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Improvement of coloration properties of Ag deposition-based
plasmonic EC device by precise control of shape and density of
deposited Ag nanoparticles

Shunsuke Kimura®®, Tomoko Sugita?, Kazuki Nakamura?, Norihisa Kobayashi*?

Ag nanoparticles exhibit various colors depending on their localized surface plasmon resonance (LSPR). Based on this
phenomenon, Ag deposition-based electrochromic devices can represent various optical states in a single device such as the
three primary colors (cyan, magenta, and yellow), silver mirror, black and transparent. A control of the morphology of Ag
nanoparticles can lead to dramatic changes in color, as their size and shape influence the LSPR band. In this research, we
focused on the diffusion rate of Ag*ion when Ag nanoparticles are electrochemically deposited. Consequently, well-isolated
Ag nanoparticles were obtained due to slow growth rate by using an electrolyte with a low concentration of Ag* ions,
resulting in an improvement in the color quality of cyan and magenta. Additionally, spherical Ag nanoparticles were
deposited in the same device by optimizing the voltage application conditions, which represented yellow and green colors.
In particular, green coloration is a unique phenomenon because it can appear by the combination of two absorption peaks
of LSPR. As a result of investigating the finite-difference time-domain method, it was observed that the LSPR band in the

long wavelength region was originated from the effects of the connection between Ag particles.

1. Introduction

Because the color and optical properties of materials reflect their
electronic state, it is possible to reversibly control these properties
by controlling the electronic state of the material through a
reduction and oxidation (redox) reaction. This phenomenon is
referred to as electrochromism (EC), which is expected to have a
practical use for display devices, including electrochromic paper (E-
paper) or smart windows!2. EC displays have various advantages
such as simple structure, large viewing angle, low power
consumption, high visibility under sunlight, image retention property
without electric power and color variation compared to conventional
systems such as liquid-crystal display with backlight or organic light-
emitting diodes3-5. Smart windows utilizing EC technology can
maintain a comfortable environment in a room or inside a car in
terms of brightness and temperature. In addition, smart windows
will become promising candidates for energy-saving devices,
contributing to reduced power consumption of air-conditioners’-10,
In particular, considering the EC application to display devices,
achieving multicolors with a single material or a single cell is desired.
With regard to multicolor EC devices, the conventional approach is
to use EC materials capable of multiple redox reactions related to
color change, such as conductive polymersil12 and small organic
molecules®!314, However, the stabilities of these highly oxidized or
reduced states are not usually enough. Therefore, it is difficult to
maintain a certain color under a high voltage and to satisfy adequate
cycle stability. Some inorganic materials such as transition metal
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oxides>-21, prussian blue22-24 and prussian blue analogs25-27 are also
known to exhibit EC and have been used in practical applications, for
Prussian blue is a typical example of a
mixed valence compound. The colored states of prussian blue or its

instance smart windows.

analogs are based on the intervalence charge transfer between
metal atoms with different valences or two species of metal atoms.
The disappearance and appearance of intervalence charge transfer
can be controlled by applying an external potential, leading to a
reversible color-changing reaction. These redox reactions usually
accompany insertion and de-insertion of cations with a small ionic
radius, such as H*, Li*, and K*, for the crystal lattice. This EC reaction
has favorable cycle stability; however, as the optical states are based
on changing the valences of metal atoms in the crystal lattice,
multicoloration by a single material is limited.

Although there are commonly known organic and inorganic EC
materials, as the above-mentioned, our interest is a novel type of EC
material based on electrochemical deposition and dissolution of
metals such as Ag?%32, Bi33 and Cu3*. In this system, metal
nanoparticles or films are formed on the transparent conductive
electrode by the reduction of metal cations contained in the
electrolyte solution, and these deposits modulate the color or
reflection of the devices. In particular, we have reported EC devices
based on deposition and dissolution of Ag that achieved six optical
states in a single device (the three primary colors cyan, magenta and
yellow, and silver mirror, black and transparent)3>-40, The underlying
mechanism of the achievement of such multicoloration was based
on controlling the morphology of electrodeposited Ag nanoparticles
on transparent electrodes. The EC material, i.e. gel electrolyte
containing Ag* ions, was sandwiched by a pair of Indium tin oxide
(ITO) electrodes: a flat ITO and an ITO particle modified electrode.
The default state of the device was transparent, whereas applying a
negative voltage to the electrode caused the electrodeposition of Ag
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on its surface. It is noteworthy that this EC device can change its color
based on simple electrochemical deposition and dissolution of Ag,
thus achieving considerable cycle stability35. Moreover, multiple
optical states can also be successfully achieved. Chromatic colors
such as cyan, magenta and yellow are due to absorption by localized
surface plasmon resonance (LSPR) enhanced by deposited Ag
nanoparticles. The LSPR band is known to change its absorption
wavelength depending on the size and shape of nanoparticles*143,
Therefore, dramatic changes in color are achieved by manipulating
these bands.

For this purpose, the “voltage-step method” was applied to a Ag
deposition-based EC device to obtain multiple colors by shifting the
LSPR band. In this method, two different voltages are successively
applied (Fig. S1): the first voltage V; is applied for a very short time t;
to initiate the Ag nucleation, and the second voltage V- is applied for
a time t; to promote growth of the Ag nuclei. As V, is more positive
than the nucleation voltage, further nucleation is no longer possible
during t;*445. Therefore, the Ag nanoparticles growth and the
resultant device color can be controlled by changing t.

In our previous study, three chromatic colors (magenta, cyan and
yellow) were successfully observed in the Ag deposition-based EC
device by applying the voltage-step method373%. When Ag
nanoparticles were electrodeposited on the flat ITO electrode,
anisotropic Ag nanoparticles were obtained to express magenta and
cyan color. In contrast, to obtain a yellow color, Ag nanoparticles
should be deposited on the rough ITO particle-modified electrode. In
the yellow state, well-isolated fine spherical nanoparticles were
formed on the modified electrode.

Various coloration abilities or vivid coloration on the EC device are
required for practical applications such as displays and smart
windows. On the Ag deposition-based EC device, the morphology of
the Ag deposits, which significantly affect their colors, was expected
to dramatically change by the composition of the electrolyte,
particularly the concentration of Ag* ions or the voltage application
method. In this study, the composition of the EC solution and the
condition of step voltage application were optimized. As a result,
more vivid cyan and magenta were successfully achieved in the Ag
deposition-based multicolor EC device. Additionally, a green color
representation was newly achieved as well as a yellow color in the
same composition. Although, the previous study, the yellow color
was only obtained on the rough ITO particle-modified electrode3’. In
this study, four chromatic colors (cyan, magenta, yellow and green)
were successfully achieved on a flat ITO electrode, that is, the EC
device was the simplest structure of two flat ITO electrodes and the
sandwiched EC solution. Moreover, all chromatic colors in this
device can appear on only one side of the flat ITO electrode, unlike
the previously reported device. This novel phenomenon of yellow
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coloration on the flat ITO electrode is considerably interesting and
discussed in detail in this study. To discuss the relationship between
the morphologies of the electrodeposited Ag nanoparticles and the
device colors, such as cyan, magenta, yellow or green, we performed
microscopic analyses using field emission scanning electron
microscopy (FE-SEM) and atomic force microscopy (AFM), and finite-
difference time-domain (FDTD) calculation for the Ag nanoparticle
models.

2. Experimental Procedures
2.1. Materials

Silver(l) nitrate (AgNOs, Kanto Chemical Co. Inc.) and copper (ll)
chloride (CuCl,, Kanto Chemical Co. Inc.) were used as received.
Dimethyl sulfoxide (DMSO, Sigma Aldrich Japan) was used as solvent.
Lithium bromide (LiBr, Kanto Chemical Co. Inc.) was used as the
supporting electrolyte without further purification. Polyvinyl butyral
(PVB, Mw = 5.0-6.0 x 104, Kuraray Co. Ltd.) was used as a host
polymer for electrolyte gelation. The ITO electrode (<10 Q/o) was
used after adequate washing.

2.2. Preparation of the EC electrolyte

The gel electrolyte for the electrochromic device was prepared as
follows: 10, 50, and 150 mM of AgNOs as electrochromic material,
five equivalents of LiBr in the molar ratio to AgNO;s (i.e., 50, 250, and
750 mM) as supporting electrolyte, and 10 mM of CuCl, as
electrochemical mediator were dissolved in DMSO. Subsequently, 10
wt.% of PVB as host polymer was mixed into the DMSO-based
electrolyte solution.

2.3. Fabrication of the EC device

The EC device was fabricated by sandwiching a PVB-based gel
electrolyte between a pair of flat ITO electrodes, maintaining an
inner area of 1 cm? and an inter-electrode distance of 500 um, using
a Teflon spacer hollowed out in 1 cm x 1 cm.

2.4. Apparatus

Electrochemical measurements were performed using a
potentiostat/galvanostat (ALS, 660A, CH Instruments Inc.) equipped
with a computer. Transmission spectra were recorded on a diode
array detection system (USB2000, Ocean Optics). As a reference, a
device containing a DMSO-based electrolyte solution dissolved in a
supporting electrolyte was used. The surface morphologies of the Ag
deposited on the electrodes were examined using FE-SEM (JSM-6510,
JEOL) and AFM (SPI3800N & SPA400, Sll). The optical properties of
the Ag nanoparticles model were calculated by the finite-difference
time-domain (FDTD) method (Poynting for Optics, FUJITSU).
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Fig. 1 Change in transmittance at 700 nm (top) and cyclic voltammogram in a two-electrode system (bottom) of the EC device. The
concentration of Ag* ions are (a) 10 mM (b) and 50 mM. The critical growth voltages determined from the change in current during the
voltage sweep for the positive direction and the critical nucleation voltages determined from the decrease of transmittance due to Ag

deposition are shown in the graphs with blue lines.
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Fig. 2 Photographs of the EC device taken on a lightbox during voltage application. Left: device containing 10 mM of Ag* ion.
Application sequences were V;=-3.4,-4.0, or -4.4V, and t; =70 ms, V,=-1.6 V and t, =50 s. Right: device containing 50 mM of Ag* ion.
Application sequences were V;=-3.4,-4.0,0r-4.2V,and t; =20 ms, V,=-1.6 Vand t;=20s.

3. Results and discussion

First, the effects of the Ag* ion concentration in the electrolyte on
coloring were investigated. Previously, the concentration was fixed
at 50 mM and the concentration dependence was not examined. In
this study, the low-concentration electrolyte (10 mM) case is mainly
discussed. The cyclic voltammograms and change in transmittance
at 700 nm for the two EC devices containing 10 and 50 mM of AgNO3
according to the voltage sweep are shown in Fig. 1. From the cyclic
voltammograms and corresponding transmittance changes of the EC
devices, the critical voltages required for nucleation and growth of
both devices were found to be -2.1 and -1.4 V, respectively. To obtain
favorable coloration, step voltage sequences were determined as
follows: for the device that contained 10 mM of Ag*ion, the first
voltage was V; =-3.4, -4.0, or -4.4 V, t; = 70 ms; the second voltage
was V, =-1.6'V, t; = 50's; for the device that contained 50 mM of Ag*
ion, the first voltage was Vi = -3.4, -4.0, or -4.2 V, t; = 20 ms; the
second voltage was V; = -1.6 V, t; = 20 s. Photographs of the EC
devices during application of second voltages for each first voltage
are shown in Fig. 2. For both devices with 10 and 50 mM, the colors
were gradually changed from transparent to magenta and cyan
during the application of second voltages. More uniform Ag
nanoparticles in size and shape enhance the LSPR band sharper; as a

This journal is © The Royal Society of Chemistry 20xx

result, the device shows a vivid color. According to our previous
knowledge, it is considered that the shorter application time of V; is
valid to obtain uniform-sized Ag nanoparticles in this device.
However, the t; for the device containing 10 mM of Ag* ion was
longer than that of other the device (50 mM of Ag*ion); the former
showed a vivid and bright color than the latter (Fig. 2, left and right).
This suggests that the concentration of Ag*ions in the electrolyte
largely affects the formation of the deposit. To evaluate the effect of
a higher concentration of Ag*ions on the deposited state, a device
containing 150 mM of Ag* ion was fabricated. The cyclic
voltammogram and the corresponding change in transmittance, and
photographs of the 150 mM device with application of step-voltage
are shown in Figs. S2 and S3. From the cyclic voltammogram, the
redox current of the EC device with a higher concentration (150 mM)
was considerably larger than that of the EC devices with lower
concentrations (10 and 50 mM), suggesting that the rate of supply of
Ag* ions was higher in the case of the 150 mM device. As a result,
when the step voltage was applied, the device immediately turned
to a the dark color because of the rapid growth of Ag nanoparticles,
as shown in Fig. S3. These results suggest the difficulty of precise
color control of the device with high Ag* ion concentration. Thus, this
device was not further examined in this study.

J. Name., 2013, 00, 1-3 | 3
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Fig. 3 Absorption spectra of devices with cyan and magenta colors. (a) Device containing 10 mM of Ag* ion. Cyan: V; =-3.4V, t; =70 ms; V,
=-1.6V, t,=50s. Magenta: V;=-4.4V,t; =70 ms; V,=-1.6 V, t, = 20 s and (b) Device containing 50 mM of Ag* ion. Cyan: V; =-4.0V, t; = 20
ms; V,=-1.6V, t; =20s. Magenta: V1=-4.0V,t1=20ms; V,=-1.6 V,t,=5s.

This suggests that the concentration of Ag*ions in the electrolyte
largely affects the formation of the deposit. To evaluate the effect of
a higher concentration of Ag*ions on the deposited state, a device
containing 150 mM of Ag* ion was fabricated. The cyclic
voltammogram and the corresponding change in transmittance, and
photographs of the 150 mM device with application of step-voltage
are shown in Figs. S2 and S3. From the cyclic voltammogram, the
redox current of the EC device with a higher concentration (150 mM)
was considerably larger than that of the EC devices with lower
concentrations (10 and 50 mM), suggesting that the rate of supply of
Ag* ions was higher in the case of the 150 mM device. As a result,
when the step voltage was applied, the device immediately turned
to a the dark color because of the rapid growth of Ag nanoparticles,
as shown in Fig. S3. These results suggest the difficulty of precise
color control of the device with high Ag*ion concentration. Thus, this
device was not further examined in this study.

With Ag* concentration of 10 mM and 50 mM, the absorption spectra
of magenta and cyan states of both devices are shown in Fig. 3. The
photograph of the device corresponding to each absorption
spectrum is indicated as a red square in Fig. 2. Both magenta colors
have peaks at 550 nm, and both cyan colors have peaks at 620 nm
and show corresponding colors. The absorbance of the cyan device
with 50 mM in the entire visible wavelengths was larger than that
with 10 mM, resulting in a dark and dull color, as shown in the
photograph (Fig. 2, right).

The lightness (L*) and chroma (C*) values of the devices were
calculated from the absorption spectra (Fig. 3) for the above
discussed four states (table 1). A CIE standard illuminant D65 was
used as the backlight of the device and a CIE 1931 2° standard
observer was utilized as a color-matching function. Comparing two
cyan states of two different concentration devices, the lightness of
the 10 mM device (58.4%) was significantly higher than that of the
50 mM device (42.1%). This suggests that the amount of transmitted
light of the 10 mM device was larger than that of the 50 mM device.
As for the magenta state, the chroma value of the 10 mM device

This journal is © The Royal Society of Chemistry 20xx

(20.3) was higher than that of the 50 mM device (9.0), while their
lightness values were almost the same. These results suggest that the
LSPR band for the magenta representation (around 550 nm) of the
10 mM device clearly appeared compared to that of the 50 mM
device.

Then, the morphology of the detailed Ag nanoparticles was precisely
investigated by FE-SEM and AFM for the above four states (Fig. 4).
Corresponding photographs of the device are also shown in the
insets. In the 10 mM device (Figs. 4a, 4c), the deposited Ag
nanoparticles were well isolated from each other, and the RMS
values evaluated from AFM images were 9.53 nm for cyan and 8.16
nm for magenta. In contrast, for the 50 mM device (Figs. 4b, 4d), Ag
nanoparticles suffered coalescence and smooth surfaces were
formed. Particularly for cyan, almost all particles were connected
and covered the surface of the electrode with a complicated
structure, forming a thin layer state. The RMS values were 4.20 nm
for cyan and 3.50 nm for magenta, which are lower than that of the
10 mM device.

The differences in the color quality of the devices were considered in
terms of morphology of the Ag nanoparticles. Considering cyan
states, coalesced Ag deposits show a specular reflection surface and
efficiently reflect the incident light37. Thus, it was difficult to obtain a
cyan state while maintaining its higher lightness. Actually, the grown
and coalesced Ag deposits of the 50 mM device seem to block almost
all the transmitted light (Fig. 4 (b)). In contrast, for the 10 mM device,
the degree of coalescence of the deposited Ag particles was lower
than that of 50 mM device, leading to higher transmittance and
lightness values, as shown in Table 1. In the case of magenta states
of the 10 mM device, improvement of monodispersity and increase
in density of the deposited Ag particles would contribute to the
appearance of a clear LSPR band, as shown in Fig. 4 (a), resulting in a
higher chroma value (Table 1). It was observed that the morphology
of the deposited Ag nanoparticles considerably affected the color
quality of the EC devices.
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Table 1. Lightness {L*), a*, b*, and chroma (C*) values in the CIE1976 Lab color space. The values are calculated for six states {cyan,
magenta, and yellow in 10 mM and 50 mM devices). The D65 and CIE 1931 2° standard observer were adopted as standard illuminant

and color-matching function, respectively.

[Ag*] L* a* b* c* Voltage condition
eyan 10mM  58.4% -14.0 -8.2 162 JIlev rown
V,=-40V £ =20ms
50mM  42.1% -15.6 -8.3 17.7 ey boan
10mM  65.1% 19.9 —4.2 20.3 [Ty wzmme
Magenta o vf=-4:ov tj:zo ms
50mM  63.8% 9.0 -0.4 9.0  [Iliev ross
Yellow 10mM  86.3% 4.8 22.8 233 pIlev o wImom
Green 10mM  60.1% -24.7 15.7 293 iU Clnee

CIE standard illuminant D65, CIE 1931 2°standard cbserver

It is estimated that such morphological differences come from the
density of nuclei generated by V; applications and the growth rates
of particles during V> applications. The amount of electric charge
during V4 application for each device (1.3 mC in the 10 mM device
and 1.0 mC in the 50 mM device) was calculated from the change in
current shown in Fig. S4. This calculated result indicates that the
number of nuclear, namely density of the nuclear per area, was
larger for the 10 mM device compared to the 50 mM device.
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Fig. 4 FE-SEM and AFM images (insets) of the electrodes surface
where Ag particles were deposited. Corresponding photographs of
devices are also shown in the insets. (a) Cyan state of the 10 mM
device by V4 =-3.4V, t; =70 ms, Vo, =-1.6 V, t; = 50 s. (b) Cyan state
of the 50 mM device by V; =-4.0V, t; =20 ms, V, =-1.6 V, t, = 20 s.
(c) Magenta state of the 10 mM device by V; =-4.4V, t; =70 ms, V»
=-1.6V, t; = 20 s. {d) Magenta state of the 50 mM device by V; = -
40V, t;=20ms, V,=-1.6V, t;=5s.
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From the change in currents during V, applications shown in Fig. 5, it
is observed that the current of the 50 mM device (red line) was larger
than that of the 10 mM device (black line). These results suggest that
a larger number of Ag particles slowly grew during V5 application in
the 10 mM device compared to the 50 mM device. This estimation is
also in accordance with the observed morphology shown in Fig. 4. In
particular, the growth rate of Ag nanoparticles, i.e. reduction current
of the Ag* ions, in the diffusion-limited redox reaction obeys the
Cottrell theory. In the theory, the redox current is proportional to the
concentration of the reaction agent*. That is, after reaching a
diffusion-limited redox reaction, the V, value does not affect the
growth rate of Ag nanoparticles. By using a low-concentration device
in our case, well-isolated Ag nanoparticles were obtained due to slow
growth rate, resulting in preferred colors of cyan and magenta.

Current / mA
o

20+ [Ag*] = 10 mM -
I Vi=-4.4V, =70 ms, V=16V

25 ¢  [Agl=50mM T

| Vi=-40V,4=20ms, V,=-1.6V |

0 5 10 15
Time for V, application /s

20

-3.0

Fig. 5 Change in currents during V5 application {-1.6 V) when magenta
states appear for the devices. The black line shows the device
containing 10 mM of Ag ion and the red line shows the device
containing 50 mM of Ag ion.
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Fig. 6 FE-SEM images of electrodes surfaces where Ag nanoparticles were deposited and photographs of 10 mM devices (insets) during
application of V; (-1.6 V) after application of V; (-2.6 or -2.7 V) for 70 ms. All scale bars in red indicate 100 nm.
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Fig. 7 Absorption spectra of (a) yellow and (a) green states of the 10 mM device. The sequences of voltage applications were V; = (a) -2.6 V

or(b)-2.7V,t1=70ms, V, =1.6 V, t, =200 s.

In sequence, the more formation of uniform Ag nanoparticles,
namely spherical Ag nanoparticles existing in isolation, were carried
out by utilizing the device containing 10 mM of Ag*ion. To prevent
the connection of Ag nanoparticles, their density, controlled by V;
and t;, should be reduced. Therefore, compared to previous
experiments, we determined lower voltages for V; (-2.6 and -2.7 V).
The FE-SEM images and the color changes of the device during the V,
application after V; application are shown in Fig. 6. The absorption
spectra after the V5 application for 200 s under both conditions are
also shown in Fig. 7. For the condition V1 = -2.6 V, almost spherical
nanoparticles were deposited in isolation from each other and the
diameters were ca.70 nm (Fig. 6 top). The device showed a sharp
absorption band at approximately 470 nm (Fig. 7 (a)) and exhibited
yellow color (Fig. 6 top). In contrast, for the condition V; = -2.7 V,
spherical nanoparticles with diameters of ca. 50 nm were deposited
on the electrode in higher density than in the condition V; =-2.6 V
(Fig. 6 bottom). Interestingly, the absorption spectra had two peaks

This journal is © The Royal Society of Chemistry 20xx

at 437 and 690 nm (Fig. 7 (b)) and the device turned to green (Fig. 6
bottom). In the above-mentioned experiments, which achieved vivid
cyan and magenta by applying Vi = -3.4 or -4.4 V, relatively fine and
anisotropic nanoparticles were deposited in high density, as shown
in Fig. 4. In contrast, by applying lower V;, the morphologies of the
Ag nanoparticles changed to a spherical shape and the densities of
the deposited nanoparticles were reduced. This reduction in the
number of deposited nanoparticles was due to a decrease in the
density of the generated nuclei by applying lower nucleation voltages.
That is, by decreasing the density of Ag nanoparticles, Ag deposition
was controlled by the 3D-diffusion process around Ag nuclei. As Ag*
ions are equally supplied from the electrolyte to all metal particles
during V, application, a more uniform particle growth with a narrow
size distribution and formation of spherical particles were
successfully achieved.

J. Name., 2013, 00, 1-3 | 6
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Cathodic currents under V, application, namely the rates of supplying
Ag* ions to Ag nanoparticles on the electrode per unit of time,
decreased according to the positive shift of V4, as shown in Fig. 8.
This result indicates that the nucleation voltage of V; affects the
subsequent growth of Ag nanoparticles under V> application.

Then, the difference of electrodeposition behavior of Ag
nanoparticles between V; = -2.6 and -2.7 V (Fig. 6 top and bottom)
was also considered in terms of nuclear density, generated in Vi
stage. In the case of V; =-2.6 V, the number of nuclei was limited to
small numbers, and finally spherical particles were obtained in
almost isolation. These isolated spherical Ag nanoparticles are yellow
in color, as shown in the inset photo (Fig. 6). The yellow coloration
caused by Ag electrodeposition on the smooth ITO surface has not
been reported. In a previous study?’, fine (diameter of 10-20 nm)
and isolated Ag nanoparticles with yellow color were deposited by
utilizing a porous electrode modified with ITO nanoparticles. When

This journal is © The Royal Society of Chemistry 20xx

Vi =-2.7 V was applied, the number of nuclei was slightly increased
compared to that when -2.6 V was applied, leading to connected
spherical particles with relatively high density. This spherical
morphology of the Ag deposit might be the cause of the green
coloration shown in Fig. 6. In particular, the green-colored device
showed two distinct absorption bands, as shown in Fig. 7(b).

These spherical Ag nanoparticles with yellow or green color were
more considered in terms of LSPR wavelength. The absorption bands
of the devices were due to the LSPR bands induced by Ag
nanoparticles. The relationship between the average diameter of Ag
nanoparticles measured from SEM images and the LSPR peak
wavelength of the device with yellow and green colors, by applying
V, for 200 s, are plotted in Fig. 9. The relationship between the
diameter of spherical Ag nanoparticles and the LSPR peaks in
agueous dispersion#” are also illustrated by the black circles in Fig. 9.
As mentioned in our previous research3’, the LSPR peak enhanced by
spherical Ag nanoparticles electrochemically generated in the EC
device significantly coincide with that of spherical Ag particles
dispersed in solution when the diameters are the same. In this
research, 70 nm of spherical Ag nanoparticles showed a yellow state
with absorption peak of 473 nm. This almost met the tendency for
the LSPR peak wavelength of dispersed spherical Ag nanoparticles.
As for the green color state, the LSPR peak at a short wavelength (437
nm) met the tendency of the dispersion. The absorption peak at a
longer wavelength {690 nm) could be due to the dramatic shift of the
LSPR band by the coupling of a number of particles. Incidentally, in
spite of these small diameters, for the cyan or magenta states the
LSPR bands were in the long-wavelength range. These colorations
were due to the effect of the anisotropic structures or fusion
between particles, as previously reported3537,

N
~ sphere2 | \
= __ - triangle ' \.\
0.2+ S - - square,",\\ N
i 50 N

sphere1

=
o
soueqJosSqQy

Absorbance

600

500
Wavelength / nm

Fig. 10 Calculation results of absorption spectra of arrayed Ag
spherical particles with a particle diameter of 50 nm using the FDTD
method. Four models are illustrated next to the graph legends.

To discuss the specific LSPR spectrum of the green-colored device,
the effects of the connection of Ag nanoparticles on the LSPR
wavelength and the absorption spectra of arrayed spherical Ag
particles of 50 nm in size were calculated by the FDTD method (Fig.
10). The four models illustrated in Fig. 10 were calculated. The model
“sphere 1” represents the state in which Ag nanoparticles were
deposited in isolation. The models “sphere2”, “triangle”, and “square”
represent the state in which 2-4 Ag particles were connected, as

J. Name., 2013, 00, 1-3 | 7
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shown in the illustrations. The “sphere 1” showed a single LSPR band
in the wavelength range of 400-500 nm, which was in accordance
with that of the spherical Ag nanoparticles dispersion. In contrast,
new LSPR bands appeared in the wavelength range of 600-700 nm
for the other models. These results indicate that the absorption
peaks in the longer wavelength region in the green-colored device
resulted from the enhancement of LSPR by connected Ag particles of
50 nm.

4. Conclusion

In this study, we aimed to improve the color quality of the Ag
deposition-based multicolor EC devices by precisely controlling the
supply of Ag* ions to the electrode surface. Initially, the effect of
coloration by decreasing the concentration of Ag* ions in the Ag
deposition-based EC device was investigated. As a result of
optimizing the driving voltage, a lower concentration device (10 mM
Ag* ion) showed vivid and bright colors of cyan and magenta.

This improvement was due to the generation of fine Ag nanoparticles
and prevention of the connection of Ag particles. From the
electrochemical investigation, it was suggested that the slow supply
rate of Ag" ions in the lower concentration device induced
electrochemical deposition of fine and isolated Ag nanoparticles.

In sequence, to obtain more uniformly deposited Ag nanoparticles,
the nucleation voltage of V; was set to a lower voltage in the 10 mM
device. As a result, spherical Ag nanoparticles were successfully
obtained, and the device showed yellow and green colors. By
comparing the LSPR behavior of the device with that of Ag
nanoparticles dispersed in solution and using FDTD calculations, the
mechanism of the yellow and green colors was investigated in detail.
Thus, it was indicated that the yellow coloration with an absorption
band in the 400-500 nm region was caused by LSPR absorption of
isolated spherical Ag nanoparticles. Furthermore, it was also
observed that the coexistence of isolated spherical particles and
aggregations of Ag nanoparticles induced two types of LSPR bands,
leading to good green color.

By precisely controlling the supply of Ag* ions in the device, four
chromatic colors (cyan, magenta, yellow, and green) were
successfully achieved on a flat ITO electrode, that is, the EC device
was the simplest structure of two flat ITO electrodes and a
sandwiched EC solution. The EC device in this constitution realize not
only such a chromatic color but also black or mirror state. In addition,
it has the ability to switch its optical state a few thousand times
according to the stable reaction of the deposition and dissolution of
Ag35. Such a high stability is desirable for practical application. It can
also be utilized as a display device in the same way as other EC
devices by using a pattern-printed electrode or by driving a matrix.*8
Therefor, it is expected that the development of LSPR based EC
devices will gradually accelerate in the near future based on these
research results or investigation methods and to be utilized for next-
generation smart windows or display devices.
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