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A unique guest—guest ion exchange method was developed for
preparing a thin film of a nano-layered K4NbgO;7+3H, O that possess-
es both 1) optical transparency and 2) ion-exchangeability, the first
example of such a material. An optically transparent Ru(bpy)s;>*—
K4NbgO,7 hybrid thin film, a potential photo-responsive electrode,
was successfully prepared by the guest—guest exchange method by
use of the intercalation compound MV>*—K4;NbgO,7 as a precursor.

Layered niobate (K4NbgO,7) have attracted considerable at-
tention due to their unique structural properties and various appli-
cations such as intercalation reactions, photocatalysis, electro-
chemical responsive materials, ionic exchange processes.' Optical
transparency is one of the most preferable requisite for those appli-
cations. Most layered compounds, however, only serve as optically
non-transparent thin film. Methodology on how to prepare the
transparent thin films should be one of the most crucial key tech-
nology in the field. There are many reports on new composite ma-
terials which originate from various layered compounds.”> Al-
though many of these layered materials have been prepared in
the form of thin films, it is very rare that the material retains its
ion-exchange capability.> Most layered-materials lose their ion-ex-
changeability when they are in the form of thin films. If films hav-
ing ion-exchange capability could be obtained, various useful ma-
terials with many potential applications could be prepared. Recent-
ly, Domen et al. have reported an ion-exchangeable thin film which
has been prepared from a suspension of fine particles of
K4NbeO;7.* In this paper we report another unique guest—guest
ion-exchange method for preparing a thin film of a nano-layered
K4NbO,7+3H,0 that possesses both 1) the optical transparency
and 2) ion-exchangeability, in the first example of such a material.

The layered compound, K4NbgO;7+-3H,0, employed here was
prepared by calcination of a 2.1:3.0 molar mixture of K,CO3 and
Nb,Os at 1100 °C for 10 h, according to the procedures reported by
Nassau et al.’ Figure 1 shows the layered structure of K4NbgO7+
3H,0. K4NbgOy7 consists of octahedral units of NbOg, which form
a two-dimensional layered structure via bridging oxygen atoms.
The layers are negatively charged, and K* ions exist between
the layers to compensate for the negative charges of the layers.®
The intercalation compounds of K4NbgO;; with Ru(bpy)32+ are
generally very difficult to prepare by a direct reaction because of
the bulkiness of Ru(bpy)s;>*.” A two-step intercalation was thus at-
tempted by adopting methylviologen—K4NbgO,7 intercalation
compounds as the intermediates. The methylviologen (MV?*)
can be smoothly intercalated into interlayer I of K4NbgO,7.8°
The intercalation of MV?* jons into K4NbgO7 was carried out
by treating K4NbsO,7:3H,0 (particle size: 2-10um) with an
aqueous solution of excess methylviologen chloride and then al-
lowing it to stand for three weeks at 70 °C. The MV2t_K,4NbgO;7

Figure 1. The structure of K4NbeO;7-3H,O showing the two interlayer
regions. Squares represent the NbOg octahedra, and the circles indicate the
exchangeable cation K* within the interlayers.
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Figure 2. The X-ray diffraction patterns of (a) K4NbgO,7-3H,0, (b) MV>**—
K4NbgO,7 thin film, and (c) Ru(bpy);>*—K4NbsO;; thin film.

hybrid was characterized by thin film X-ray diffraction analysis
(Figure 2b). The second step in preparing the Ru(bpy)s;>™—
K4NbeOj7 thin film electrode was as follows: a 200-uL aqueous
suspension of the MVt _K4NbeO17 hybrid was coated onto an
ITO (indium tin oxide) glass electrode. The sample was dried at
60°C for 2h in air. The area of the formed thin film electrode
was about 2 cm?. Ru(bpy);>* turned out to be readily intercalated
via a guest—guest ion-exchange method into the interlayer of the
MV?+_K4NbgO,7 hybrid thin film via placing the electrode in a
3 mM Ru(bpy);>* aqueous solutions for 4 days. The thin film ob-
tained by the procedures exhibited a very good optical transparen-
cy with a thickness of ca. 15 um. A photograph of the hybrid thin
film is shown in Figure 3. The film showed sufficient stability in
aqueous solution or acetonitrile during the electrochemical meas-
urements described later. The optically transparent Ru(bpy)s;>*—
K4NbgOy7 hybrid thin film electrode was characterized by X-ray
diffraction analysis, IR, and UV-vis spectroscopy.

The starting layered compound, K4NbgO;7+3H,0, was identi-
fied by powder X-ray diffraction analysis (Figure 2a). The hydrat-
ed potassium niobate, K4NbO;7+3H,0, exhibits a (020) diffrac-
tion peak at 1.88nm accompanied by an intense (040) peak at
0.94 nm in its XRD pattern (Figure 2a, Table 1). The dyyo values,
corresponding to the sum of two adjacent interlayer spacings, are
regarded as the basal spacing; these adjacent two interlayers have
microenvironments different from each other: water adsorbs only
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Figure 3. Photograph of [Ru(bpy)s;>*1,K4_2.NbsO;; hybrid thin film.

Table 1. X-ray diffraction spectrum data

Compound doo/nm doso/nm Ad*/nm
K4NbgO,y7+3H,0 1.88 0.94
K4NbeO,7 0.82
MV?*_K4NbO;7 2.26 1.13 0.62
Ru(bpy);>*—K4NbsO,7 2.72 1.36 1.08

4Ad means the increase in dpyo from that of K4NbO;7 (anhyd).

in interlayer I. The methyl viologen dication (MV?>") is intercalat-
ed only into interlayer I. The 26 angle of the (020) diffraction peak
of MV?*—K,NbsO;7 was smaller than that of the untreated K4Nb-
0,7:3H,0 (Figure 2b). The dyy was expanded up to 2.26 nm
(Ad = 0.62nm). The arrangement of the intercalated MV>* ions
could be inferred from the Ad values. It has been reported that
the intercalation of a flat monolayer MV>* ion into layered mate-
rials gives Ad values of 0.28-0.33 nm.!%!! Therefore, the MV>*
ions were suggested to be intercalated with an inclined orientation
versus the layer sheet of the interlayer I of K4NbgO;7+3H,0. The
introduction of Ru(bpy);>" into the layered niobate resulted in a
ca. +1.08 nm shift in the basal spacing (Ad) compared with the an-
hydrous K4NbgO,7 (Figure 2c and Table 1) by the guest—guest ion
exchange method. The XRD patterns of Ru(bpy);>t—K4NbgO,7 as
the reaction product maintained a diffraction pattern profile similar
to that of the intermediate, MV>t—K,NbgO,7, even though the
positions of the (0kO) peaks changed (Figures 2b and 2¢). The basic
structure of the intermediate was, thus, concluded to be retained in
the intercalation compounds, Ru(bpy)32+—K4Nb6017, i.e., with
Ru(bpy);>* situated in interlayer I only.

The exchange of the MV>* ions by the Ru(bpy);>* ions was
also supported by infrared spectroscopic analysis. The IR spectra
of the Ru(bpy);>"—K4NbsO;; hybrid exhibited none of the
MV?*_related absorption bands observed in the MV>T—K4;NbeO 7
intercalation compound [2962, 2873 (v,s CH3 and vy CH3); 1640,
V(C-N) of pyridyl group; 1561, v(C-C) of pyrrole ring], while
many absorption bands due to Ru(bpy)32+ were observed. On
the basis of the observed C, H, N distribution of 6.54%, 0.68%,
and 1.54% for the Ru(bpy)32+—K4Nb6017 hybrid, the composition
formula for the Ru(bpy);>*—K4NbgO,7 hybrid was calculated to be
(Ru(bpy)3>*)9.2K36NbsO;7+1.3H,0 (10% vs cation exchange ca-
pacity), in which the calculated C/N molar ratio, 4.95, is in good
agreement with the observed value, 5.00. These results indicate
that the MV ions are completely removed from the Ru(bpy);>*—
K4NbgO17 hybrid during the guest—guest exchange procedure.

The Ru(bpy);>T—K4NbeO;7 hybrid thin film clearly shows the
metal-ligand charge transfer (MLCT) band of Ru(bpy)32+ with a
spectral shape very similar to that of Ru(bpy);>* in aqueous solu-
tion, except for a 10-nm red shift of the band position. The red shift
of the band position for the Ru(bpy);>T—K4NbgO;7 hybrid thin
film may reflect a change of the microenvironment surrounding
Ru(bpy);**."2

The cyclic voltammogram (CV) for Ru(bpy);>* intercalated
into the layered niobate K4NbgO;7 thin film on an ITO electrode
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Figure 4. Cyclic voltammograms in CH3CN, 0.1 M BuyNBF, for Ru(bpy);>*
intercalation into layered niobate K4NbeO,7 thin film on ITO (2 cm?) (solid
line) and before intercalation (dashe line). Scan rate, 30 mV/s.

is shown in Figure 4. The background current of the layered nio-
bate K4NbgO- thin film without Ru(bpy);>* on ITO is shown as
the dashed line. The typical current-potential curve for Ru(bpy);>*
intercalation into the layered niobate K4NbgO,7 thin film on ITO is
shown as solid line. The shape of the waves is very different from
that expected for a surface-confined species, (i.e., symmetrical
narrow peaks and anodic and cathode peak separation, AE),, being
near zero).!3 Instead, the waves have more diffusive tails. The AE,
was 85mV (at a sweep rate of 30mV s~!), which is significantly
larger than the ~59 mV found for Ru(bpy);>* oxidation in solu-
tion. A large AE, value usually indicates slow heterogeneous elec-
tron transfer.'* All waves represent one-electron transfers. The vol-
tammetric pattern is characterized, in the positive scan, by one re-
versible oxidation process (peak system I) and three consecutive
reduction steps (peaks II, III, and IV) in the negative scan.

[Ru(bpy)s > = [Ru(bpy)s** + e~ (peaks I)

[Ru(bpy)s]** + e~ = [Ru(bpy)s]™  (peaks II)
[Ru(bpy);]* +e~ = [Ru(bpy);]®  (peaks III)
[Ru(bpy);1° + e~ = [Ru(bpy)s]~ (peaks 1V)

The electrochemical behavior suggests that the optically transpar-
ent thin film (Ru(bpy);?*—K4NbgO;7 on ITO) would promisingly
serve as a good photo-responsive electrode.

The most interesting point of the present study is a developing
a guest—guest ion-exchange method to prepare the optically trans-
parent Ru(bpy);?t—K4NbgO;7 hybrid thin films electrode which
can be readily examined by electrochemical methods such as
cyclic voltammetry.
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