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Aqueous solution reaction during liquid-phase deposition
and its application in electrochemical materials
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The study systematically attempts to synthesize a number of metal oxides using a liquid-phase deposition method
and hydrolysis reaction of metal fluoride complexes. Instead of the conventional empirical optimization, the in-
solution equilibrium is precisely analyzed and desired oxides possessing nano-order structures and thin-film
geometries are synthesized. By synthesizing oxides with ordered structures and large specific surface areas,
materials with a high affinity for electrochemical reactions is developed, which contributes to the development of

the science of such reactions.
©2022 The Ceramic Society of Japan. All rights reserved.
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1. Introduction - Positioning liquid-phase
deposition methods in soft solution

Metal oxide thin films have been widely used as inor-
ganic functional materials owing to their promising elec-
trical, optical, and magnetic properties. According to a pre-
vious study,” conventional ceramic synthesis processes
consist of “two-steps,” i.e., the synthesis-fabrication proc-
esses in high temperatures that consume tremendous
amounts of energy. The vapor phase process widely used
in various industrial fields such as chemical vapor deposi-
tion, physical vapor deposition, and metal organic chemi-
cal vapor deposition requires a huge, complicated device
for the operation under low pressure.” Therefore, soft-
solution processes are promising methods to achieve a
reduction in the cost and energy consumption for fabrica-
tion and operation because of their advantages such as
precise control of the equilibrium and kinetics and thermo-
chemical (chemical) potential for the dissolving spices in
related compound. There are various kinds of soft-solution
processes that are conducted in ambient temperature and
pressure through direct deposition, such as the metal com-
plex deposition,)? liquid-phase deposition (LPD),-9
chemical bath deposition (CBD),” and successive ionic
layer adsorption and reaction,'”'? owing to their han-
dling ease, low cost operations, and simplicity of required
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equipment. Not only oxides but also other chalcogenide
compounds are prepared using soft-solution processes.”'?)
Various reactions of the metal complex have been studied
using the solution reaction. Recently, the reaction mechan-
ism in LPD has been reported in a study as a soft-solution
process. As it resembles the hydrolysis reaction process,
the LPD reaction is usually regarded as a subset of the
CBD.!'Y) However, various kinds of oxides can be pre-
pared using a combination of a metal-fluoro complex and a
F~ scavenger, determined through the comparison of a
relative stability constant of each fluorine complex.'>
Although many studies have attempted to fabricate various
oxides using the LPD process, there has been limited
research to understand the reaction process in a solution
phase.'>29 The LPD reaction spontaneously proceeds at
ambient conditions through a balance of two equilibrium
reactions—the hydrolysis equilibrium (ligand-exchange)
reaction of a metal fluoride complex species [Eq. (1)] and
F~ consumption reaction with boric acid or aluminum ion
as an F~ scavenger [Egs. (2) or (3)].
MEx"=2"~ + nH,0 <> MO, + xF~ + 2nH™ (1)
H;BO; + 4HF — BF4~ + H;0T +2H,0  (2)
APt + 6HF — H3AIFg + 3/2H, 3)
Deki et al. had employed the LPD method to fabricate
various kinds of films, such as TiO,,> V,0s,2D VO,,?? B-
FeOOH,?» Nb,05,% Zr0,,>> CuFe0,,2® o-Ni(OH),,?”
h-Mo00;,>® H,WO4-H,0,”” and other multi-component
metal oxide films.?> However, optimization of the com-
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position has not been fully achieved for a small amount of
fluorine incorporated into the synthesized thin film, result-
ing in a poor reproducibility for the synthesis of transi-
tion metal oxides, especially copper and nickel oxides. In
fact, the Fe—Ni binary oxide was synthesized using an iron
fluoro-complex with aqueous Ni(NOj;), solution as the
“doping” reagent’?!) owing to the low stability constant
of the metal-fluoro complex, though whose deposition
mechanism was still unclear. The understanding of the
LPD reaction mechanism is indispensable for optimiza-
tion, high-yield synthesis, and improvement of the physi-
cal properties of thin films. Additionally, the equilibrium
reaction expressed in Eq. (1) involves not only the metal
fluoro-complex but also hydrolysis. Hence, the LPD
reaction is often misunderstood to be similar to a usual
hydrolysis reaction, such as the sol-gel process, which
requires pyroprocessing. It is often debated that these two
equilibria dominate the reaction in the LPD method.'®'?
Certain studies have mentioned that the pH equilibrium
condition predominantly determines the deposition proc-
ess.>?) However, by comparing the kinetic condition of the
metal fluoro-complex and hydrolysis, the dissociation rate
of the metal-fluoro complex is observed to be very low and
predominant, which is estimated from the LPD reaction
time of 12-24h in ambient temperature. Therefore, in this
study, the kinetic interpretation of the LPD process is
considered in addition to the equilibrium reaction.

This study aims to understand the deposition mechan-
ism by applying quantitative nuclear magnetic resonance
(NMR) analysis to the LPD reaction solutions for prepar-
ing titanium oxide films under various reaction condi-
tions.>* Moreover, the optimum conditions for the synthe-
ses of 3d transition metal oxide thin films were inves-
tigated by controlling the pH and concentration of reacting
species.>® From the results, a precise rate control is estab-
lished for the LPD process using various nano-ordered
materials, such as MCM-41,*> Nafion membrane with
ionic clustering structure,>® and porous Si,3”) applied to
electrochemical materials. This study summarizes my
involvement in the research of ceramics synthesis using
aqueous solutions and progression to the latest research on
nanostructured materials.

2. LPD research history before
the author’s involvement

I was involved in the LPD method and wrote my first
paper on the deposition of TiO, films on porous silicon
using the Deep-RIE method in 2008.°® I first gained
an understanding of the difficult-to-handle metal-fluoride
equilibria by observing my senior and junior students
dealing with them. At that time, the behavior of hydrolysis
equilibrium in fluoride complexes was known, but the idea
of using it for the synthesis of metal oxides came from a
technique called H-coating, which was initiated at Nippon
Sheet Glass Co.3” An interesting fact about our laboratory
was that, while we knew it was common to synthesize thin
films while conducting research on ceramic synthesis, we
assumed that such synthesis is done by the companies.
Therefore, we disregarded repeating it, and rather appre-
ciated the importance of understanding the reaction mech-
anism. Thus, we commenced research on the reaction
mechanism of metal fluoride complex solutions by spec-
troscopic analysis. We began identifying the dissolved
species by analysis, and measuring the activity of water as
a solvent using a transpiration vapor pressure measuring
apparatus as shown in Fig. 1.404D

At the time, I was trying to compile a doctoral disser-
tation on a different topic, “physical properties and behav-
ior of electrolyte solutions in solid-liquid coexistence sys-
tems,”*? but I had several discussions with the authors of
Ref. 41) who were involved with LPD on a daily basis. I
believed that those discussions were quite useful, not only
for the present precise synthesis of LPD method but also
for the activity of dissolving species from the results of
both the transpiration method and NMR measurements.*3)

It is undeniable that the most important fundamental
aspect of ceramic research is the synthesis of ceramics.
However, the resulting ceramics are the remnants of the
reaction with less information available to comprehend the
reaction mechanism. I believe that if a reaction was car-
ried out in an aqueous solution, we only need to evaluate
at the solution. Therefore, we can carry out reactions in
real time. As I was mainly interested in electrolyte solu-
tions and solid-liquid coexistence systems, and particu-

No N2+SiHs+HF+H20 5
.
¥
N2+HF+H20
—
1
—
7=
8 615 ° 7
H.0 \ CaClz soln
1.Flow meter 2.sample 3.Sample cell 4.Pump
5.Ribbon heater 6.Trap1 7.Trap2 8.Water bath

Fig. 1. Vapor pressure measurement system for determination of water and SiF4 formed by hydrolysis reaction

of hydrofluoric acid.*
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Fig. 2. Dissemination of research on LPD process to academia and industry.

larly in the behavior of dissolved species in aqueous solu-
tions of fluorine complexes, I still have not changed this
belief.

Furthermore, there are various advantages for synthe-
sizing metal oxides by LPD. For example, in batteries and
sensors using ceramics as active materials for redox reac-
tions, the objective is to synthesize ceramics that will serve
as the reaction field. If the LPD reaction itself is the subject
of research, it is sufficient to develop the reaction on a flat
plate, such as glass, and measure the physical properties.
However, the shape of the base material would not neces-
sarily be a flat plate, and the structure of the base material
may vary by various orders of magnitude. In many cases,
substrates with complex shapes and properties are used. In
addition, most ceramic substrates that appear to be flat
have a nano-scale roughness so they must be able to con-
form to the shape of the substrate. The application of LPD
to substrates with complex geometries had been tackled
before I was involved, as shown in Fig. 2, indicating that
the surface treatment by LPD was expected to be used for
numerous applications.*$-%

In particular, the liquid-phase infiltration method, in
which the oxide is filled into the voids of complex shapes,
has made it possible to synthesize metal oxides with vari-
ous hierarchical structures.> This method utilizes the LPD
method’s excellent substrate shape-following property to
fill the solid pore with oxide, which is evidently observed
during the reaction as shown in Fig. 3.9
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I became directly involved in the LPD method after a
series of large-scale projects implemented in my labora-
tory, particularly, the research and development of sensors
for volatile organic compounds and hydrogen in collab-
oration with New Cosmos Electric Co. Ltd. and Nippon
Sheet Glass Co.>

To apply metal oxide thin films to sensors, it is not
enough to simply create the oxides; various elemental
technologies and devices to realize them are required as
shown in Fig. 4. However, more important than the imple-
mentation technology was the precise fabrication of the
thin film and control of its composition. Semiconductors
such as WOj3; and SnO, are often used in sensors, but their
oxides have rarely been synthesized by LPD. Furthermore,
the shape control of these oxides at the nano- and micro-
order level to mount them on sensors was an important
concern. My role was to conduct basic research on these
issues in parallel with discussions with the students.

During this project, me and my coworkers published
papers on the synthesis of WO3,2? Sn0,,”” and thin films
on silicon substrates,®® which led me to research on the
deposition reaction of metal oxides in nanostructures.

3. Equilibrium and kinetics of fluorotitanium
complex during LPD process
for synthesis of TiO,

I was appointed to my current laboratory in 2011, which
gave me the opportunity to reconsider my approach to
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500 nm

prior to LPD reaction

——

after 10 hours

after 5 hours

after 7.5 hours

after 20 hours

Fig. 3. Reaction process of TiO, deposition on Si substrate with 200 nm diameter pores by LPD method. It can
be seen that all the pores are filled after about 20 h. Composition of reaction solution, (NH,),TiFg: 0.1 mol L™,

H3BOs: 0.2 mol L~!. Temperature: 30 °C.

Sensor sensitive
part (gold electrode)
Sensitivity change
rate: within 5 %
Responsiveness:
T60<1s

Electrode formation
Technology using
photolithography
equipment.

Glass
encapsulation
Establishment of
glass encapsulation
technology.

LPD film
Selection of solid
electrolyte
composition (YSZ)
by LPD reaction.

Pt Heater pattern for power saving
Area: 0.3 x 0.3 mm
Line & Pitch: 3um

Fig. 4. Material arrangement of the H, sensor with YSZ electrodes locally tuned by the liquid phase deposition
method.>® The reference electrode is a glass-encapsulated YSZ, and the potential is measured by potentiometry; a

lithographically patterned Pt electrode is placed on an Al,O; substrate and heated to 600 °C.

LPD. As anyone may have experienced, when one takes
upon a research theme that has been studied for a long time
and makes it one’s own, criticism is unavoidable, particu-
larly about second-guessing one’s predecessor, unless one
has a clear sense of originality. In other words, it was nec-
essary to organize the thinking on the LPD method and
clarify what is being pursued as a scientific principle. 1
decided to understand the LPD reaction mechanism from
the viewpoint of equilibrium in solution, based on the
belief that the underlying explanation would be obtained
through a precise reaction analysis, which had not been
attempted before. Of course, the fundamentals of each
of these methods had been developed in previous LPD
research, but each of them required some kind of break-

through. The contents of these themes are introduced
below using multinuclear NMR spectroscopy.®®)

Titanium dioxide (TiO,) is one of the most typical
species fabricated by the LPD process because it has been
wide applicability, such as in photocatalyst,>®-6) antire-
flection and self-cleaning technology,®? and electrochem-
ical reaction,®*¥ second only to SiO, films®%® synthe-
sized from the LPD process. The reaction control is rela-
tively easy for the fabrication of these oxide thin films as
the equilibrium constants of the fluorocomplexes of Ti and
Si are in the middle range as shown in Scheme 1.7 Here,
the equilibrium constant, 3, is defined as:

B = kiksks ...k, @)
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Scheme 1. Stability constants of various kinds of metalfluoro complex in aqueous solution summarized from

the data in Ref. 67).

where ki, ky, . . . k, are obtained from the following sequen-
tial formation reactions of metal-fluoro complex:
[MF("_IH']
CIMM[FT]
(5a)
[MF(X72)+]
[M(xf 1)+] [F]
(5b)

M*F + F~ &= MF&—D+ ki

MF@®— D+ 4 F~ = ME,02+ by =

[MF(xfn)Jr]
(5¢)

Boric acid (indicated as BO3>7) and AI** have high stabil-
ity constants and act as typical F-scavengers from the other
fluorine complexes. This results in the difficulty to obtain
an Al,O; film. Several kinds of F-scavengers, such as
FeOOH, have been used for the LPD process for TiO, syn-
thesis.!” The LPD reaction should first proceed through
the sequential defluorate reaction at the beginning of the
deposition reaction, called the induction period.®® To the
best of my knowledge, limited research has been done for
reaction analysis in reaction solution, especially for each
intermediate species of TiF,(OH)s_, and BF.(OH),_,.
Therefore, the reaction process is investigated using multi-
nuclear NMR which can partially classify the dissolving
species during the reaction solution.3

The (NHy4),TiF¢ concentrations of the parent solutions
for the TiO, thin film synthesis were 0.025, 0.1, and 0.2
mol L1, and the H3BO; concentration was fixed at 0.2
mol L™!. The degreased glass substrates were suspended
vertically into the parent solution and reacted at 30 °C. The
F NMR spectra were obtained by a Varian INOVA 400
NMR spectrometer.

Figure 5 shows a representative '°F-NMR spectra of
the reaction time dependence of the LPD reaction solu-
tion at initial concentrations of 0.1 mol L~! (NHy),TiF4 and
0.2mol L~! H3BOs. From the spectrum of the (NHy),TiF
solution, only one signal due to TiFs*~ was observed,
which indicates that TiFs>~ anions were quite stable in
water. However, a quartet with an unusual intensity ratio

MF(n_l)(x7n+l)+ +F = 1\/[1:;’!(x7n)7L kn —
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TiF> BF3(OH)~ BFy
|
I
L UL.,. Reaction time
96 h
I A 11' ; 24h
—7 ; o
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Fig. 5. '"F NMR spectra of 0.1 molL~" (NH4),TiFs aq. and
reaction time dependence of LPD reaction solution. (NHy4),TiFg
aq: 0.1 mol L1, H3BO; aq: 0.2mol L™,

was observed at —149 ppm after 1 h of LPD reaction, and a
doublet with asymmetrical intensities was observed at
—156 ppm after 6h of LPD reaction; these signals can be
assigned to BF;(OH)~ and BF,~, respectively.®® Free F~
anions which were produced by the hydrolysis reaction of
TiFs>~ were completely scavenged by H;BO;. Hence, the
signal due to free F~ ions was not detected in the LPD
reaction solution at each reaction time. The signals derived
from BF(OH);~ and BF,(OH),™ could not be observed
because the ligand exchange of these species is much
faster than the NMR time scale.

To quantitatively understand the deposition mechanism
of titanium oxide thin films by the LPD process, the con-
centrations of the dissolving species in the LPD reaction
solutions were determined by comparing them with the
integrated intensity values of '’F NMR signals of external
reference. The NMR is a powerful tool used not only for
determining the dissolving species but also for their quan-
titative analysis because the integrated intensity is directly
proportional to the number of resonant nuclei. Figure 6
shows the time dependence of the concentrations of the dis-
solving species in the LPD reaction solutions. The relation-
ships between the concentrations of the reactant (TiFs>~)
and products [BF3(OH)™ and BF,7] indicate that the most
rapid reaction occurred when the initial concentration of
(NH,),TiFs was 0.025molL~! and the agglomeration of
particles as the precursor of a hazy TiO, film was depos-
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Reaction time dependence of the concentration of the dissolving species in LPD reaction solutions.

(NH,4),TiFg aq.: (a) 0.025molL~!, (b) 0.10molL~, (c) 0.20molL~'. H;BO; aq.: 0.20molL~!. @: TiFs*",

u: BF;(OH)~, A: BF,~.

ited. Unexpectedly, the concentration of BF3(OH)™ was
higher than that of the BF;~ during the whole reaction.
Thus, a boron molecule will scavenge, not four, but three
F~ anions. Because the '°F NMR signals for only TiF¢>~,
BF;(OH)~, and BF,~ species were observed and if TiF4>~
ions released all the F~ ions by the hydrolysis reaction
as per Eq. (1), then the following relationship will be
established:

6[TiF62_]con = 3[BF3(OH)_]pro + 4[BF4_]pro (6)

where [TiFg* Jeon represents the concentration of TiF’~
consumed by the LPD reaction, and [BF3(OH) ], and
[BF4 Jpro represent the concentrations of BF3(OH)™ and
BF,~ produced by the F~ consuming reaction, respective-
ly. However, the concentration of F~ released from TiF4>~
is much higher than that of the F~ scavenged by H3;BO;
under all concentrations. This result suggests that TiFs>~
does not release all F~ ions, indicating the existence of hy-
drolysis intermediate species [TiF(OH),(Hy0)6_—,] "
which could not be detected by '°F NMR owing to the
rapid ligand exchange in the LPD reaction solutions. The
complicated equilibrium behavior of these various inter-
mediate species in the LPD reaction solutions subsequent-
ly affect the chemical composition, crystal structures, and
final yields of the metal oxide thin films.

4. Obtaining transition metal oxides from
fluorocomplexes having lower stability constants

Our knowledge of the equilibrium reactions of metal
fluoride complexes in solution has helped in the systematic
synthesis of a variety of metal oxides, especially transition
metal oxides that were previously synthesized in a hap-
hazard manner, except aluminum oxide which has the
highest stability constant with fluorine ions. While some
oxides such as TiO,, SiO,, ZrO,, and Sn0,,%” are easily
obtained from metal fluorocomplexes having mid-ranged
stability constants, it is difficult to obtain the divalent or a
part of trivalent transition metal oxides with lower stability
constants. The fluorocomplexes of these transition metals
are unstable and easily hydrolyzed. It is necessary to add
plenty of fluoric acid solution to stabilize the fluorocom-
plex prior to the LPD reaction. Adding large amounts of

B ¥

FeOOH a-Ni(OH), Co,0, MnO, Cuo

Tio, Cr,0,

Deposited
thin film

Substrate

Fig. 7. (a) Various kinds of transition metal oxide thin films
prepared by the liquid phase deposition process using well-
controlled precursor reaction solutions and SEM images of «-
Ni(OH); thin films deposited on (b) glass substrate and (c) a-
Al,O3 powder.

the F~ scavenger to reduce the excess amount of free
fluoric ion in transition metal fluorocomplex causes a rapid
and uniform hydrolysis reaction, resulting in the precip-
itation of hydroxide and oxides. Subsequently, I tried to
precisely control the concentration and pH values of reac-
tion solution to maintain the stability of complex. Most of
the oxides of 3d transition metals, such as Ti, V, Mn, Fe,
Co, and Cu, are obtained employing LPD solutions, as
shown in Fig. 7.

In our studies for the synthesis of nickel hydroxide, o-
Ni(OH),,2” and Ni-Al layered double hydroxide (NiAl-
LDH),*» the pH values of the precursor solutions of
NiF4?~ are maintained at a particular value once NiF4>~ is
prepared from the Ni(OH), and HF solutions. Considering
the stoichiometry of these species, the following neutral-
ization is expected:

Ni(OH), + 6HF aq. — NiFs>~ 4+ 2H* 4+ 2H,0 (7)

As the low solubility of the commercialized hydroxide
for HF (weak acid) aqueous solution hindered the parent
solution preparation of nickel fluorocomplex solution, the
Ni(NO3);-6H,O and NH; aqueous solutions were used to
obtain the Ni(OH), for the neutralization reaction. The
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rinsed wet precipitation of hydroxide, B-Ni(OH),, is easily
dissolved in the HF solution. According to the measure-
ments of free F~ concentration using a F~ selective elec-
trode, the F-activity gradually decreased monotonically
with the aging time of 48 h. The slow fluorocomplex for-
mation and lower stability of the fluorocomplex resulted in
a low reproducibility in obtaining nickel hydroxide, even
after allowing a 48h aging time to prepare the reaction
solution. After completing the equilibrium reaction of
nickel fluorocomplex, we add the aluminum nitrate solu-
tion to initiate the hydrolysis reaction. The Al ionic species
were inserted into the Ni/Al pillar structure for at least
24h to form a NiAl-LDH. This material is utilized as an
active material in Ni-MH secondary batteries’”7% and gel
sheets that includes the anticorrosive ionic species.”

5. Synthesis mechanism of chromium(lll)
oxide thin films in the LPD process

Chromium(IIl) oxide, which is another 3d transition
metal oxide, has many applications in catalytic chemistry,
photolithography process, and as an electrode material. We
also investigated the optimization of the synthesis con-
dition of the chromium(III) oxide thin film.” Because the
solubility product of Cr(OH)sz is 6.3 x 10731, it can be ex-
pected that Cr(OH)s;, which is a precursor of the chro-
mium(IIl) oxide thin film, precipitates in pH > 4.6 at
[Cr**] = 7.5mmol L~'.*7 For the syntheses of Cr,0; thin
films, the Cr(NO;); and HF concentrations of the parent
solutions were set to be 0.05 and 0.15mol L™!, respec-
tively. The pH of the parent solutions was controlled by
NH3(aq), and the H;BOj3 solution was added to the final
solution with a concentration of 0.25molL~'. The de-
greased glass substrates were suspended vertically into the
parent solution, and reacted for 24 h at 30 °C.

The NH; concentration dependence of Cr’*—HF and
Cr**—HNO; mixture solutions with the pH of the LPD
parent solutions is shown in Fig. 8. The Cr(OH); precip-
itated at a pH > 4.6 as expected from the solubility prod-
uct in the Cr>*—HNOj solutions, whereas in the case of the
Cr3*—HF solution, the Cr(OH); precipitated at a pH > 6.1
against expectations. This indicates that the F~ anions
which coordinate with the Cr’* inhibits the formation of
Cr(OH);. Hence, it can be inferred that the chromium(III)
oxide thin film is synthesized by the LPD process when
the hydrolysis of Cr** is inhibited by the coordination of
F~ anions. In other words, the addition of H;BOj as a fluo-
rine scavenger when the fluorine inhibits the hydrolysis of
Cr’* causes a slow desorption of fluorine from the Cr3*,
and the subsequent LPD reaction leads to the deposition of
chromium(III) oxide thin film.

Figure 9 shows the NHj concentration dependence of
the deposition amounts of chromium on the glass sub-
strates by the LPD reaction and the initial and final pHs of
the LPD reaction solutions. The depositions of chromiu-
m(III) oxide thin films were observed when the hydrolysis
reaction of the complex was inhibited by the coordination
of F7, i.e., when pH > 4.6. Therefore, it was revealed that
the LPD reaction optimization can be carried out by con-
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reaction time: 24 h.

trolling the concentrations of the reaction species and pH.
The formation of the thin film of ca. 100 nm in the mem-
brane was confirmed by the surface observation using the
scanning electron microscope (SEM), and the composition
was amorphous Cr,O3 with X-ray diffraction and Raman
spectrometry.

6. Application of liquid-phase deposition
method to nanostructures

Using a thin film, metal oxides can increase their reac-
tion interfaces or have a unique structure at the interface.
Several applications that take advantage of the additional
functionality provided by metal oxide thin films are intro-
duced in this study.

6.1 Synthesis of ceramic nanoparticles using
local reaction fields

In the usual LPD method, the reaction field is the sub-

strate surface, which has a small potential difference rela-

tive to the bulk of the liquid-phase. This results in the forma-

tion of ceramic nanoparticles such as TiO, and SnO, with
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extremely high dispersibility as shown in Fig. 10.75-70
Using this method, we synthesized highly dispersed nano-
particles and applied them to the anode material of lithium-
ion batteries by compositing them with carbon materials.

6.2 Synthesis of microstructured ceramic thin
films by the LPD method

Hydrolysis reactions due to the pH shifts and solubility

differences are often so rapid that they are virtually irre-

Fig. 10. SnO; nanoparticles prepared in aqueous solution of tin
75)

fluoride complexes containing polyethylene oxide.

(@)

AR NS

6  scavenging
(dissolving)

""" Et'cl'vé&""'""/\

Original surface

TiF

versible. In addition, there are restrictions on substrate
geometry such as the need for post-processing (e.g., heat-
ing and sintering of precursors in sol-gel reactions for
substrates with nm-order size) and difficulty of wrapping
around reaction gases in gas-phase methods. Using the
LPD method, which allows an easy control of the reaction
rate, we have realized ceramic structure substrates with
complex interfaces using electrolithography. We also fabri-
cated ceramic composites with an inverted opal structure
and observed anisotropy related to their fluorescence en-
hancement phenomenon and optical properties.””) More-
over, we have succeeded in depositing TiO, particles in
the cluster structures within perfluorosulfonic acid films
known as MCM-417% and Nafion®,” which have pores of
a few nm as shown in Fig. 11. In particular, the Nafion/
TiO, composite membrane shows a remarkable improve-
ment from the conventional moisture retention perform-
ance, and the results are expected to contribute to low-
temperature operation of fuel cells.

7. Summary

In this study, an LPD method is introduced to synthesize
ceramics at ambient conditions for the preparation of
nanostructures for electrochemistry, solution chemistry,
and analytical chemistry. For researchers in the related
fields, to achieve a greater control over the various factors
of the reaction process to produce the desired shape was
a major concern, rather than the resulting ceramics. The
author hopes that these results will lead to new scientific

(surface degdsition)

‘ ~  OH OH ™
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fon exchange, ysroyes ‘ | [ |poycondensation
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Fig. 11. Composite prepared by deposition of (a) porous silica (MCM41)’® and in (b) Nafion membrane’ by

LPD process and its reaction mechanism.
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theories on the synthesis of ceramics at room temperature
and help readers in their future research efforts.
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