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A nanocomposite multilayer film based on a polyoxometalate Na16[P4W30Mn4
(H2O)2O112]·xH2O (Mn4P4W30) was fabricated by the layer-by-layer self-assembly method.
It was characterized by UV/Vis spectra and atomic force microscopy (AFM). The electrochromic
and electrocatalytic properties were explored using chronoamperometry (CA), UV/Vis spectroscopy
and cyclovoltammetry (CV). The attractable feature is a color change of the film by the reduction
of the polyoxometalate at different potentials. The film also exhibits good electrocatalytic activity
toward the reduction of IO3

−.

Key words: Electrochromic Behavior, Layer-by-layer Deposition, Polyoxometalate, Electrocatalytis

Introduction

Polyoxometalates (POMs) have gained particular at-
tention for their applications in many fields of science
such as medicine, biology, catalysis, and materials due
to their remarkable structural and electronic versatility.
They show diverse properties such as catalytic activ-
ity for chemical transformations, molecule-based con-
ductivity, magnetism, as well as photochromism, elec-
trochromism, and luminescence [1 – 13]. One of the
most important electronic properties of these struc-
turally well defined polyoxometalate clusters is that
they act as electron reservoirs since the reduction
products are mixed-valence species with a charac-
teristically deep-blue color (“heteropoly blues”) [14,
15]. As possible components of electrochromic de-
vices, polyoxometalates (POMs) are promising can-
didates, also due to their ability to act as an electron
reservoir, thereby giving rise to colored mixed-valent
species while retaining their structural integrity [1,
16, 17]. In 1978, Tell and co-workers investigated
the electrochromic properties of H3PW12O40·29H2O
and H3PMo12O40·29H2O [18, 19], but these elec-
trochromic cells have a disadvantage in that their

bleaching is slow when the color is intensified. Re-
cently, Kurth et al. fabricated a multilayer film con-
taining the POM cluster [Eu(H2O)P5W30O110]12− by
a layer-by-layer self-assembly method, which dis-
played good electrochromism [17]. Gao et al. prepared
electrochromic multilayer films by the combination
of a copper or an iron complex and a monolacunary
Dawson-type polyoxometalate of P2W17. The color
changes are adjustable depending on the extent of the
reduction of the P2W17 units, by applying more neg-
ative potentials [15], indicating that most POMs with
a variety of structures could be investigated for practi-
cal applications in electrochromic materials.

Taking into account the above, we fabricated
a nanocomposite multilayer film containing the
polyoxometalate Na16[P4W30Mn4(H2O)2O112]·xH2O
(Mn4P4W30) with electrochromic properties by the
layer-by-layer self-assembly method. It was found that
the multilayer film displays a color change from yel-
low to blue due to the reduction of the polyoxometa-
late. Also, their performance of higher contrast, suit-
able response time and low operation potential may be
promising to meet the requirement for flexible displays
and electrochromic devices.
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Experimental

Materials

Tris(1,10-phenanthroline)ruthenium(II) chloride Ru
(phen)3Cl2, (Ru(phen)3), polyethyleneimine (PEI MW
750,000), polystyrene sulfonate (PSS MW 70,000) and
(3-aminopropyl)-trimethoxysilane were purchased from
Aldrich Chemical Co. and used without further purification.
The polyoxometalate Na16[P4W30Mn4(H2O)2O112]·xH2O
(Mn4P4W30) was synthesized according to the literature
procedure [20]. The water used in all experiments was
deionized to a resistivity of 16 – 18 MΩ cm−1. All other
reagents were of reagent grade.

Instrumentation

UV/Vis spectra of quartz-supported films were recorded
on a U-3010 UV/Vis spectrophotometer made in Japan.
All electrochemical experiments were carried out at a CHI
660B instrument at room temperature. A conventional three-
electrode system was used, with a bare ITO electrode
or a {PSS/PEI/[Mn4P4W30/Ru(phen)3]n} multilayer film
coated on an ITO electrode as a working electrode, platinum
foil as a counter electrode, and Ag/AgCl as a reference elec-
trode.

Preparation of the layer-by-layer film

Quartz substrates and ITO-coated glass were used for the
preparation of the film by self-assembly. The substrates were
cleaned according to the literature [21], which made their
surface hydrophilic, rinsed with deionized water, and dried
under a nitrogen stream. A precursor film was deposited
on the hydrophilized substrate slide by immersing it into
(3-aminopropyl)-trimethoxysilane, PSS and PEI solution for
20 min, respectively, followed by rinsing with deionized wa-
ter and drying in a gentle nitrogen stream after each im-
mersion. The precursor films were then alternately dipped
into 2× 10−3 M Mn4P4W30 and 2× 10−3 M Ru(phen)3 for
20 min. Deionized water-rinsing and nitrogen-drying steps
were performed after each dipping. The multilayer film
{PSS/PEI/[Mn4P4W30/Ru(phen)3]n} was formed on the
polymer matrix.

Results and Discussion

UV/Vis spectra

UV/Vis spectroscopy has proved to be a use-
ful and facile technique to evaluate the growth pro-
cess of multilayer films [22 – 25] and was used
in the present work to monitor the assembling
process of the {PSS/PEI/[Mn4P4W30/Ru(phen)3]n}
films. Fig. 1 shows the UV/Vis spectra of the

Fig. 1. UV/Vis spectra of multilayer films {PSS/PEI/
[Mn4P4W30/Ru(phen)3]n} (n = 0 – 10) deposited on quartz
substrates (from bottom to top). Inset: The plots of the ab-
sorbance values at 199, 221, 265, 292, and 314 nm of the
multilayer film (n = 1 – 10).

multilayer film {PSS/PEI/[Mn4P4W30/Ru(phen)3]n}
(n = 0 – 10) with Ru(phen)3 as the outermost layer.
As shown in Fig. 1, the spectra showed five absorp-
tion peaks between 190 and 350 nm. The characteris-
tic band at 292 nm is due to a ligand-centered π-π∗

transition, the bands centered at 221 and 314 nm are
assigned to metal-centered d-d transitions of the Ru
cation [26 – 28]. The characteristic absorptions at 199
and 265 nm are attributed to the overlap peak of both
Mn4P4W30 and Ru(phen)3. The inset in Fig. 1 presents
the plots of the absorbance values for these multi-
layer films at 199, 221, 265, 292, and 314 nm as
a function of the number of deposition cycles. The ab-
sorbance values increase linearly with the number of
Mn4P4W30/Ru(phen)3 bilayers, indicating that a uni-
form multilayer film was fabricated.

Atomic force microscopy

The three-dimensional AFM image of the
{PSS/PEI/[Mn4P4W30/Ru(phen)3]3} film was
taken to obtain detailed information about the surface
morphology and the homogeneity of this deposited
film. As seen in Fig. 2, a mass of uniform particles
with a mean grain size of ca. 37 nm was observed on
the surface of the film. The film presents a granular
texture surface, with a root-mean-square roughness of
3.1 nm calculated over an area of 2.0×2.0 µm2.

Electrochromic properties

The UV/Vis spectra of the {PSS/PEI/
[Mn4P4W30/Ru(phen)3]15} film modified on an
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Fig. 2. A three-dimensional AFM image of a {PSS/PEI/
[Mn4P4W30/Ru(phen)3]3/Mn4P4W30} film on silicon.

ITO electrode in 0.2 M NaAc + HAc (pH = 3.50)
buffer solution were recorded under different
potentials from 0 to −0.9 V (Fig. 3). When the
applied potentials shifted toward negative, the ab-
sorbance at 567 nm was gradually increased, and
the {PSS/PEI/[Mn4P4W30/Ru(phen)3]15} film was
gradually reduced to a different extent of green-blue
color, which results from the charge transfer-type
(W5+-O-W6+ or W6+-O-W5+) [15] optical absorp-
tion, indicating that the film was electrochromic. The
response time of the film was investigated by double-
potential experiments with absorbance measurements
at 567 nm. The coloration and bleaching times are
5.5 and 7.0 s, respectively, for 90% ∆A (difference

Fig. 3. UV/Vis spectra of the film {PSS/PEI/
[Mn4P4W30/Ru(phen)3]5/Mn4P4W30} on an ITO electrode
at different potentials. Bottom to top: 0, −0.4, −0.5, −0.6,
−0.7, −0.8, and −0.9 V.

Fig. 4. Potential, current, and absorbance at 567 nm of
a {PSS/PEI/[Mn4P4W30/Ru(phen)3]5/Mn4P4W30}-modi-
fied ITO electrode during subsequent double-potential steps
(−900 to +500 mV).

between maxima) (see Fig. 4), which is faster than that
of a similar [P2W17[CuII(Phen)2]]30 film previously
reported by Gao (25 and 15 s for the coloration and
bleaching times, respectively) [15]. At the same
time, the electrochromic reversibility of the films was
evaluated by performing repetitive double potential
steps from −0.9 to 0 V (Fig. 4). The response time for
coloration and bleaching as well as the absorbance
of the electrochromic film did not change noticeably
even after 200 cycles, which demonstrates a stable
electrochromic behavior of the self-assembled films
during double potential cycles.
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Electrocatalytic activity

Our interest in the multilayer films is also related to
its electrocatalytic behavior. Here, we use the {PSS/
PEI/[Mn4P4W30/Ru(phen)3]5/Mn4P4W30} film as
the working electrode, and iodate as the test species.
Fig. 5 presents CVs of the multilayer film in
0.5 M Na2SO4 + H2SO4 (pH = 3.04) buffer solu-
tions containing IO3

− at various concentrations.
In the range −0.85 to 0.1 V, the cathodic peak
currents of the three redox peaks of the {PSS/
PEI/[Mn4P4W30/Ru(phen)3]5/Mn4P4W30} film in-
creased substantially with the addition of iodate, while
the relative anodic peak currents decreased, which in-
dicated that iodate was reduced by four-electron, eight-
electron, twelve-electron steps of Mn4P4W30 [29].
The electrocatalytic efficiency can be calculated
as defined by the equation [30]: CAT = 100% ×
[Ip(POM, substrate) − Ip(POM)]/Ip(POM), where
Ip(POM, substrate) and Ip(POM) are the peak cur-
rents of the POM with and without the presence of
substrate IO3

−, respectively. When 0.6 mM IO3
− is

employed, the electrocatalytic efficiency of the {PSS/
PEI/[Mn4P4W30/Ru(phen)3]5/Mn4P4W30} film is
259%.

Conclusion

For the first time, the polyanion Mn4P4W30 was in-
corporated into a multilayer film by a layer-by-layer
self-assembly method, and the electrochromic proper-
ties of the film were investigated. This film exhibited
electrochromism with good reversibility and stability.

Fig. 5. CVs at an ITO/{PSS/PEI/[Mn4P4W30/Ru(phen)3]5/
Mn4P4W30} multilayer film in 0.5 M Na2SO4+H2SO4 buffer
solutions vs. Ag/AgCl (pH = 3.04) containing IO−

3 in vari-
ous concentrations. The inset shows the relationship between
catalytic current and concentration of IO−

3 .

When more negative potentials were applied, the color
of the film was gradually changed into deep blue. The
coloration and bleaching times are 5.5 and 7.0 s, re-
spectively, for 90% ∆A. This film also exhibited elec-
trocatalytic activity toward iodate, and thus has the po-
tential for application in electrochromic and electrocat-
alytic materials.
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