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In this study, polyvinylpyrrolidone (PVP) was introduced into an Ag deposition-based electrochromic
(EC) device as a capping agent for electrodeposited Ag nanoparticles (AgNPs) to improve the coloration
characteristics of EC devices and to precisely control the size and shape of the AgNPs. Through the
coordination of PVP molecules with Ag* ions in the EC electrolyte, the critical voltage for the deposition
of AgNPs decreased, resulting in a lower operating voltage of the EC device in comparison with the
conventional one. Because particle growth and AgNP aggregation were suppressed by the capping

Received 26th December 2023, effect of PVP, uniform electrodeposition of AQNPs was achieved. Aggregation suppression enabled vivid

Accepted 21st March 2024 cyan, yellow, and red coloration using a simple driving procedure. The suppression of AgNP aggregation
DOI: 10.1039/d3cp06281c by PVP was demonstrated even in an electrochemical system. Furthermore, the capping effect of PVP

also improved image retention. Better color retention properties were achieved even without the use of
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1. Introduction

The electrochromic (EC) phenomenon involves reversible opti-
cal changes resulting from EC materials undergoing electro-
chemical redox reactions.'™ The color change of an EC device
is based on a change in the electronic state of an EC material
caused by the electron transfer between the EC material and the
electrode.

Several studies on EC materials, including organic and
inorganic compounds, have been published.”™*? Devices using
EC materials offer many advantages over self-emission displays,
including low operating voltages, color retention, and high visibi-
lity under sunlight."*™*® Therefore, EC materials are expected to be
applied in information displays (e.g., electronic paper and digital
signage) and light-modulating devices (e.g:, light shutters, smart
windows, and variable reflectance mirrors)."*>> Among these,
inorganic EC materials have attracted significant interest owing
to their electrochemical stability and practical applications. Inor-
ganic EC materials can be classified into two types. The first group
comprises transition metal oxides such as WO3, NiO, and M0O;.>* %
When the valence of the metal oxide films is changed by an applied
voltage, a cation with a small ionic radius (H', Li", etc.) is inserted
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any counter-modified electrode cells.

into the crystal lattice of the metal oxide owing to charge compensa-
tion, resulting in a change in coloration. The second group of EC
materials comprises metals that can undergo reversible electrode-
position, such as Ag, Bi, Cu, and Ni.>**” In such systems, the
achromatic colors, such as metallic mirrors, black and white, are
elicited owing to the electrodeposition of reduced metal cations on a
transparent conductive electrode. To develop a full-color EC device, it
is desirable to achieve stable multicolor representation in a single
pixel with a simple structure. For this purpose, unlike organic EC
materials, inorganic EC materials have some disadvantages with
regard to multi-coloration due to the difficulties posed by multi-step
redox reactions.

To address this issue, we report an EC device based on the
deposition and dissolution of silver nanoparticles (AgNPs)
that achieves seven optical states: transparent, silver mirror,
black, three primary colors (cyan, magenta, and yellow), and
green.”*?%** The underlying mechanism of such multi-
coloration is based on controlling the morphology of the
electrodeposited AgNPs on a transparent electrode, such as an
indium tin oxide (ITO) electrode. The Ag deposition-based EC
device has a very simple structure, consisting only of an Ag'-
containing gel electrolyte sandwiched between a pair of ITO
electrodes. The default state of an EC device is transparent,
whereas applying a negative voltage to the device causes Ag
electrodeposition on the surface of the electrode. It is noteworthy
that this EC device can change color based on the simple
electrochemical deposition and dissolution of Ag, thus achieving
an EC device with sufficient stability over thousands of cycles.***>

This journal is © the Owner Societies 2024
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Chromatic colors such as cyan, magenta, yellow, and green
occur due to light absorption by localized surface plasmon
resonance (LSPR) of the electrodeposited AgNPs. The wave-
length of the LSPR band is known to shift depending on the
size and shape of the metal nanoparticles.*®™*® Therefore,
drastic color changes can be achieved by manipulating
the LSPR bands based on the morphology of the AgNPs.
For this purpose, the ‘voltage-step method” is applied
to the Ag deposition-based EC device to obtain chromatic
colors through morphology control of the electrodeposited
AgNPs.**">! Two voltages are applied in this method (Fig. S1,
ESIt); the first voltage V; is applied for a very short time (¢;) to
initiate Ag nucleation; subsequently, the second voltage V, is
applied for an arbitrary time (¢,) to promote Ag nuclei
growth. As V, is more positive than the nucleation voltage,
further nucleation is no longer possible at ¢,. Therefore, the
resultant device color, which is attributed to the size and
density of the AgNPs, can be controlled by varying the
voltage-step parameters (V;, t1, V5, and ¢,).

Using the voltage-step method, cyan and magenta colors of
the Ag deposition-based EC device were obtained through the
formation of aggregated anisotropic AgNPs.**** The coales-
cence of the AgNPs caused the broadening of the LSPR band,
which resulted in a dark color, indicating low purity. As men-
tioned previously, the wavelength and width of the LSPR bands
depend on the morphology of the electrodeposited AgNPs.
For further color variation and improvement in the color purity
of the Ag deposition-based EC devices, it is essential to obtain
coloration from isolated AgNPs whose size and shape are
precisely controlled in the absence of aggregation.

In the case of the chemical reaction-based synthesis of
AgNPs, various approaches for producing AgNPs with aniso-
tropic shapes have been implemented using several techni-
ques, such as additives, lasers, photoirradiation, and
sonication.”® ®* However, there have been few reports on
controlling the morphology of electrochemically deposited
AgNPs. Only spherical AgNPs or their coalescent structures
were generated in a previously reported Ag deposition-based
EC device using the voltage-step method. Although the most
common method for controlling the morphology of AgNPs is
to introduce a capping agent for the metal particles, the
electrochemical instability of the capping agent limits its
application in EC devices.

In this study, we aimed to prevent the strong aggregation of
electrodeposited AgNPs by employing polyvinylpyrrolidone
(PVP) as the capping agent in an Ag deposition-based EC device.
The chemical synthesis of AgNPs generally uses PVP as a
capping agent because of its capacity to disperse metal nano-
particles in solutions.®*™®® If PVP prevents AgNP aggregation,
even during electrochemical deposition, the introduction of
capping agents is expected to be a novel method for controlling
the morphology of electrodeposited AgNPs. In this study, the
effects of introducing PVP in an Ag deposition-based EC device
on the electrochemical properties and morphology of the
AgNPs, as well as the optical properties of the EC device, were
investigated in detail.
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2. Experimental section

2.1. Materials

Silver(i) nitrate (AgNO;z, FUJIFILM Wako Pure Chemical Cor-
poration, Japan), copper(u) chloride (CuCl,, Kanto Chemical
Co., Inc., Japan), lithium bromide (LiBr, Kanto Chemical Co.,
Inc., Japan), dimethyl sulfoxide (DMSO, Sigma Aldrich, Japan),
polyvinylpyrrolidone (PVP, K30, M,, = 4.0 x 10*, TCI Chemicals,
Japan), and polyvinyl butyral (PVB, B60T, M,, = 5.5 x 10%
Kuraray Co. Ltd, Japan) were used as received. ITO-coated glass
substrates 720 pum thick (4.2 Q ") were used after washing
and ozonation.

2.2. Preparation of the EC electrolyte

Several electrolytes for the three-electrode EC cell and the two-
electrode EC device were prepared to confirm the effect of the
PVP capping agent. 10 mM AgNO; as the EC material, 10 mM
CuCl, as the counter-reaction material and electrochemical
mediator, and 50 mM LiBr as the supporting electrolyte were
dissolved in DMSO. Subsequently, 10 mM PVP, acting as a
capping and gelling agent, or 2.4 mM PVB, acting as a gelling
agent (the conventional electrolyte in Ag deposition-based EC
devices), was mixed into the DMSO-based electrolyte solution to
prepare the gel electrolyte. For comparison, a DMSO-based EC
electrolyte without any gelling agents and an electrolyte con-
taining only PVP and LiBr were also prepared.

2.3. Fabrication of the EC device

A three-electrode Ag deposition-based EC cell was prepared
using an ITO electrode as the working electrode, Pt wire as the
counter electrode, and Ag/Ag" as the reference electrode. The
EC devices were fabricated by placing three types of electrodes
and electrolytes into a 1 cm x 1 cm optical cell. A two-electrode
Ag deposition-based EC device was fabricated by sandwiching a
gel electrolyte between two ITO electrodes. The effective elec-
trode area of this EC device was set to 1 cm X 1 ¢cm, and the
distance between the electrodes was maintained at 300 pm
using a spacer. In this study, the EC devices with the PVP-
or PVB-based electrolytes were labeled “P-ECD” and “B-ECD”,
respectively.

2.4. Apparatus

A potentiostat/galvanostat (ALS/CHI 660A, ALS Co., Ltd, Japan)
was used to apply a voltage to the EC device. The reference
electrode was prepared by injecting an Ag" solution (10 mM
AgNO; and 100 mM TBAP in acetonitrile) into a sample holder
with ion-permeable glass (BAS, Japan) and then sealing the
holder with a cap containing an Ag wire. The transmittance and
absorption spectra were recorded using a diode array detection
system (USB4000, Ocean Insight, Japan) and a tungsten halo-
gen lamp (HL-2000-LL, Ocean Insight, Japan) as the light
source. The transmittance and absorption spectra of the EC
device before the voltage application were used as references.
The electrode potentials of the working/reference or counter/
reference electrodes were recorded using two potentiostats
(ALS/CHI 660A, ALS Co., Ltd, Japan and HAG1232m, HOKUTO
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DENKO, Japan). The morphology of the AgNPs electrodeposited
on the working electrode was observed using field-emission
scanning electron microscopy (FE-SEM; JSM-6510, JEOL, Japan).
An X-ray photoelectron spectrometer (JPS-9030, JEOL, Japan) was
used for the XPS measurements. The viscosity of the electrolytes
was measured with a viscometer (VISCO-895, ATAGO, Japan).

3. Results and discussion

First, the effect of PVP on the electrochemical properties of the
Ag deposition-based EC device was studied. The cyclic voltam-
metry results and changes in the transmittance at 500 nm for
the three-electrode EC cell are shown in Fig. 1. Cyclic voltam-
mograms of the DMSO-based electrolyte containing only LiBr
and PVP are shown in Fig. 1 (blue line). Electric current derived
from the electrochemical reaction of the materials was not
observed, and PVP was not reactive in the potential sweep range
for Ag deposition and dissolution. In the conventional EC
electrolyte without PVP (Fig. 1, black line), after reaching the
reduction peak of Cu®>* ion at —0.7 V when the potential was
scanned from 0 V in the negative direction, an apparent
cathodic current from Ag" reduction was observed at —1.28 V
(vs. Ag/Ag"). When a potential more negative than —1.28 V was
applied, the cell transmittance decreased as a result of Ag
electrodeposition on the electrode; this result indicated that
the critical potential for Ag deposition was —1.28 V. In the case
of the EC electrolyte containing PVP (Fig. 1, red line), Ag" ions
began to be reduced after the reduction of Cu** ions; the critical
potential for Ag deposition was —1.15 V, which is 0.13 V lower
than that of the electrolyte without PVP. In our previous study,
we showed that when Ag' and Br~ ions are present in an
electrolyte, they form AgBr,(! " complex species.®” In contrast,
it has been reported that PVP molecules form complexes with
Ag" ions through coordination.®®*® Hence, the difference between
the critical voltages with and without PVP can be attributed to a
change in the complex structure. To confirm whether Br~ or PVP
preferentially formed a complex structure with Ag’, PVP was
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Fig. 1 Change in transmittance at 500 nm (top) and cyclic voltammogram
(bottom) of the three-electrode EC cell with various EC electrolytes (blue:
LiBr and PVP in DMSO; red: AgNOs, CuCly, LiBr, and PVP in DMSO; black:
AgNO3, CuCly,, and LiBr in DMSO).

16468 | Phys. Chem. Chem. Phys., 2024, 26, 16466-16476

View Article Online

Paper

added to an electrolyte containing 50 mM of Br~ coordinated
to 10 mM of Ag" ions (forming the AgBr, "™ complexes species,
as mentioned above); the equilibrium electrode potential for the
Ag/Ag" redox reaction in the electrolyte solution was then mea-
sured. An AgS wire, acting as an indicating electrode, and the Ag/
Ag' reference electrode were put into the EC electrolyte containing
the Br~ and Ag" complex species (similar to Fig. 1, black line) to
measure the spontaneous potential change when PVP was gradu-
ally added (Fig. S2, ESIt). Although the electrode potential of
the AgBr," "-containing electrolyte was —0.64 V (vs. Ag/Ag")
before adding PVP, the electrode potential increased to —0.58 V
after adding PVP. This result indicates that adding PVP promoted
the formation of another type of complex, that between PVP and
Ag" ions, instead of AgBrn(i’"). This change in the equilibrium
potential affects the reduction potential of the electrolytes, as
shown in Fig. 1.

Subsequently, two-electrode devices were fabricated using
two types of electrolytes. The first device is a DMSO-based
electrolyte containing Ag" ions and PVB in a DMSO-based
electrolyte (B-ECD). This electrolyte has been reported pre-
viously, and PVB is thought to act as only a gelling agent
without a capping effect on the deposited AgNPs. The other
electrolyte contained PVP in the DMSO-based electrolyte
(P-ECD). The cyclic voltammograms and changes in the trans-
mittance at 500 nm for the two EC devices according to the
voltage sweep are shown in Fig. 2. From the cyclic voltammo-
grams and corresponding transmittance changes, AgNPs were
found to be deposited on the surface of the working electrode
in both EC devices. However, the critical voltages for Ag
deposition were completely different; the critical voltage of
the P-ECD was —1.20 V, whereas that of B-ECD was —2.02 V.
The critical voltage for Ag deposition was shifted by 0.82 V
in the positive direction by the addition of PVP. This difference
in the critical voltage for Ag deposition (0.82 V) is signifi-
cantly larger than that in the critical potential (0.13 V vs.
Ag/Ag") obtained in the three-electrode EC cell. Therefore, this
difference cannot be explained only by the formation of PVP
with Ag”.
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Fig. 2 Change in the transmittance at 500 nm (top) and cyclic voltam-
mograms (bottom) of the two-electrode EC devices: P-ECD (red) and B-
ECD (black).
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To monitor the changes in the potentials of the cathode
(working electrode) and anode (counter electrode) during vol-
tage sweeping, a system for electrode potential measurements
was fabricated, as shown in Fig. S3 (ESIt).”® Two ITO electrodes
and an Ag/Ag" reference electrode were placed ina 1 cm x 1 cm
optical cell filled with PVP- or PVB-based electrolytes. The same
electrolytes were used as those in the two-electrode EC devices
(P-ECD and B-ECD). Two potentiostats were used for this
measurement: the first potentiostat was connected between
two ITO electrodes to apply the operating voltage, and the
second was connected between the reference electrode and
the cathode or anode to measure the electrode potentials.
The changes in electrode potentials during the voltage sweeps
and two-electrode voltammograms are shown in Fig. 3. For the
PVB-based electrolyte (Fig. 3, black), the electrode potential
in the initial state (short-circuit conditions) was almost 0 V
(vs. Ag/Agh). After starting the voltage sweep from 0 V, the
cathode potential did not change in the voltage range of 0 V
to —0.7 V, whereas the anode potential increased. The cathode
potential started to shift negatively when a —0.7 V voltage was
applied, and the cathode potential reached —1.28 V (vs. Ag/Ag"),
coinciding with the critical potential for Ag deposition when a
—2.02 V voltage was applied between the anode and cathode.
On the other hand, when PVP was introduced into the electro-
lyte (Fig. 3, red), the potential of both electrodes in the initial
state (short-circuit condition) was —0.12 V (vs. Ag/Ag"). This
difference in the electrode potentials in the initial state
between the PVB and PVP electrolytes coincided with the
difference in the complexation states of the Ag' ions (with
Br~ or PVP). After starting the voltage sweep, the cathode
potential drastically shifted to a negative value, whereas the
anode maintained a potential of approximately 0 V (vs. Ag/Ag").
The cathode potential reached a critical value of —1.15 V (vs. Ag/
Ag") when a voltage of —1.20 V was applied between the anode
and cathode. The difference in the changing behavior of the
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Fig. 3 Changes in the electrode potential of the anodes (white bullets)
and cathodes (bullets) during voltage sweep (top) and voltammograms
(bottom) of two-electrode EC cells: PVP-based electrolyte (red line) and
PVB-based electrolyte (black line). The red and black areas indicate the
potential range for AgNP electrodeposition in PVP- and PVB-based
electrolytes, respectively (refer to Fig. 1).
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electrode potential between the PVB- and PVP-based electro-
Iytes during voltage sweeping can be attributed to the reactivity
of the complex between the PVP and metal ions. In the case of a
two-electrode device, the balance of redox reactions at the
cathode and anode influences the electrochemical properties
of the EC device. If the anodic reaction is more likely to occur
rather than the cathodic reaction at a certain voltage, the anode
potential is maintained during voltage application. In this case,
the cathode potential should be shifted to compensate for
charge consumption in the device. Consequently, the cathode
potential reached a critical potential for Ag deposition even
when a lower voltage was applied. To confirm the reactivity of
the anodic material in the PVB- and PVP-based electrolytes,
cyclic voltammetry measurements were conducted in the posi-
tive direction from 0 V using a three-electrode EC cell (Fig. 4).
A definite current was observed from 0 V in the positive
direction owing to the oxidation reaction in the PVP-based
electrolyte (Fig. 4, red), whereas almost no redox current was
observed in the PVB-based electrolyte (Fig. 4 black). This
reaction in the PVP electrolyte was due to the oxidation of
Cu' to Cu®" ions. In the PVP-based electrolyte, Cu® ions may be
generated by PVP complexation. An appropriate explanation for
the generation of Cu" in the presence of PVP (possibly by the
reaction with PVP) is not currently available. However, the
oxidation potential fully coincided with that of Cu" oxidation
to Cu®". Thus, the operating voltage of the two-electrode EC
device was significantly reduced by introducing PVP into the EC
electrolyte.

Next, the effect of PVP on coloration characteristics was
investigated by applying coloration voltages to the EC devices.
First, a constant voltage of —2.5 V was applied to the P-ECD for
120 s. The change in the absorption spectra of the P-ECD
during the voltage application is shown in Fig. 5(a). The
absorption spectrum at 30 s showed two LSPR peaks at
approximately 480 and 600 nm; subsequently, the LSPR band

9 100 _—
: 75"Q<;;;:::::::::::57// ]
s

g 50 L |
[=

s 25l — PVP-based electrolyte |
. at 500 nm — PVB-based electrolyte
< 0 : : = : : :
2 05 .
£ 0.0+ —
[

T

- _0.5 N T
g = 50 mV/s

3 —_

0 1 L 1 1 1 1 L
-2.0 -15 -1.0 -0.5 0.0 05 1.0
Potential (V v.s Ag/Ag*)

Fig. 4 Change in transmittance at 500 nm (top) and cyclic voltammo-
gram (bottom) of the three-electrode EC cell; PVP-based electrolyte (red
line) and PVB-based electrolyte (black line), scanned from O V in the
positive direction.
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Fig. 5 The change of absorption spectra (a) and device images (b) of the P-ECD during constant voltage application (V = —2.5V, t = 120 s). The change
of absorption spectra (c) and device images (d) of the B-ECD during step voltage application (V; = =35V, t; =100 ms, Vo, = =16V, t, = 60 s).

at approximately 600 nm increased in priority with continuous
voltage application. As a result, the P-ECD successfully elicited
cyan color by applying a constant voltage for 120 s (Fig. 5(b)).
In our study, using B-ECD, a thicker Ag layer was formed, and
the EC device represented a mirror state by applying the same
constant voltage of —2.5 V (Fig. S4, ESIt) because both the
nucleation reaction and subsequent growth of nuclei occur in
succession with voltage application.’*® However, this P-ECD
achieved vivid cyan coloration despite the application of a
constant voltage with a sufficient overvoltage. Also, the cyan
coloration of the P-ECD returned to its original transparent
state by applying an oxidation voltage of +0.7 V for 20 s.
To compare with the P-ECD, cyan coloration was achieved by
applying a step voltage (V; = —3.5V, ¢ =100 ms and V, = —1.6 V,
t, = 60 s) to the B-ECD (Fig. 5(c) and (d)). The absorption peaks
appeared at 20 s after the voltage was applied at approximately
490 and 550 nm; the B-ECD elicited a magenta-like color
(Fig. 5(d)). Subsequently, the absorption peak with a longer
wavelength shifted to 590 nm by applying V,, and the device
exhibited a cyan color at 60 s after starting the voltage applica-
tion. In addition, an oxidation voltage of +0.5 V for 20 s could
bleach this cyan-colored B-ECD. There is an apparent difference
in the driving voltage and change in the absorption spectra for
obtaining the cyan coloration between the P-ECD and B-ECD.
In the P-ECD, the absorption spectra displayed two distinct
peaks, and the absorbance on the longer wavelength band
increased with a slight red shift of the LSPR band at approxi-
mately 5 nm. For the B-ECD, the absorption peak at the long-
wavelength side was redshifted by approximately 40 nm by the
application of a growth voltage. This difference could be due to
the change in the state of the electrodeposited AgNPs owing to
the addition of different polymers.

16470 | Phys. Chem. Chem. Phys., 2024, 26, 16466-16476

The morphologies of the deposited AgNPs were observed
using FE-SEM to study their structures in detail. The FE-SEM
images of the electrode surface of the P-ECD with constant
voltage application for cyan coloration (V= —2.5V, ¢t =120 s) are
shown in Fig. 6(a). The diameter of the single electrodeposited
AgNPs was approximately 35 nm; the AgNPs in the P-ECD were
densely electrodeposited without coalescence despite the appli-
cation of a constant voltage. In the cross-sectional image of the
electrode (Fig. 6(b)), three layers were observed: the glass
substrate, an ITO layer, and an AgNP layer. The thickness of
the AgNP layer was —50 nm, and a relatively flat surface was
formed. An FE-SEM image of the electrode surface of the B-ECD
with cyan coloration obtained by applying a step voltage is
shown in Fig. 6(c); the electrodeposited AgNPs formed large
aggregates. In the cross-sectional image of the cyan-colored
B-ECD electrode (Fig. 6(d)), the AgNPs formed a rough surface
due to the large clumps. These results indicate that PVP
appeared to act as a capping agent for the AgNPs and prevented
the particles from aggregating, resulting in the formation of a
flat Ag layer in comparison with B-ECD. In addition, because
PVP suppressed AgNP growth, the Ag layer became thinner,
and a cyan color was elicited even when a constant voltage
was applied, which usually represents a mirror-like optical
state.*®*® This result can also be supported by the amount of
Ag reduction charges shown in Fig. 1, bottom. Plasmon cou-
pling occurs and induces the appearance of a new LSPR band
when plasmonic particles, such as AgNPs, approach each
other.”"”? The LSPR band due to the plasmon coupling was
induced in a longer wavelength region than that of the single
nanoparticles. Moreover, as the plasmon coupling between the
particles becomes stronger or the particles become irregularly
shaped, the LSPR band shifts to longer wavelengths.”® In the
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Fig. 6 FE-SEM images of the surface (a) and cross-section (b) of the P-
ECD electrode where AgNPs were electrodeposited after a constant
voltage application (V = —2.5V, t = 120 s). FE-SEM images of the surface
(c) and cross-section (d) of the B-ECD electrode where AgNPs were
electrodeposited after a step voltage application (V; = =35V, t; =
100 ms, Vo = =16V, t, = 60 s).

B-ECD, particle nuclei were generated uniformly on the elec-
trode by nucleation voltage and grew by the application of the
growth voltage. By increasing the AgNP growth, the number of
couplings and aggregations of the growing AgNPs gradually
increased, resulting in the formation of complicated deposited
structures, as shown in Fig. 6(c). This large change in the
morphology of the deposited AgNPs caused a redshift in
the absorption peak and induced a color change from magenta
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to cyan.?® In contrast, excessive coalescence and coupling of the
AgNPs were not observed in the P-ECD, and spherical AgNPs
were uniformly deposited due to PVP capping, as shown in
Fig. 6(a). Since irregular morphology growth and excessive
aggregation, as observed in the B-ECD, were prevented by the
capping effect of PVP, the redshift of the LSPR peak was small,
resulting in vivid cyan coloration. Therefore, the capping effect
of PVP was achieved in the Ag deposition-based EC device,
indicating that the morphology of the electrodeposited AgNPs
could be controlled by the additive species.

XPS measurements were performed to identify the presence
of PVP molecules in the deposited AgNPs. Fig. S5(a) (ESIT)
shows the XPS spectra of the electrode of cyan-colored Ag
deposits in the P-ECD and B-ECD electrolytes in the range of
0-1000 eV. In the P-ECD, C, N, O, Ag, In, and Sn signals were
observed, and the In and Sn signals were ascribed to the ITO
electrode. In the B-ECD, C, O, Ag, In, and Sn signals were
observed; however, N signals were not observed. A detailed
comparison of the Ag 3d and N 1s signals is shown in Fig. S5(b)
and (c) (ESIY), respectively. The 3d;/, and 3ds/, Ag signals were
observed at the same binding energies in the P-ECD and B-ECD
films. Since the amount of Ag deposition was small in P-ECD
(Fig. 2), the signal of Ag would be lower than that of B-ECD. For
the N 1s signal, although an apparent peak was confirmed in
the P-ECD, this signal was not obtained in the B-ECD (Fig. S5(c),
ESIT). PVP is composed of C, O, and N atoms, whereas PVB is
composed of only C and O atoms. Therefore, the presence of
the N 1s XPS signal indicated the existence of PVP molecules on
the AgNPs, demonstrating that it acted as a capping agent.

The capping effect of the PVP present in the deposited
AgNPs on the retention time of cyan coloration in the EC device
was evaluated. Because the deposited AgNPs were dissolved by
Cu”" ions in the EC electrolyte, the color retention properties of
the EC device were insufficient. In our previous study, instead
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Fig. 7 Change in absorbance at the peak wavelength in Fig. 5 (at 600 nm for P-ECD and at 590 nm for B-ECD) after applying cyan coloration voltage
((@) P-ECD: V=-25V,t=120sand (b) B-ECD: V; = =35V, t; =100 ms, V>, = =16 V, t, = 60 s). The absorbance at each wavelength was normalized to

100% at the end of the voltage application.
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of Cu®' ions, the immobilization of charge compensation
materials on the counter electrode was expected to improve
color retention.*>”® The monitored wavelength was the peak
wavelength of the absorption band shown in Fig. 5 (600 nm for
P-ECD and 590 nm for B-ECD). The absorbance at the end
of the voltage application was normalized to 100%, and the
transient change in the absorbance under open-circuit condi-
tions is shown in Fig. 7. Compared to B-ECD, P-ECD exhibited
obvious long color retention properties. For the P-ECD
(Fig. 7(a)), the absorbance at 600 nm immediately decreased
to 50% but the subsequent decrease was gradual, resulting in a
retention time (defined as the time when the absorbance
decreased to 10% of the initial absorbance) of 1258 s. On the
other hand, the absorbance of the B-ECD (Fig. 7(b)) at 590 nm
decreased immediately under the open-circuit conditions,
and the retention time was 29 s. Incidentally, the viscosities
of PVP- and PVB-based electrolytes were 960 mPa s and
750 mPa s, respectively. Although the diffusion coefficient is
generally inversely proportional to the viscosity of a liquid, the
results of retention time greatly exceeded the difference in
viscosity. Therefore, the improvement in the retention time of
cyan coloration could be attributed to the capping of the AgNPs
by the PVP molecules. The capping effect of PVP prevented Cu>*
ions from approaching the electrodeposited AgNPs, and the
dissolution of AgNPs was suppressed significantly. Thus,
the color retention characteristics of the EC device were
improved by the addition of only PVP. As previously mentioned,
the P-ECD returned to a transparent state by applying a
higher dissolution voltage than that of the B-ECD, although
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PVP suppressed the Cu ions working as an electrochemical
mediator.

Since the nucleation reaction occurs continuously during
the application of a constant voltage, precise control of the
density of electrodeposited AgNPs is difficult. Thus, only cyan
coloration was achieved by the application of a constant voltage
to the P-ECD. To represent other chromatic colors from the
P-ECD, the LSPR bands were tuned by controlling the morpho-
logy of the deposited AgNPs. In this study, we attempted to
manipulate the interparticle coupling state by dissolving a
portion of the deposited AgNPs. By dissolving the AgNPs, the
LSPR absorption band due to plasmon coupling can be con-
trolled, resulting in chromatic colors other than cyan. An Ag
deposition voltage of V= —2.6 V was first applied to the P-ECD
for 60 s, followed by a subsequent Ag dissolution voltage of V4 =
0 V (short-circuit condition) for 30 s (¢4). The absorption spectra at
¢t =60 and ¢4 = 30 s (after the application of the Ag deposition and
dissolution voltages, respectively) are shown in Fig. 8(a). The
absorption spectrum at ¢ = 60 s exhibited two distinct LSPR peaks
at 480 and 570 nm. The absorption band at approximately 480 nm
was attributed to the LSPR of a single AgNP and the band at
570 nm was attributed to the LSPR of plasmon coupling. Upon
application of the dissolution voltage, the absorption band at
570 nm disappeared, and a vivid yellow coloration was observed
in the P-ECD with absorption bands below 480 nm (Fig. 8(b)). The
decrease in particle size by electrochemical dissolution reduced
the plasmon coupling between the AgNPs, resulting in a yellow
coloration owing to the LSPR absorption of isolated AgNPs at
shorter wavelengths of approximately 400-480 nm.

0 V (short-circuited)

CHIBA A CHIBA A CHIBA

UNIVEFP ONIVEF
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V= 407V
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Fig. 8 The absorption spectra (a) and device images (b) of P-ECD during voltage application (V= —2.6 V,t =60's, V4 = 0V, tq = 30 s). The absorption
spectra (c) and device images (d) of P-ECD during voltage application (V = =25V, t=120s, V4= +0.7V, t4 =55).
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A V= —2.5 V voltage was applied to the P-ECD for 120 s in
order to deposit AgNPs, and a subsequent V4 = +0.7 V voltage
was continuously applied for 5 s (¢4) to partially dissolve the
AgNPs. The absorption spectra obtained after applying the
deposition (¢t = 120 s) and dissolution ({5 = 5 s) voltages are
shown in Fig. 8(c). After applying the Ag deposition voltage,
LSPR absorption peaks appeared at 480 and 610 nm. Subse-
quently, the LSPR absorbance at longer wavelengths (650 nm)
decreased due to the application of the dissolution voltage,
resulting in the appearance of red coloration (Fig. 8(d)). Since
the dissolution of the AgNPs weakened the interaction of the
plasmon couplings, the LSPR absorption band ascribed to the
coupling (650 nm) decreased. In both absorption spectra of
Fig. 8(a and c), the absorbance based on the LSPR of the single
AgNPs around 480 nm was maintained in comparison with the
absorbance due to plasmon coupling at 570 or 610 nm. This
means that the morphological changes of single AgNPs during
the dissolution process were very small. Plasmon coupling is a
very delicate interaction and is greatly affected by slight
changes in the relative position and size of the plasmonic
particles.”® Hence, the change of the size of the AgNPs on the
order of a few nanometers significantly influenced plasmon
coupling, resulting in a drastic color change of the EC device.
Because Cu** ions immediately dissolve the deposited AgNPs,
it has been difficult to control the coloration using such
a dissolution process in previously reported PVB-based EC
devices. Control of plasmon coupling by the dissolution pro-
cess was facilitated by the adsorption of PVP on the surface of
the AgNPs, which prevented Cu®" ion contact (Fig. 7). Thus, a
stable multicolor representation in P-ECD was successfully
achieved using the dissolution process without the previous
voltage-step method, which required precise voltage control in
a few tens of milliseconds.

4. Conclusions

PVP was introduced as a capping agent to prevent aggregation
of AgNPs in an Ag deposition-based EC device. PVP was
expected to act as a capping agent for AgNPs, even in an
electrochemical system similar to chemical reaction-based
synthesis. In this study, the effects of introducing PVP on the
electrochemical, morphological, and optical properties of an
EC device were evaluated.

As a result, through the coordination of the PVP molecules
with Ag” ions in the EC electrolyte, the reduction potential was
positively shifted from —1.28 to —1.15 V (vs. Ag/Ag"). Further-
more, PVP possibly affected the generation of Cu" ions in the
EC electrolysis solution, resulting in a significant reduction in
the operating voltage of the two-electrode EC device. Owing to
the suppression of the aggregation and growth of the AgNPs
in the P-ECD, as compared to the B-ECD, a vivid cyan color was
obtained by applying a constant voltage in the coloration
process. The morphological control of the deposited AgNPs
indicated that PVP acted as a capping agent for the AgNPs, even
during the electrochemical deposition process. Additionally,
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the color retention time of the P-ECD was significantly improved
compared to that of the B-ECD. This could be attributed to the
capping effect of PVP, which prevented Cu®" ions from approach-
ing the deposited AgNPs. By utilizing this improved color retention
time, the LSPR bands could be manipulated by dissolving part of
the deposited AgNPs to obtain other chromatic colors. As a result,
vivid yellow and red colors were obtained without the previous
voltage-step method, which required precise voltage control.

In this study, a novel method for controlling the shapes and
sizes of electrodeposited AgNPs was demonstrated by the
introduction of a capping agent into an Ag deposition-based
EC device. The precise control of the morphology of electro-
chemically generated metal nanoparticles is expected to con-
tribute to a wide range of fields, such as precious metal
catalysts and biosensors using plasmonic particles, in addition
to Ag LSPR-based electrochromism.
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