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Abstract Using hot water treatment of sol-gel derived
precursor gel films, Co-Al and Ni-Al layered double
hydroxide (LDH) thin films were prepared. The precursor
gel films of Al;03—CoO or Al,O3-NiO were prepared from
cobalt or nickel nitrates and aluminum tri-sec-butoxide
using the sol-gel method. Then, the precursor gel films
were immersed in a NaOH aqueous solution of 100 °C.
Nanocrystallites of Co—Al and Ni—Al LDH were precipi-
tated with the hot water treatment with NaOH solution. The
largest amounts of nanocrystals were obtained with a
solution of pH = 10 for Co—Al LDH, and with that of
pH = 9 for Ni—Al LDH. X-ray diffraction measurements
confirmed that this process formed CO;>~ intercalated
LDHs. Both Co—Al and Ni—-Al LDH thin films were con-
firmed to work as electrodes for electrochemical devices by
cyclic voltammogram measurements.

Keywords Ni-Al layered double hydroxide - Co—Al
layered double hydroxide - Hot water treatment - Sol-gel
process - Cyclic voltammogram - Electrochemical
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1 Introduction

Layered double hydroxides (LDHs) consist of positively
charged brucite (Mg(OH),)-like sheets with intercalated
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compensation anions and water molecules. Many studies
have been conducted of LDH over the past several decades
for their potential application as anion-exchangers, cata-
lysts, electrochemical sensors, and as immobilization hosts
of biological materials by intercalation of various anions
into layers [1, 2]. In these studies, LDH is usually prepared
through co-precipitation. However, formation of LDH thin
films on substrates is favorable for application of LDH to
functional materials and for evaluation of their optical
properties or intercalation reaction of LDH crystals.
Actually, many recent reports have described LDH thin-
film formation [3-23]. We directly immobilized Zn-Al
LDH or Mg—Al LDH nanocrystals on substrates through
hot water treatment of sol-gel derived amorphous Al,Oz—
Zn0O or Al,O3—MgO thin films, respectively [11-13]. We
also found that nanocrystals of Zn—Al LDH with various
organic anions were precipitated on Al,03;—ZnO gel films
through immersion of the gel films in hot water containing
organic salts [14, 15].

Among the LDHs, transition-metal-containing LDHs
have been regarded as new electrode materials for use in
various electrochemical devices [16-24]. As described
above, LDHs are usually prepared using the co-precipita-
tion process and are obtained as powders. However, for
application of LDHs to electrochemical devices, formation
of LDH thin films on substrates is sometimes favorable.

In this study, Co—Al and Ni—Al LDH thin films, which
have been studied as electrodes for electrochemical devi-
ces, were prepared directly by the hot-water treatment of
sol—gel derived precursor gel films. These thin films were
obtained simply through formation of precursor gel films
using the sol-gel process and consequent immersion of the
precursor gel films in NaOH aqueous solution. Preparation
conditions and electrochemical properties of those LDH
thins were investigated.
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2 Experimental procedure

LDH thin films were prepared from aluminum tri-sec-
butoxide (Al(O-sec-Bu);) and nickel or cobalt nitrate
(M(NO3),-6H,0O (M = Co, Ni)) according to the following
procedure: Al(O-sec-Bu)s, ethyl acetoacetate (EAcAc) and
isopropyl alcohol (i-PrOH) were mixed and stirred at room
temperature for 1 h. A mixture of water, i-PrOH, and
ethylene glycol was then added dropwise to the solution for
hydrolysis. Separately, M(NOj3),-6H,O0 (M = Co, Ni),
ethylene glycol and i-PrOH were mixed and stirred at room
temperature for 2 h. The two solutions were mixed toge-
ther, and the resultant solution was used for coating. The
molar ratios of i-PrOH, EAcAc, H,O, and M(NOs), to
Al(O-sec-Bu); were, respectively, 20, 1, 1, and 1. The
coatings were conducted on soda-lime silica glass plates by
dipping; the withdrawal speed was 3 mm/s. The obtained
coating films were heat-treated at 200 °C for 60 min to
obtain amorphous Al,03—CoO or Al,03;-NiO gel films.
The Al,03—CoO or Al,O3—-NiO gel films were then
immersed in hot NaOH aqueous solution of pH 8-13 at
100 °C in the ambient atmosphere. After hot water treat-
ment, the films were dried at 50 °C overnight. Thickness of
the films in the present study was about 200 nm.

The coating film surface was examined using field
emission type scanning electron microscopy (FE-SEM,
S-4500; Hitachi Ltd.). Then X-ray diffraction (XRD) pat-
terns were recorded using an X-ray diffractometer (RINT
1100; Rigaku Corp.) with Cu Ko radiation. The XRD
patterns were measured in the 26/6 mode.

The thin films used for the cyclic voltammetry mea-
surement were formed on a Pt plate. The cyclic voltam-
mograms were recorded in an undivided three-electrode
cell using Pt plate with LDH precipitated film as working
electrode, with scan speed of 5 mV/s. The counter elec-
trode was Pt plate, and Hg/HgO electrode (1 M NaOH)
was used as the reference electrode. As the electrolyte,
0.1 M NaOH solution was used.

3 Results and discussion
3.1 Co-Al LDH

Figure 1 presents the XRD patterns of Al,03—CoO pre-
cursor gel film prepared using the sol-gel method and films
with immersion in dilute NaOH solution of pH = 9, 10,
and 11. The sol-gel derived precursor gel film is amor-
phous. After immersion of NaOH solution (pH 9, 10, and
11), peaks were observed in the XRD patterns. In all films,
the interplanar spacing is about 0.78 nm, which can be
assigned to Co—Al LDH with carbonate anion [25]. Con-
sequently, Co—Al LDH crystals are formed on sol-gel
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Fig. 1 XRD patterns of Al,03—CoO precursor gel film without the
hot water treatment, and films with immersion in NaOH solution of
pH 9, 10, and 11

derived amorphous gel films by hot water treatment under
basic conditions. The strongest peak intensity is observed
for the sample immersed in water of pH = 10.

Some FE-SEM images of the surface of Al,0;—CoO
precursor film immersed in hot water with pH = 9, 10, and
11 are depicted in Fig. 2. Small amounts of nanocrystals
were observed on the surface. The most nanocrystals were
observed on the film treated in hot water of pH = 10.

The precipitation behavior of nanocrystals with different
pH suggests that partial dissolution of precursor gel films
plays an important role for the precipitation of nanocrystals.
In addition, in the LDH structure, the M>*/M>* moral ratio
between 2 and 4 is known to exist stably. In the Al,03—CoO
amorphous gel film (Co/Al = 1), much more Al,O3 constit-
uent must be dissolved in the hot water, than with the CoO
constituent. In the hot water with pH = 9-10, partial disso-
lution of the Al,O3—CoO amorphous gel film was enhanced.
The dissolved constituents were presumed to be precipitated
immediately as hydroxides at the surface with larger Co/Al
ratio. However, after hot water treatment with a NaOH
solution of pH 11, the XRD peak intensity of the film
decreased. Under strong basic conditions such as pH 11, too
much constituent of Al,O5; must be dissolved in the hot water,
and the reprecipitation of Co—Al LDH must be prevented.
These results indicate that the formation mechanism of LDH
through the hot water treatment of sol-gel-derived films in
this study is based on a dissolution—reprecipitation process.
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Fig. 2 FE-SEM images of the surface of the Al,03—CoO film
immersed in hot water of pH = 9, 10, and 11

Figure 3 shows cyclic voltammograms of Co—Al LDH
precipitated thin film on a Pt plate in 0.1 M NaOH solution.
The cyclic voltammograms Al,O3;—CoO precursor film is
also shown for comparison. In Co—Al LDH thin film, the
broad anodic and cathodic peaks in the potential range 0.2—
0.4 V (vs Hg/HgO) correspond to Eq. 1 [17].

Co(OH),+OH =CoOOH + H,0 + e~ (1)
In the potential range of 0.4 and 0.55 V (vs Hg/HgO),

broad anodic and cathodic peaks corresponding to Eq. 2
[17] are observed.
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Fig. 3 Cyclic voltammograms of Al,03-CoO precursor gel film and
Co—-Al LDH precipitated thin film, on a Pt plate in 0.1 M NaOH
solution

CoOOH + OH™ 5 Co0, + H,0 + ¢~ (2)

After 20 cycles, the current response was kept almost con-
stant, and the peak potential position was not changed.
Electrochemical capacity calculated using the cyclic vol-
tammogram is about 400 F/g, which is larger than that of
Al,O3—Co0 precursor film with about 250 F/g. The cyclic
voltammogram of the thin film in this study resembles that of
co-precipitated Co—Al LDH powder [16] or films [17-19],
indicating that the Co—Al LDH thin film in the present study
is useful for electrodes for electrochemical devices.

3.2 Ni-Al LDH

Figure 4 presents XRD patterns of Al,O3-NiO precursor
gel film before immersion, the film after immersion in
distilled water, and the film after immersion in dilute
NaOH solution with pH = 8. No peaks are observed after
immersion in distilled water. However, a very weak peak is
observed with immersion in water with pH = 8. Although
the intensity of the peak is low, the position of the peak
agrees with that for Ni-Al LDH powder with carbonate
anions prepared by the co-precipitation process, shown in
Fig. 4, or previously reported Ni—Al LDH with carbonate
anions [22], indicating that this peak is attributed to Ni—Al
LDH intercalated with carbonate ions.

Figure 5 portrays FE-SEM images of the film before
and after immersion. Before immersion, the surface is very
smooth, but after immersion in hot water with pH = 8,
precipitation of nanocrystals is observed on the surface.
Both the density and size of nanocrystals in the Ni-Al
system are much larger than those of Co—Al system
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Fig. 4 XRD patterns of Al,03-NiO precursor gel film, the film with
immersion in distilled water and the film with immersion in NaOH
solution with pH = 8

presented in Fig. 2. Although a large amount of LDH plate-
like nanocrystals was formed on the surface by the
hot water treatment, the intensity of the peak attributed to
Ni—Al LDH was very weak in the XRD pattern portrayed
in Fig. 4. Because most plate-like nanocrystals grow in a
direction perpendicular to the substrate, the XRD pattern
peak intensity must be weak.

Figure 6 shows FE-SEM images of the films immersed
in different pH solution. Very large amounts of nanocrys-
tals are observed on the films with immersion in hot water
with pH = 8 and 9. However, the amount of crystals
decreased with immersion in hot water with pH = 10. In
the XRD patterns of those films, only a very weak peak
attributed to Ni—Al LDH intercalated with carbonate ions
was observed.

In the Ni—Al system, under the basic condition with
pH = 10, the dissolution of the Al,0;—NiO films accelerated
excessively, and the reprecipitation of Ni-Al LDH must be
prevented. As presented in Fig. 2, in the Co—Al system, the
largest amount of nanocrystals was observed on the film with
the hot water treatment of pH = 10. In our previous studies,
Zn—Al LDH nanocrystals were precipitated with hot water
treatment under a neutral condition, whereas Mg—Al LDH
nanocrystals were precipitated under the basic condition of
pH = 12. Because the formation process of LDH crystals
with the hot water treatment must be a dissolution—reprecip-
itation process, the difference in the pH of the hot water used
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Fig. 5 FE-SEM images of the film before and after immersion in
NaOH solution with pH = 8

for precipitation should arise from the difference in solubility
of hydroxides such as Mg(OH),, Zn(OH),, Ni(OH),, and
Co(OH), in the hot water. For example, the solubility product
constant at 25 °C for Mg(OH),, Zn(OH),, Ni(OH),, and
Co(OH), is 5.61 x 1072, 3 x 107", 548 x 107'°, and
5.92 x 107", respectively [26]. Thus, LDHs containing
these hydroxides with the larger solubility product constant
are expected to precipitate at larger pH. In fact, Mg—Al LDH,
where Mg(OH), has the largest solubility product constant
among those hydroxides, precipitates the highest pH of 12,
and Zn—Al LDH, where Zn(OH), has the smallest solubility
product constant, precipitates the lowest pH of 7.

Figure 7 portrays cyclic voltammogram of Ni—Al LDH
thin film on a Pt plate in 0.1 M NaOH solution. The cyclic
voltammogram of Al,O;-NiO precursor gel film is also
shown for comparison. In Ni-Al LDH thin film, the broad
anodic and cathodic peaks in the potential range 0.6-0.7 V
(vs Hg/HgO) correspond to Eq. 3 [20].

LDH — Ni(Il) + OH < LDH(OH™) — Ni(Ill) + ¢~ (3)

The cyclic voltammogram of Ni—-Al LDH thin film is
fundamentally identical to that of co-precipitated Ni—Al
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Fig. 6 FE-SEM images of the films immersed in NaOH solution
with pH = 8§, 9, and 10

LDH powder [20] or films [21-24]. Consequently, the Ni—
Al LDH thin film in the present study can be used also for
electrodes for electrochemical devices.

In this process, precursor gel films were formed using
the sol-gel process, and nanocrystals of LDH were pre-
cipitated on the surface. The precursor gel films are formed
easily on widely various substrate shapes, such as plate,
mesh, fiber, etc., because the coating solution easily wets or
penetrates those substrates. Consequently, this process
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Fig. 7 Cyclic voltammograms of Al,O3-NiO precursor gel film and
Ni—Al LDH precipitated thin film, on a Pt plate in 0.1 M NaOH
solution

presents advantages for the formation of electrodes for
electrochemical devices, compared with the coating using
particle-dispersed solutions.

4 Conclusions

We demonstrated a very simple process for the preparation
of Co-Al and Ni—Al LDH thin films that can be used for
electrochemical devices. Thin films of Co—Al and Ni-Al
LDH were prepared using hot-water treatment of sol—gel
derived precursor gel films. Nanocrystallites of Co—Al and
Ni—-Al LDH were precipitated using hot water treatment
with NaOH solution. The largest amounts of nanocrystals
were obtained with NaOH solution of pH = 10 for Co-Al
LDH, and with that of pH = 9 for Ni—Al LDH, respec-
tively. The XRD measurements confirmed that CO5>~
intercalated LDHs were formed in this process. Both
Co-Al and Ni—Al LDH thin films were confirmed to work
as electrodes by cyclic voltammetry. Results show that
these thin films are useful as electrodes for various elec-
trochemical devices such as electrochemical capacitors.
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