is a common
pollutant in industrial waste waters (paper milling, cosmetic
industries, landfill leachate),39 but also because its molecular
structure is similar to many other toxic compounds. Compara-
tive trials were carried out using the SA solution with and
without an Al substrate coated with a TiO, film deposited at
3.50 V for 90 min. In each case, treatment in the dark for
120 min was performed initially to evaluate possible adsorption
phenomena or instability of the system, followed by exposure
to UV light for 150 min. The relative concentration of SA,
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Fig. 6 SEM micrographs showing the surface morphology of (a) Al
substrate and of TiO, films electrodeposited on Al cathodes after
different periods of time: (b) 30, (c) 45, (d) 60, and (e) 90 min. Applied
cell voltage 3.50 V. Temperature 298 K.

determined as the ratio between the absorbance at time ¢ and
the initial absorbance, both at 296 nm, is depicted in Fig. 7.
Reproducible results were obtained for different films prepared
and used under the same experimental conditions. From the
data in Fig. 7, it can be inferred that there is no loss of the
organic compound by volatilization or air stripping, since in
the dark and without TiO,, no change in the SA concentration
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Fig. 7 Time course of the relative concentration of SA in aqueous
solution: (a) in the dark without TiO,, followed by UV illumination;
and (b) in the dark with a TiO, film, followed by UV illumination.
Experimental conditions: [SA], = 0.25 mmol L™, pH, = 3.0, air
bubbling, irradiation with a 125 W medium pressure Hg vapour lamp,
and temperature 298 K. The TiO, electrodeposit was prepared at a
constant cell voltage of 3.50 V for 90 min.
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was noticed. In the dark and in the presence of a TiO; film, a
fast decrease in the concentration of salicylic acid, stabilized to
ca. 10%, takes place as a consequence of its adsorption on the
catalyst surface. As can be seen in Fig. 7(b), illumination of the
solution in the presence of a TiO, film leads to a significant
reduction in the SA concentration: about 30% in 150 min. The
percentage of SA degraded by direct photolysis in the same
time (see Fig. 7(a)) is less than 5%, a negligible value compared
to the removal observed with a TiO, film. Considering that
amorphous titania is not photoactive,*® the photoactivity
detected for the electrodeposited films should be ascribed to the
existence of nanocrystalline TiO, at their surface. This fact
indicates that during electrodeposition TiO, particles are not
completely occluded by the amorphous TiO, binder.

Conclusions

It has been demonstrated that adherent, uniform, and porous
TiO, films can be electrodeposited on aluminium at ambient
temperature with a novel electrochemical method that involves
the simultaneous cathodic and electrophoretic deposition of
two titania species present in a stable aqueous suspension. This
process is possible using a constant cell voltage between 2.0 and
4.5V, conditions under which OH™ is also electrogenerated in
the vicinity of the cathode. Thus, electrophoretically deposited
nanocrystalline TiO, particles can be immobilised onto the
metal substrate by an amorphous TiO, matrix produced from
the cathodic electrodeposition of a soluble peroxotitanium
precursor. This last process involves the initial precipitation of
a peroxotitanium hydrate by reaction of this precursor with
electrogenerated OH ™, followed by its decomposition, prob-
ably by cathodic reduction, to the final conducting amorphous
titania. The film thickness can be controlled either by the cell
voltage applied and/or by its electrodeposition time up to
90 min. The films show photocatalytic activity without the need
of thermal post-treatment, indicating that their nanocrystalline
TiO,; particles are not completely occluded by the amorphous
titania matrix.
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