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In this paper, electrochemical techniques are used to investigate hydrothermal-electrochemically formation of
barium titanate (BT) ceramic films. For comparison, the electrochemical behaviors of anodic titanium oxide
films formed in alkaline solution were also investigated both at room temperature and in hydrothermal condi-
tion at 150°C. Film structure and morphology were identified by scanning electron microscopy (SEM) and
atomic force microscopy (AFM). Titanium oxide films produced at different potentials exhibit different film
morphology. The breakdown of titanium oxide films anodic growth on Ti electrode plays an important roles in
the formation of BT films. BT films can grow on anodic oxide/metal substrate interface by short-circuit path,
and the dissolution-precipitation processes on the ceramic film/solution interface control the film structure and
morphology. Based upon the current experimental results and our previous work, extensively schematic proce-
dures are proposed to model the mechanism of ceramic film formation by hydrothermal-electrochemical method.

Introduction of BaTiQ; is formed the growth continues, possibly because
of the dissolution of BaTie@during the process. The dissolu-

In recent years, our group has pioneered the developmetibn of BaTiQ may expose fresh metal surface to the elec-
of a new technique that uses hydrothermal-electrochemicdtolyte and the reaction may continue through the pores
method to in situ fabricate morphology-controlled crystal-formed. Bendalest al® proposed a model to interpret the
line ceramic thin films:2 This technique, which belongs to film formation and growth mechanism, which contains three
so-called soft solution processing (SSP), concerns the fabrsteps: (1) formation of either a Ti oxide or hydrous oxide
cation, shaping, sizing and orientation of ceramics in aqueousim, (2) nucleation of fine BaTigcrystallites on the surface
solution in one step without excess energies for firing, sinteref the Ti oxide film and growth to form insulating polycrys-
ing or melting. It offers the advantage of enhanced puritytalline BaTiQ film, and (3) the dielectric breakdown of the
lower reaction temperature and higher film growth rate. films if the cell voltage exceeds a critical values. According

Hydrothermal-electrochemical method has been proven tto the model, the film grows at the film surface by the cyclic
be a powerful technique to fabricate ceramic thin fim#. process consisting of the deposition of Bali@stallites
is well accepted that the formation of ceramic films byand the transport of Ti-bear species from the Ti oxide film to
hydrothermal-electrochemical method generally follows thethe film surface through fissures and holes created by the
dissolution-crystallization mechanisnbut the detailed pro- breakdown. As a result, the film growth interface is in the
cedures have been a puzzle to scientists engaged in the arsa:lution/film interface. A series of studies have been done
How does the film formation start? How does the film by Kajiyoshi and Yoshimura on the growth mechanism of
grow ? Can the film grow infinitely ? And why does electro- ATiOz (A = Ba, Sr) film by the hydrothermal-electrochemi-
chemical reaction accelerate hydrothermal formation of ceeal method:13 A short-circuit diffusion model was proposed
ramic films ? Several efforts to understand the process havwe determine the film growth mechanism by the hydrother-
been made. Vargaast al® electrochemically characterized mal-electrochemical methd8.The very important point
the hydrothermal-electrochemical formation of BagliO concerning the growth of film in the model is the concept of
films at the early stages of growth under potentiostatic conshort-circuit paths. It is supposed that A-site and O atoms
ditions and concluded that hydrothermal-electrochemicatliffuse as solution species through open pores that are
BaTiOs film formation is initially controlled by charge trans- extending as microcapillaries from the film surface to the Ti
fer related to the electrochemical oxidation of titanium. Theelectrode. The conclusion is that the AJi@ims grows
later process becomes a mass transfer controlled process corainly at the film/electrode interface. Successively, during
responding to the diffusion of Baions across the built-up the film growth, A-site and O atoms preexisting in AJiO
BaTiO; layer. Bacsat al* suggested that after the first layer grains are mixed with respective atoms in the solution by an
*To whom correspondence should be addressed. Tel: +81_45_922'gon_1-m_ixing m_echanism accompa_nying a diss_olution-recr_y-
5323. Fax+81-45-924-5358. E-mail: Yoshimul@rlem.titech.ac.jp Stallization, which proceeds on grain surfaces in contact with
"Basis of the presentation given at International Joint Seminar of1€ solutior?. However, all available works concerning stud-
New Trends in Material Chemistry 12-13 March 1999, Seoulies of the mechanism stress only certain parts.
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films has led to much research into understanding thet this temperature. After each experiment, the Ti substrates
growth mechanism of anodic oxides films and structuralwith BT film were washed by water, ultrasonicated in etha-
changes in the oxides filf:1® An extensive illustration of nol, and air-dried before characterization. Samples were
the processes involved in anodic oxide growth and breakstored in covered containers in a desiccant.

down is given in ref. 14. Generally speaking, the elementary A titanium disk electrode was used as a working electrode
processes involved in anodic oxide growth and breakdowo run the impedance experiments at room temperature. The
mainly include the electrons and ionic species migration talisk working electrode, 0.5 cm in diameter, was constructed
oxide/electrolyte surface and injection into the oxide fromfrom titanium rod (99.95%) embedded in a shrinkable PTEF
the outer oxide boundary, and the generation of oxygetube. The reference electrode was a saturated calomel elec-
anions presumably by water decomposition. We thought thatode (SCE). All the potentials were referred to this refer-
the breakdown of anodic oxides film should play an impor-ence electrode. A platinum flag served as a counter electro-
tant role in the fabrication of ceramic films by hydrothermal-de. The electrolyte used in all the experiments was a 1.0 M
electrochemical method. In this study, the mechanism of th&OH solution freshly prepared with reagent grade potas-
synthesis of ceramic films by hydrothermal-electrochemicakium hydroxide and boiled distilled water. The freshly pol-
method was addressed through the electrochemical invesished titanium electrode was first conditioned with the elec-
gations on the formation and breakdown of anodic oxide anttode potential at -1.6 V for 10 min in 1.0 M KOH solution.
the roles in the formation of ceramic films. Hydrothermal- After which the titanium electrode was kept at a chosen
electrochemically formed barium titanate (BT) ceramic filmspotential for 1 hour to produce oxides film before running elec-
were used as model compounds. Except for the electrochertrochemical impedance spectroscopy (EIS) experiments.

ical technique, the characterization of films fabricated in dif- The EIS for titanium oxide film samples was carried out
ferent conditions was also carried out by scanning elec-troby an EG&G PAR Model 273A potentiostat equipped with
microscopy (SEM) and atomic force microscopy (AFM), an EG&G model 5210 lock-in amplifier at formation poten-
which is considered a useful tool that allows not only directtials for samples under argon atmosphere. The instrument
surface observation with three-dimensional imaging at nanowas controlled by EG&G 398 software through a personal
metric resolution, but also quantification of the surface rougheomputer. The imposed ac signal was 5 mV rms. In the high
ness. As a result, an extensive schematical procedure wlequency region of 285 Hz, a single sine model was fixed,
developed to interpret the whole process of the fabrication aind in the low frequency region, the measurement was made

ceramic films by hydrothermal-electrochemical method. at multisine mode. A constant phase element (CPE) was
used for data fitting instead of an ideal capacitor. The spectra
Experimental Section were analyzed using the nonlinear least software program,

Equivalent Circuit provided by Universiteit Twente through
Titanium metal substrate with 99.9% purity and measuringcG&G company.
5 mmx 40 mmx 0.5 mm were used as working anodic elec- The surface morphology of the grown film was investi-
trode to fabricate barium titanate films. Metal substrategyated both by scanning electron microscopy (SEM) (SEM,
were mechanically polished to a mirror finish. Before ano-dicModel S-4000, Hitachi, Tokyo, Japan) and by atomic force
deposition, titanium or tantalate plates were degreased in haticroscopy (AFM) (Digital Instruments Nanoscope 11, USA)
acetone with an ultrasonic cleaner, etched in a chromic acidperating in the contact mode. AFM images were taken at a
mixture for about 16 hours, and then washed in distilledesolution of 512512 pixels without low-pass filtering.
water with the ultrasonic cleaner. Ba(Qtnd KOH solu-  Silicon nitride cantilevers with a spring constant of 0.38 N/m
tion was prepared: Ba(OH)BH,O and KOH (guaranteed were used for all images.
reagent) with boiling distilled water in order to remove dis-
solved CQ that could produce insoluble carbonates. Results and Discussion
To fabricate barium titanate by the hydrothermal-electro-

chemical method, Teflon beaker containing the electrolyte Dissolution and precipitation behaviors of Ti oxide
was placed in a cell of an autoclave equipped with a thre@lm in alkaline solution
electrode system. Ti and Pt plates served as the working The EIS spectra The electrochemical impedance spectra
electrode and counter electrode, respectively. An Ag/AgCbf titanium oxide films formed in different potentials were
external electrode (Toshin Kogyo, Tokyo, Japan) was usetecorded for the films prepared between -0.4 V and 1.0 V.
as the reference electrode. All experiments were performe@hen the films were formed below the potential of 0.6 V,
under galvanostatic conditions with the current density varthe spectra showed a diffusion tail at the low frequency. Typ-
ing from 0.5 mA/cri to 10 mA/cm provided by a poten- ical figures for the films formed at -0.4 V are shown in Fig-
tiostat (potentiostat/Galvanostat 2000, Toho Technicalure 1A. Aninsertin Figure 1A shows an equivalent circuit to
Research) in 0.25 M Ba(OHjor BT. Changes in potential best fit the data shown in Figure 1A. The simulated values
as a function of reaction time were recorded by personal corer elements based on the equivalent circuits are shown in
puter for selected experiments. The temperature for hydrd=igures 1A and 1B. ThesRomponent in the circuit is the
thermal-electrochemical treatment was controlled at°C50  solution resistance. The n value of CPE Q1 is close to 1.0,
and the reaction cell was kept at the saturated vapor pressunglicating that this is a double-layer capacitor. A Warburg



Electrochemical Studies on the Mechanism of the Fabrication Bull. Korean Cherh9$®d/0l. 20, No. 8 871

180

(A)
160 1
140
(]

120
-
%100-
=
5 80+

ar
60 B | @ |
O L
Ly w @

40+ .
20+

0 + + + + + +

0 20 40 €0 80 100 120 140 160 180

Zre (kohm)
40
(B)
35 \‘\
e oo

: ™

-Zim (kohm)
3 8 B
\.“\
.

m\*\ii\.

0

0 20 40 60 80 100 120
2re (kohm)

Figure 1. Complex impedance spectra for a titanium disk electrode
in 1.0 M KOH at the potential of (A) -0.4 V, (B) 0.6 V, respec-
tively. Dotted points are experimental data, solid line are simu-
lations according to the equivalent circuits of the insets. For Figure - S : o
1A, R, =7.5Q; R=225Q; Rs=89.4 KY; Y =4.24x10°6, n=0.95; Figure 2. SEM mlcr'ography of titanium oxide anodic films formed at
Yoz =18.310%, n=0.82; ¥%s=15.7%10%, n=0.55. For Figure 1B, different potentials in 1.0 M KOH: (A) -0.4V, (B) 0.4 V, and ( C) 8.0V.
R<= 9.5Q; Ri=33.8Q; R,=1.52 K2; R:=120Q; Y:=4.92107,
n=0.98; Yo=2.66<10°¢, n=0.98; ¥%3=8.92¢<10°¢, n=0.61. frequencies (the R1-Q1 parallel network shown in the left of
Figure 4B) is attributed to the faradaic charge transfer pro-
component of CPE Q3 with an n value close to 0.5 wagess, while the second circle is attributed to an adsorbed spe-
observed, which indicates that the diffusion of the oxidationcies that contributes to the repassivation.
products resulting in the dissolution of oxide films exist in  The SEM image of the film formed at potentil4 V shows
this system. The CPE Q2 with the n values of about 0.& homogeneous structure without cracks and micro-porous
shows an intermediate character between a capacitor (n = &) the micrometer scale (Figure 2A). The image of the films
and a Warburg impedance (n=0.5). Q2 may be related tibrmed at the potential larger than 0.0 V show an amorphous
the adsorbed intermediate species generated during the derous structure (Figure 2B). As shown in Figure 2C, the
solution process and subsequently adsorbed on the electroB8&M image of the films formed at potential larger than 8.0 V,
surface. These adsorbed intermediate species may hinder tbiystallites can be observed on the amorphous film surface.
diffusion process due to oxidation. Therefore, these adsorb- The growth of titanium oxide films under hydrothermal-
ed intermediate species are believed to be the reason for thkectrochemical conditions Under hydrothermal-electrochemi-
repassivation. The approximated semicircles impedanceal conditions at 15@C, titanium oxide film were grown by
spectra were recorded with a potential higher than 0.6 \A constant current flowing through the titanium anode elec-
(Figure 1B). The best equivalent circuit for fitting the data istrode. The increasing oxide thickness cause an increased
shown in the insert of Figure1B. Two continuous semicirclesvoltage drop in the oxide. As the anodic potential increased to
were found in the equivalent circuits. The semicircle at higha certain value, the breakdown potent),(the anodic oxide
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1.0um

o Figure 4. SEM image of anodic titanium oxide films grown in 0.5
M KOH at 1500C under i=5 mA/cin

os tant role in the dissolution of the oxide films. Obviously, the

fissure structure and porous morphology shown in Figure 2

and Figure 4 result in the breakdown and dissolution of oxide
film reacted with the hydroxyl groups in alkaline solution.

’ i ® e ® ® EIS experimental results show that the dissolved hydroxyl
Figure 3. Cell voltage as a function of time for samples prepared atitanium oxide could precipitate again along with the disso-
current density of a: 0.5, b: 5.0, and c: 10 mA]arespectively. Ti |ution of titanium oxide, which corresponds with the anodic
electrode, 0.5 M KOH, 15%C. overpotential. At the low anodic overpotential, both the dis-

solution and precipitation processes are slow, as a result

film would breakdown, resulting in the dissolution of titanium homogeneous morphology of the oxide films (Figure 2A)
oxide. Typical anodic growth kinetic curves are shown in Fig-was observed. Additional positive overpotentials result not
ure 3, which display the kinetic behavior of the anodization obnly in increasing the dissolution of the titanium oxide film,
titanium electrode in 0.5 M KOH solution in a range of cur-but also in increasing the concentration of dissolved titanate
rent densities between 0.5 mA&to 10 mA/cr. (probably is HTi@ 19 and the precipitation rate. The tita-

The slopes of the potential increase as the current densium hydroxyl ions existing in solution become anhydrous
ties, indicating that the rate of increasing potential is muctoxides again and deposit on the porous oxide film surface
faster at the high current density than the lower one. It can bigure 2C).
inferred that the oxidation of Ti and the film growth are The growth of barium titanate films at titanium elec-
related to the current density. On the other hand, it igrode under hydrothermal-electrochemical condition
believed that the voltage oscillation as a function of time are The kinetic behaviors Typical anodic potentials versus
the result of breakdown caused by simultaneous oxide growtime curves under different current densities for the kinetics
th and dissolution processésSuch kinetics indicate that of BT films are shown in Figure 5. The anodic voltage in-
under hydrothermal conditions, the titanium oxide can becreased to the breakdown potential, then reach a certain sta-
electrically broken down, with dissolution occurring simul- tionary value when current was passed through the Ti anodic
taneously with oxide growth in alkaline solution at a fasterelectrode in 0.25 M Ba(Okl¥olution under hydrothermal
rate. Electron scanning microscopy experiments are consigondition at 150°C. In curve b, a shoulder peak was ob-
tent with kinetic growth curves. Very small fissures andserved at about 2V. After the shoulder, the potential still
porous film structure were discovered (Figure 4). increased with the current injection, and the slope of the

Dissolution and precipitation behaviors of Ti oxide growth curve is almost the same as the slope before the
film in alkaline solution. The mechanism of anodic tita- shoulder potential. It is observed that the shoulder potential
nium oxide film dissolution is not well understood in alka- is random and sometime missing. The observed breakdown
line solutions, accounting for the extensive illustration of thevoltage is about 10 V. The breakdown strength for polycrys-
processes of anodic oxide growth and breakddvim.this  talline barium titanate is approximately k20 V/cm2° It
system, it is thought that the electrons and electrolyte injeceould be estimated that the breakdown voltage is about 12V
tion into anodes film and the oxygen evolution caused théor the film with a thickness of im, which is similar to the
film electric breakdown. The higher tendency for titanium observed values.
oxide film to react with hydroxyl group to form hydrous It could be supposed that the BT film formation originat-
oxides and dissolve in alkaline titanium could be anotheing from the Ti oxide film breakdown grows on the Ti anode
reason, according to the Pourbaix diagtnMoreover, surface as the potential increased. After the Ti oxide dis-
hydroxyl groups in alkaline electrolytes could adsorb at thesolved to form HTi@ ion, the supersaturation of barium
surface of the growing oxide through diffusion and furthertitanate is quickly met, precipitating on the Ti oxide surface,
incorporated into the oxide bulk. They may play an impor-which causes the new potential drop on the Ti surface. The

-1
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Figure 6. AFM image of BT film. sample prepared at Ti electrode
in 0.25M Ba(OH)(pH 14) electrolyte to react 60 min at the current
density of 1 mA/crh Scan area of image is 310 um? with a Z
scale of 2.qum.

10 mA/cn?.2! This indicates that the grain size of the BT
films depends on the nucleation of fine Badiystallites
° e 40 o m,Ww® @ W w on BT film/solution surface by the dissolution - recrystalli-
Figure 5. Cell voltage as a function of time for samples prepared aZation procedure. Figure 6 also shows that the upper grains
current density of a: 0.5, b: 5.0, and ¢: 10 m&/aespectively. Ti ~ are bigger than the lower ones. The larger grains are located
electrode, 0.25M Ba(OH)pH 14), 150C. on the outer surface, while the smaller ones are restraind by
the bigger ones. This type of microstructure may indicate the
higher potential increasing slope in this range indicate thagrain growth mechanism is controlled by nucleation and
the initial formation of BT films is very fast. growth process, because the largest grains are the ones that
The shoulder appearing in the kinetic curves could give usucleated first and thus have enough time to grow. The fine
important information concerning the mechanism of film grains observed in the inner place of film also indicated that
formation. According to the Pourbaix diagrédhmnce the ti-  the film is grown from out side the surface to inside. On the
tanium anodic is oxidized in alkaline solution, different spe-other hand, cracks and fissures appearing in the branches
cies of titanate could be formed, such as TiQDFiand  across the surface have been observed, which indicate the
TiO,. In view of thermodynamic consideration, the reactionfilms breakdown.
of TiO and TOs with hydroxyl species to dissolve is much  Model of the barium titanate film formation mecha-
easier than for the T Therefore, the shoulder appearing in nisms by hydrothermal-electrochemical method Because
the kinetic curves infers the formation and dissolution of dif-of the complexity of this system, it would be difficult to des-
ferent titanate species. This maybe the main reason why tligibe the whole processes quantitatively. Based on the above
synthesis of ceramic films by hydrothermal-electrochemicaldiscussion and our experimental results, the mechanism could
method is rather fast and efficient compared with the hydrobe schematically expressed as shown in Figure 7, which
thermal method. shows several successive steps: (1) the anodic formation of
No significant changes in the slope of increasing potentiali oxide films and film breakdown and dissolution, (2) the
among the current densities were observed, which indicateiditial formation of BT supersaturating precipitates and the
that the film growth was related only to the rate of the preheterogeneous nucleation of BT crystals on the substrate sur-
cipitation of the supersaturating barium titanate. Voltage oscilface until it covers all substrate surface, (3) the growth of BT
lation as a function of time was also observed after thdilm, and (4) the blocking of the growth of BT film.
curves reach the breakdown potentials. This indicated that First, Ti oxide films were formed quickly by providing
hydrothermal-electrochemically formed BT films can be either a constant voltage or current under hydrothermal-elec-
broken down with increasing voltage and dissolved in solufrochemical condition. Under galvanostatic condition, the
tion. The dissolved BT patrticles could be deposited agaimgrowth of Ti oxide film results in an increased voltage drop
from solution simultaneously with BT dissolution, causing in the system. As the voltages came to breakdown potential,
the voltage oscillation. This is evidence of the well knownthe Ti oxide films would breakdown, and dissolve in con-
dissolution-recrystallization mechanism. centrated alkaline solution to form Ti beard hydroxyl species
Characterization of BT films by AFM. AFM surface  (probably is HTiQ). It is believed that the highly concen-
topographies of the BT films grown on the Ti substrate ardrated alkaline media accelerates the dissolution of Ti oxide.
shown in Figure 6. The surface of these films is well com-Simultaneously, the dissolved HEQons reacted with the
pacted with well defined BT grains. Actually, the grain sizeBa*, forming the supersaturating particles precipitating on
is not uniform. It was found that there is no significant dif- the Ti oxide surface. The heterogeneous nucleation of BT
ference in the average grain size of the films prepared witlrystals from solution continues until the surface is fully co-
different current densities in the range from 0.5 m&/tmn  vered with BT grains. As a result, the dissolution of Ti-oxide
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(3) The BT film can be formed both at Ti oxide/BT film
surface and in BT/electrolyte solution. BT films grow on
anodic oxide/metal substrate interface by short-circuit path-
ways, and the dissolution-precipitation processes on the cera-
mic film/solution interface, which control the film structure
and morphology.

(4) The mutilayer structures of BT film fabricated by
hydrothermal-electrochemical technigque results from the com-
petition reaction between the rate of the growth of anodic Ti
oxide films and the rate of precipitation from superconcen-
trating BT patrticles.
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BT film breakdown Small grains breakdown
and dissolution
- ; Large grains
Film growth is blocked | —=—— continuously growth
Figure 7.

hydrothermal-electrochemical method. See text for details.

is blocked somewhat. It is suggested that in this step the rate-
determining reactions are the formation of Ti-oxide films
and the growth of BT grains. The oxide dissolution and the
precipitation of BT are very fast because of the acceleration,,
both by electric field and high hydroxyl concentration as
well as free space to deposit the supersaturating BT parti-3.
cles. After the entire surface is covered with BT grains, the
processes are supposed to proceed to the steps of the growth
of the BT film. Because the Ti-oxide has already been
blocked by the freshly formed BT grains, the breakdown in 5
the system could be attributed to the BT film breakdown
resulting in the dissolution of small BT grains. This favors
the growth of the crystallites in the out surface (Figure 6).
The successively formed supersaturating BT patrticles are th- -
ought to prefer to nucleate at the formed BT grain bound-
aries to provide a pathway or so-called short-circuit path for
the inward diffusion of B&and OH to the BT/Ti-oxide sur-
face. This inward diffusion is much faster than the one from
the bulk crystals of BT. This diffusion supplies ricl/Band  10.
OH ions to BT/Ti-oxide interface to produce amorphous
BT film at this interface and make the film thicker. In this 11.
stage, the BT films continue growing on both Ti-oxide/BT
film interface and BT film/solution interface. However, the
growth rate is gradually hindered along the thicker part of.

9.

the BT film because the short-circuit paths become too nar-
row to transport B4 and OH ions, especially when the film
is densely packed. The schematic model presented here could
include all the previous mechanisms proposed for this system.
15.
Conclusions
16.

Based upon the experimental results outlined here for thé’-
Ti/TiOx/electrolyte system, can be concluded that:

(1) Titanium oxide films produced in different potentials
or in current density exhibit different film morphology. Dis-
solution and precipitation behaviors of Ti oxide film in alka- 20
line solution have been identified.

(2) The breakdown of titanium oxide films anodic growth on
Ti electrode play important roles in the formation of BT films. 21.

19.
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