Journal of Sol-Gel Science and Technology (2018) 87:537-543
https://doi.org/10.1007/s10971-018-4715-x

ORIGINAL PAPER: FUNCTIONAL COATINGS, THIN FILMS AND MEMBRANES /
(INCLUDING DEPOSITION TECHNIQUES) ®Cf05sMark

Additive-free alkoxide-water-alcohol solutions as precursors for
crystalline titania thin films

Shinnosuke Yamazaki' - Hiroaki Uchiyama' - Hiromitsu Kozuka ®'

Received: 31 March 2018 / Accepted: 24 May 2018 / Published online: 19 June 2018
© Springer Science+Business Media, LLC, part of Springer Nature 2018, corrected publication July/2018

Abstract

When titanium alkoxides are hydrolyzed for preparing coating solutions for titania thin film deposition, chelating and
peptizing agents such as acetylacetone and hydrochloric acid, respectively, are employed in order to suppress the formation
of precipitates and obtain homogeneous sols. The present work demonstrates that precipitation can be avoided when 2-
methoxyethanol is used as solvent for hydrolyzing titanium isopropoxide even without using chelating or peptizing agents.
A sol obtained from a simple solution of molar compositions, Ti(OC3H,'),:H,0:CH;0C,H,OH = 1:1:25, was demonstrated
to be stable in viscosity at least for >1 month. The stability and long pot life of the sol were evidenced in the identical
characters including thickness, crystallite size and refractive index and the similar microstructure of the films prepared from
the sols aged for 1 and 30 days at room temperature. The formation of homogeneous sol and its long-period stability were
thought to result from chelation of the titanium atoms by 2-methoxyethanol molecules.

Graphical Abstract '
An additive-free, simple sol prepared from a Ti(OCsH4"),~H,0-CH;0C,H,OH solution as a stable precursor for TiO, thin
film deposition.

1
- Sol prepared from a solution of molar
| composition,
Ti(OC4H;), : H,0 : CH,OC,H,OH
= 1 o1 25

Viscosity / mPas
O =~ N W b 01 O N 00 © O
T

Time / day

The original version of this article was revised: The figure 3 has been
update.

P4 Hiromitsu Kozuka
kozuka@kansai-u.ac.jp

Department of Chemistry and Materials Engineering, Kansai
University, 3-3-35 Yamate-cho, Suita 564-8680, Japan

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10971-018-4715-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10971-018-4715-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10971-018-4715-x&domain=pdf
http://orcid.org/0000-0002-3385-215X
http://orcid.org/0000-0002-3385-215X
http://orcid.org/0000-0002-3385-215X
http://orcid.org/0000-0002-3385-215X
http://orcid.org/0000-0002-3385-215X
mailto:kozuka@kansai-u.ac.jp

538

Journal of Sol-Gel Science and Technology (2018) 87:537-543

Highlights

e Sols from Ti(OC;H;"),~H,0-CH;0C,H,OH solutions are presented for titania thin film deposition.
o Neither peptizing nor chelating agents are needed to obtain transparent and homogeneous sols.

e The use of 2-methoxyethanol as solvent is the key.

e A sol prepared from a solution of molar composition, Ti(OC3H7i)4:H20:CH3OC2H4OH = 1:1:25, was stable in viscosity
and had long pot life as a precursor for crystalline titania thin films.
e Chelation of the titanium atoms by 2-methoxyethanol molecules may be the cause of the formation of homogenous sols

and of the long pot life of the sol.

Keywords

1 Introduction

Titania thin films have attracted much attention for a long
time as anti-reflective coatings [1], photocatalysts [2],
photoelectrodes [3], and super-hydrophilic coatings [4].
Preparation of titania thin films by sol-gel method has long
history [5-7]. Dip- or spin-coating is used in laboratory
scale for fabricating gel films, and the gel films are con-
verted into polycrystalline anatase or rutile films by firing.
The most popular route for preparing coating solutions is to
employ titanium alkoxides as the source materials, which
undergo hydrolysis and condensation in alcoholic media to
form polymerized species. Because titanium akoxides are
very fast in hydrolysis reaction as in the case of other
transition metal alkoxides, their uncontrolled hydrolysis
results in precipitation in solutions. Then peptizing or che-
lating agents are added in the starting solutions prior to the
hydrolysis in order to make sols available for coating by
avoiding precipitation. Hydrochloric or nitric acids, for
instance, are used as peptizing agents, where the acid-to-
alkoxide mole ratios as large as 0.2 are employed [6-8].
Carboxylic acids and B-diketones such as acetic acid and
acetylacetone, respectively, are used as chelating agents,
where their chelation enhances the steric effects and retards
the hydrolysis of titanium akoxides [9, 10].

We noticed that, when 2-methoxyethanol (CH;0-
C,H4OH) is used as the reaction media in titanium alkoxide
solutions, precipitation can be avoided even without pep-
tizing or chelating agents. 2-Methoxyethanol is often used as
solvent for alkoxides and salts of transition metals because
of their high solubility in it. For example, one of the authors
had an experience in preparing titania sol from titanium
isopropoxide (Ti(OC3H7i)4) using 2-methoxyethanol as sol-
vent, from which transparent and homogenous titania thin
films could be prepared [11]. However, the major solvent
was ethanol and a peptizing agent was employed there as is
seen in the molar composition of the starting solution, Ti
(OC3H7i)4:H20:HC1:CH3OC2H4OH:C2HSOH =
1:1:0.14:0.5:8.2. Sreemany and Sen [12] and Mahanty et al.
[13], respectively, preWepared titania sols for fabricating
transparent and homogenous titania thin films, where the
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molar compositions of the starting solutions were Ti
(OC3H7i)4:HZO:CH3COOH:CH3OC2H4OH =1:1.8:0.7:32
and 1:1:0.3:40. Only 2-methoxyethanol was the solvent
while a chelating agent, acetic acid, was employed there.
Thus 2-methoxyethanol has never been recognized as the
reaction media that can avoid precipitation during hydrolysis
of alkoxides without the aid of peptizing or chelating agents.
Then we demonstrate here the formation of transparent
titania sols by hydrolyzing titanium alkoxide in 2-
methoxyethanol without any additives. Preliminary com-
parison was also made with the solutions containing other
types of solvents. The availability of the sol as the coating
solution and its long pot life were also demonstrated by
characterizing the thin films that were prepared from the sols
aged for different periods of time.

2 Experimental

Titanium isopropoxide (Ti(OC3H7i)4) and nitric acid (69%
HNO; aq.) purchased from Wako Pure Chemical Industries,
Osaka, Japan and purified water were used as the starting
materials. Methanol (CH;0H), ethanol (C,HsOH), 2-propanol
((CH3),CHOH), 2-butanol (CH;CH(OH)CH,CHj), 2-
methoxyethanol (CH;0C,H,OH), 2-ethoxyethanol
(C,Hs0C,H,OH), and tetrahydrofuran (THF; C4HgO) all
purchased from Wako Pure Chemical Industries were used as
the solvents.

First, the solutions of the mole ratios summarized in
Table 1 were prepared by the procedure shown in Fig. la.
Titanium isopropoxide was added to 2/3 of the prescribed
amount of the solvent, while water was added to the
remaining solvent. The latter solution was added to the
former that was cooled in iced water and continuously
stirred. The resultant solutions thus obtained were kept in a
sealed glass container at room temperature (24-26 °C).

Second the solutions containing ethanol and/or 2-
methoxyethanol shown in Table 2 were prepared. When
both ethanol and 2-methoxyethanol were used as solvent,
the procedure shown in Fig. 1b was employed. 2-
Methoxyethanol and titanium isopropoxide were added to



Journal of Sol-Gel Science and Technology (2018) 87:537-543

539

Table 1 Appearance of the solutions containing various types of solvents

Solvent Mole ratio Appearance
Ti(OC;H,"), Solvent H,O
CH;0H 1 16.6 —  White and opaque on mixing Ti(OC3H7i)4 with CH30H. Solidified in a few minutes
C,HsOH 1 25 1 White and opaque, followed by the formation of white precipitates
(CH;),CHOH 1 25 1 Colorless and transparent on preparation, followed by the formation of colorless, crystal-
like precipitates at the bottom and on the wall of the container in 1 day
CH;CH(OH)CH,CHj; 1 25 1 Light yellow and transparent, remaining at least over 1 month
CH;0C,H,OH 1 25 1 Colorless and transparent, remaining at least over 1 month
C,H5;0C,H,OH 1 25 1 Yellow and transparent, remaining at least over 1 month
C4HgO (tetrahydrofuran) 1 25 1 Opalescent, but colorless and transparent in 1 day with a trace amount of white

precipitates, which disappeared within a few days. Transparency remaining at least over

1 month

| (2/3) Solvent | | (1/3) Solvent |

Ti(OC;H,), H,0

[ Cooled in iced water ]

Under stirring

Kept in a sealed container at room temperature
for various periods of time

Sol

(@)

(2/3) C,HsOH (1/3) C,HsOH

CH,0C,H,0OH
<—| H,0

Ti(OC3H,), i i

[ Cooled in iced water ]

Under stirring

)

Kept in a sealed container at room temperature
for various periods of time

(b)

Fig. 1 Procedure for preparing the solutions. a For the solutions in
Table 1 and for Solutions ME25-W0.5, ME25-W1 and ME25-W2 in
Table 2, and b for Solutions ME2-ET25-W1 and ME2-ET25-W1-N0.2
in Table 2

2/3 of the prescribed amount of ethanol to form an alkoxide
solution. Separately water and nitric acid were added to the
remaining ethanol. The latter solution was added to the
former that was cooled in iced water with continuous stir-
ring. When only 2-methoxyethanol was the solvent, on the
other hand, the procedure shown in Fig. 1a was employed.

Sols thus obtained and kept in a sealed glass container at
room temperature (24-26 °C) for 1 or 30 days served as
coating solutions. Gel films were deposited on cleaned Si
(100) substrates (20 x 40 x 0.625 mm?) by spin-coating at a
spinning rate of 1000 rpm. Immediately after being depos-
ited, the gel films were inserted in an electric furnace of 700
or 900 °C, kept there for 10 min, and then taken out of the
furnace to the ambient atmosphere.

The viscosity of the sol was measured at room tem-
perature using an oscillating-type viscometer (VM-1G,
Yamaichi Electronics, Tokyo, Japan) at a frequency of
500 Hz. The thickness and refractive index were measured
on the thin film samples using a spectroscopic ellipsometer
(M-2000V-Kk, J. A. Woollam Company, Nebraska, USA)
with a software (CompleteEASETM, J. A. Woollam
Company). The measurement was conducted at three angles
of incidence of 65°, 70°, and 75° over the spectral range of
370-1000 nm, and the analysis was made based on Cauchy
model [14].

The crystalline phase of the thin film samples was
identified by X-ray diffraction (XRD) measurement using a
diffractometer (RINT-Ultima III, Rigaku, Tokyo, Japan)
with Cu Ko radiation operated at 40kV and 40 mA. The
measurement was carried out with grazing incidence con-
figuration at an incidence angle of 0.5°. The crystallite size
of the films was obtained from the corrected half-height
width of the diffraction peak using Scherrer’s equation. The
microstructure of the films was observed by a field emission
scanning electron microscope (SEM) (JSM-6500F, JEOL,
Tokyo, Japan). Osmium was deposited on the surface of the
samples prior to the observation using an osmium coater
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Table 2 Appearance of the solutions with ethanol and/or 2-methoxyethanol

Solution Mole ratio Appearance
Ti(OC;H;Y), CH;0C,H,OH C,HsOH H,0 HNO;
ME2-ET25-W1 1 2 25 1 — White and opaque
ME2-ET25-W1-N0.2 1 25 0.2 Colorless and transparent
ME25-W0.5 1 25 — 0.5 — Colorless and transparent
ME25-W1 1 25 — — Colorless and transparent (even after 1 month)
ME25-W2 1 25 — 2 — Colorless and transparent (Turning opaque within a few days)

(Neco-ST, Meiwafosis, Tokyo, Japan). Osmium coatings
have extremely small granularity compared with those of
gold and platinum and hence can avoid the detection of the
granules of such coatings in SEM observation of high
magnification [15].

3 Results and discussion
3.1 Appearance of the solutions

Table 1 shows the appearance of the solutions containing
various types of solvents. When titanium isopropoxide was
added in methanol, the solution became white and opaque
and solidified in a few minutes. This may be due to the
formation of titanium methoxide, which is solid [16], via
ligand exchange reaction. When ethanol was the solvent,
the mixed solution became white and opaque on the alk-
oxide hydrolysis, followed by precipitation of white pow-
ders. When 2-propanol was the solvent, the mixed solution
was transparent at the beginning, but later crystal-like pre-
cipitates deposited at the bottom and on the inner wall of the
container. These precipitates in ethanol- and 2-propanol-
containing solutions may be formed by the fast hydrolysis
of the alkoxide. When 2-butanol, 2-methoxyethanol, or 2-
ethoxyethanol was employed as the solvent, the mixed
solutions were transparent at least for over 1 month. When
THF was used as the solvent, the mixed solution became
white and opaque at the beginning but turned transparent in
1 day with a trace amount of white precipitates, which
disppeared within a few days, and the transparency
remained at least over 1 month. Thus transparent solutions
were obtained even without peptizing or chelating agents
when 2-butanol, 2-methoxyethanol, 2-ethoxyethanol, or
THF was used as solvent.

The effect of 2-methoxyethanol on the formation of
transparent solutions is also demonstrated in a series of
solutions listed in Table 2. Hereafter the mole ratios of
CH3OC2H4OH, C2H5OH, HzO, and HNO'; to TI(OC3H71)4
are represented as rcH30C2H40H> T'C2H50H, TH20, And FHNO3S
respectively. The solution of rcyzoconaon =2, 7coH50H =
25, rppo =1, and rynosz = 0.2, for example, is denoted as

@ Springer

ME2-ET25-W1-N0.2 as seen in Table 2. When ethanol was
the major solvent (rCZHSOH =25 and VCH30C2H40H — 2) and
no peptizing agent, HNO;, was added (rgnosz =0), the
solution became white and opaque on hydrolysis (ME2-
ET25-W1 in Table 2). This indicates that such a small
amount of 2-methoxyethanol is ineffective in retarding the
hydrolysis and in suppressing the formation of precipitates.
When nitric acid was added at ryno3; = 0.2, on the other
hand (ME2-ET25-W1-N0.2 in Table 2), no precipitates
were formed and the solution was transparent, which may
be due to the peptization by the acid.

On the other hand, when solely 2-methoxyethanol was
employed as solvent at rcysoconson =295, transparent
solutions were formed even without nitric acid (ME25-
WO0.5, ME25-W1 and ME25-W2 in Table 2). Solution
ME25-W2 became opaque within a few days while Solu-
tions ME25-W0.5 and ME25-W1 remained transparent
even after 1 month. Thus 2-methoxyethanol as solvent has
been demonstrated to allow titanium isopropoxide to be
hydrolyzed without precipitation without the aid of chelat-
ing agents or peptizing agents.

3.2 Stability of the sol prepared from Ti(OC3H, )4~
H,0-CH;0C,H,0H solution as the titania thin
film precursor

Figure 2 shows the viscosity plotted vs. aging time for
Solution ME25-W1 that was kept standing in a sealed
container at room temperature. Solution ME25-W1 exhib-
ited high stability in viscosity as seen in Fig. 2, where the
viscosity was constant for over 35 days. Titania thin films
were prepared on Si(100) substrates from Solution ME25-
W1 via heat treatment at 700 or 900 °C for 10 min. The sol
was aged at room temperature for 1 and 30 days in order to
examine whether or not the aging time affects the nature of
the thin film products. The thickness of the films is sum-
marized in Table 3. The thickness was around 50 nm, and
owing to the high stability of the sol viscosity, no significant
difference was detected in thickness between the films
prepared from the 1- and 30-day aged sols.

Figure 3a, b show the XRD patterns of the films heat
treated at 700 and 900 °C, respectively. As seen in the
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figures, the films were anatase irrespective of the sol aging
time as well as of the heat treatment temperature. The
crystallite size calculated from the half height width of the
anatase (101) peak was about 22 and 29 nm for the thin
films fired at 700 and 900 °C, respectively (Table 3). The
difference in sol aging time provided no difference in
crystallite size, indicating that the sol is stable not only in
viscosity but also as a titania thin film precursor.

Figures 4 and 5 show the SEM pictures of the surface of
the films that were fired at 700 and 900 °C, respectively.
Particles larger in size are seen in the films fired at 900 °C
than in those at 700 °C, revealing the progress of grain
growth at the higher temperature. More importantly,
although not exactly the same, the microstructure was not
remarkably different between the films prepared from the 1-
and 30-day aged sols. Such similarity in microstructure
reveals the stability, i.e., long pot life of the sol as coating
solution.

The refractive index of the films is summarized in Table
3. Higher refractive indices were found for the films fired at
900 °C than for those at 700 °C. The higher refractive index
may be due to smaller porosity resulting from sintering that
was promoted at the higher temperature as well as to higher

Viscosity / mPas
O =~ N W d O O N 0 © O
T

Time / day

Fig. 2 Viscosity vs. aging time for Solution ME25-W1 at room
temperature

crystallinity that is revealed in larger crystallite size (Table
3) and larger grains (Figs. 4 and 5). The porosity, p, was
calculated from the refractive index of the film, n;, by the
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Fig. 3 XRD patterns of the titania thin films prepared from Solution
ME25-W1 aged for 1 and 30 days. The gel films were fired at a 700
and b 900 °C

Table 3 Thickness, refractive

index, and crystallite size of the Sol aging time

Heat treatment temperature

Thickness (nm) Refractive index Crystallite size (nm)

thin film samples prepared from (day) €O

Solution ME25-W1 (Table 2) 1 700

aged at room temperature for 1

and 30 days 30 700
1 900
30 900

54+2 2.14+0.01 23+1
41+4 2.22+0.01 22+2
49+4 2.24+0.01 29+ 1
42+6 2.27+0.01 29+2
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NONE SEI 15.0kV X40,000 WD 9.8mm 100nm

(b) 30 days.

>

15.0kV X40,000 WD 9.2mm 100nm

Fig. 4 SEM images of the titania thin films prepared from Solution
ME25-W1 and fired at 700 °C. The sol was aged for a 1 and b 30 days

following equation [17],

@-1)(2+2)
S )y ey

where n. is the refractive index of the solid phase, which
was assumed to be 2.52, i.e., the refractive index of anatase
[18]. The calculated porosity was 12—15 and 9-11% for the
films fired at 700 and 900 °C, respectively. More impor-
tantly, no significant difference was seen in refractive index
between the films prepared from the 1- and 30-day aged
sols, again revealing the long pot life of the sol as coating
solution.

2-Methoxyethanol provided the stability and the long pot
life of the sol. A 2-methoxyethanol molecule has two
oxygen atoms, both of which can coordinate metal atoms.
Thus 2-methoxyethanol can act as a chelating agent as is
reported, for example, in the structural analysis of a com-
pound, Ti(OC5;H;)Cl3(HOCH,CH,OCH3) [19]. When the
titanium atom of the alkoxide is chelated by a 2-
methoxyethanol molecule, the hydrolysis of the alkoxide
may possibly be retarded due to the steric hindrance. This
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Fig. 5 SEM images of the titania thin films prepared from Solution
ME25-W1 and fired at 900 °C. The sol was aged for a 1 and b 30 days

would lead to the retardation of the time-dependent increase
of the sol viscosity as well as the suppression of the pre-
cipitation of rapidly polymerized species. The same expla-
nation can also be made on the transparency and
homogeneous nature of the 2-ethoxyethanol-containing sol
(Table 1). For the 2-butanol- and the THF-containing sols
(Table 1), on the other hand, further studies and discussion
should be made on the origins of their transparency and
homogeneous nature from the viewpoint of the structure
and reactivity of chemically modified alkoxides. The thin
film formability as well as the stability as coating solutions
is another issues for the 2-butanol- and the THF-containing
sols.

4 Conclusions

Starting solutions of mole ratios, titanium isopropoxide:
water:solvent = 1:1:25, were prepared with various types of
solvents, and the appearance of the resulting sols was
observed. Titanium isopropoxide mixed with methanol
became opaque and was solidified. When ethanol or 2-
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propanol was employed as solvent, precipitation was
formed on hydrolysis. Stable transparency was found, on
the other hand, for the sols with 2-methoxyethanol, 2-
ethoxyethanol, 2-butanol, or THF as solvent. The stability
as the precursor for crystalline titania thin films was
examined for the sol prepared from the titanium
isopropoxide—water—2-methoxyethanol solution. The sol
was stable in viscosity at least for over 1 month. The long
pot life of the sol was evidenced in the identical thickness,
crystallite size, and refractive index as well as in the similar
microstructure of the films that were prepared from the sols
aged for 1 and 30 days at room temperature. The formation
of homogeneous sol from the 2-methoxyethanol-containing
solution and the stability of the resulting sol were thought to
result from the chelation of the titanium atoms of the alk-
oxides by 2-methoxyethanol molecules.
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