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Abstract

Silver nanoparticles (AgNPs) can exhibit various chromatic colorations depending on their

morphology. This study utilized a derivative of ethylenediaminetetraacetic acid (EDTA) to control the

electrodeposited morphology of AgNPs in an Ag deposition-based electrochromic (EC) device. Because the

carboxyl groups of the EDTA derivative were electrochemically reduced to radical anion and worked as an

electrochemical mediator, the deposition of AgNPs was promoted. As a result, the morphology of deposited

AgNPs formed an anisotropic shape, such as a rod or needle, due to the mediation effect of the EDTA derivative.

Moreover, the EC device with EDTA derivative exhibited a deep black state since AgNPs were formed as porous

structures, inducing multiple scattering. Consequently, a black state on a flat electrode with less than 20%

reflection was achieved without the ITO nanoparticles-modified electrode.

Keywords: Electrochromism, Dynamic window, Silver, Electrodeposition, Electrochemical mediation, Noble metal nanoparticles.

1. Introduction

The electrochromic (EC) phenomenon involves a
change in the electronic state of the EC material due to
electron transfer to the electrode, leading to reversible
optical changes.V-¥ Numerous studies have explored EC
materials, including organic and inorganic
substances.?~12 Devices incorporating EC technology
offer several advantages over self-emissive displays, low
operating voltages, color retention, high visibility under
sunlight, etc.13-15 Due to these advantages, EC devices
are considered promising for applications in information
displays and light-modulating devices, such as electronic
paper, digital signage, and smart windows.16~22

Among various EC materials, inorganic EC materials
have gained significant attention because of their
electrochemical stability and practical applications.
These inorganic EC materials can be categorized into
two types. The first type of inorganic EC materials

consists of transition metal oxides, including WO3, NiO,

Received March 22, 2025; Revised May 24, 2025; Accepted July 2, 2025
11 Graduate School of Engineering, Chiba University
(Chiba, Japan)
+2 Graduate School of Engineering, Tokyo Polytechnic University
(Kanagawa, Japan)
13 Department of Chemistry, University of Nevada, Reno
(Nevada, USA)

316

and MnO32.29-28) When an external voltage alters the
valence state of these metal oxide films, cations with
small ionic radii, such as H* and Li*, are inserted into
the crystal lattice for charge compensation, causing a
change in coloration. The second type includes metals
capable of reversible electrodeposition, such as Ag, Bi,
Cu, and Zn.29-39 In these EC systems, achromatic colors,
including metallic mirrors, black, and white, appear as
metal cations dissolved in the EC electrolyte solution
and undergo reduction and electrodeposition onto a
transparent conductive electrode.

Developing a full-color EC device requires a simple
structure capable of stable multi-color representation
within a single pixel. However, unlike organic EC
materials, achieving multi-coloration with inorganic EC
materials remains challenging owing to the complexity
of multi-step redox reactions. To overcome this
limitation, our previous studies have presented an EC
device that utilizes the electrodeposition and dissolution
of silver nanoparticles (AgNPs) to achieve distinct optical
states ranging from achromatic to chromatic
colors.3540-47) In its default state, the device remains
transparent, while applying a negative voltage triggers
AgNP electrodeposition on the electrode surface. The key
mechanism enabling this multi-coloration was derived

from the morphological control of the electrodeposited
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AgNPs on a transparent electrode, such as an indium tin
oxide (ITO) electrode. Chromatic colorations of AgNPs
result from light absorption caused by a plasmonic
phenomenon known as localized surface plasmon
resonance (LSPR). The wavelength of the LSPR band
shifts based on the size and shape of the metal
nanoparticles.4®~50 Consequently, significant color
changes can be achieved by adjusting the morphology of
electrodeposited AgNPs on the ITO electrode to control
the LSPR bands. This Ag deposition-based EC device
features a simple structure, consisting solely of an EC
gel electrolyte solution containing Ag* ions sandwiched
between a pair of ITO electrodes. Notably, this EC
device enables color switching through straightforward
electrochemical deposition and dissolution of
electrodeposited AgNPs, maintaining stability over ten
thousand cycles.3550

Ag deposition-based EC devices reported in previous
studies have achieved various colorations by controlling
the density and size of spherical particles through
varying voltage application methods. This EC device
operation relies on the aggregation of AgNPs to
introduce anisotropy into the deposited morphology,
enabling control of the LSPR band.494® However,
aggregation of the AgNPs increases specular reflection
and reduces the brightness and color purity. To further
expand color variation and improve color purity in Ag
deposition-based EC devices, it is essential to obtain the
coloration from isolated AgNPs with precisely controlled
size and shape while minimizing aggregation. Our
previous study introduced polyvinylpyrrolidone (PVP), a
capping agent for AgNPs, into an Ag deposition-based
EC device to control the deposition morphology of
AgNPs.52),53) PVP molecules are absorbed onto the
surface of electrodeposited AgNPs, preventing
aggregation and excessive growth, resulting in highly
bright colors and novel coloration effects. These studies
demonstrated the effectiveness of capping agents in
controlling AgNP morphology and the optical state of the
EC device. However, the deposited AgNPs remained
spherical, limiting the ability to introduce the anisotropy
necessary for precise LSPR band control.

This manuscript focused on ethylenediaminetetraacetic
acid (EDTA, Fig. 1(a)). Previous studies have reported
that EDTA promoted the formation of rod-shaped and
nanowire-like anisotropic noble metal nanoparticles in
chemical synthesis.?¥ For the experiments in this study,
1,3-diaminopropane-N, N, N', N'-tetraacetic acid (DPTA,
Fig. 1(b)), a derivative of EDTA with an extended propyl
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Fig. 1 The structural formulas of (a): EDTA and (b): DPTA.
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main chain, was used instead of EDTA. Compared to
EDTA, DPTA has a lower dielectric property, enhancing
its solubility in organic solvents and making it more
suitable for our EC electrolyte solutions based on
DMSO. This study aimed to introduce anisotropy into
electrodeposited AgNPs in Ag deposition-based EC
devices by incorporating DPTA. By analyzing the
electrochemical properties of the EC device and the
morphology of the AgNPs, the role of DPTA in
controlling the morphology of AgNPs was demonstrated.
Suppose anisotropic AgNPs can be formed in an
electrochemical system by adding only DPTA. In that
case, further advancements in morphology control of
AgNPs and improvements in the coloration properties of

Ag deposition-based EC devices can be expected.

2. Experimental Section

2.1 Materials

Silver(I) nitrate (AgNOj3, FUJIFILM Wako Pure
Chemical Corporation, Japan), copper(Il) chloride
(CuClg, Kanto Chemical Co., Inc., Japan), lithium
chloride (LiCl, Kanto Chemical Co., Inc., Japan),
dimethyl sulfoxide (DMSO, Sigma Aldrich, Japan), 1,3-
diamino propane-N, N, N', N'-tetraacetic acid (DPTA,
Sigma-Aldrich, U.S.A), ethylenediaminetetraacetic acid
(EDTA, Kanto Co.,
hydroxyethylenediaminetriacetic acid (HEDTA, Kanto

Chemical Inc., Japan),
Chemical Co., Inc., Japan), and polyvinyl butyral (PVB,
B60T, M, = 5.5 x 104, Kuraray Co. Ltd, Japan) were
used as received. ITO-coated glass substrates 720 pm
thick (4.2 Q/o) were used after washing and ozonation.
2.2 Preparation of the EC electrolyte solutions
Several electrolyte solutions were prepared to confirm
the effect of the introduction of DPTA. The EC
electrolyte solution was prepared for three-electrode EC
devices by dissolving 50 mM AgNOs as the EC material,
5.0 mM DPTA, and 250 mM LiCl as the supporting
electrolyte. In addition, electrolyte solutions were
prepared by adding 5.0 mM DPTA, EDTA, or HEDTA
with 250 mM of LiCl in DMSO. In the case of the two-



J-STAGE

2EMBECT INA ADHE, IBMECT N AFHD

ERECEMRE AR, ﬂ}imﬁﬂ%;ﬁaﬁ%{t
AT AT —2— L TI10 mM CuClz‘é(ﬁjJ[lb
72 TDE, 10 wt.%DPVBEIEA L. 2FMBEC
?N4xmwfwm=££§@&ﬁ@bko

2.3 ECFNA AR
DPTA%Z &L ECEMBE R DESENRE S
SO U7z AgNPDFLRE R FAN B 7= DIZ, 38
MRECTNA A& fEH U2, [T0EMmE/ERS
PtU A v — &R, Ag/Agt 2 SHREME b’C
SBIBAGHTHEAR—ZADECTNA A& /ERLL 7=,
ECT /N1 AL, JFEFEDEM L S ERERRE
lemX lemDAXZEXIVIZEE T 5 Z & TERL
7o ¥7-, EERMETHMET 72012, &Y
ERWR A A TOLEMBECTNA A &2EHAL -,
TFIVEMMBE 2 ODITOEM TG Z LIzk Y,

QEMAGHTH AR —ZDECT /N1 22 /ERLL /=,
ZDECTNA ADEXNEMBEFEE lemX lem&
L. AR—Y—%FHWTEREOIERE%300u

miZHERE U 72,
2.4 BEE ECTNA AZEEZ IS 5 7/-0I1Z ﬂ‘\
Ty aAREy N HIVWNI) AZw k(ALS/CHI
60A. ALSHEA&tt, BHAR)2FEAL ., SRE ﬂi
3. A A VEBMAS A(BAS, BHAR)EZBAHEL -
YV FINRINE—IZAg (72 b=~V L]
0 mM AgNO33 X100 mM TBAP) Z¥XA L. AgV
AV —280F Yy S THRINVE—%5H1ETEZ
CAIZEVERIL /-, BEANRY MV X RE
ART MR, BAA—=RT7 VA RBREY 25 A (
USB4000, ¥EBIEAL U1 b, HR)LZ VI AT
a5y 7 (HL-2000-LL, HBEEAL VY1 b,
HA)ZHEE UCRskL /-, EEIATOECT
NA ADBERBARY MVEY) 77V VAL L
THEALU ., 5ERETREEY)E (STANSSH; Oce
an Insight, Japan)% 100 % KETRE¥EYX LT
AU 72, KEREITF~ A 7 0NF > 2 (QCM)
FElL, ART VY a A&y NN Z&w ~(
ALS/CHI 440A, ALS#RN&t. HA) 2 HWTIT
27z, VEE/SREM F /2 135/ S IREMBD B
BEALE. 22DKRTF ¥ a 2% w b (ALS/CHI 660
A, ALSHRR A&, HA, HAGI232m, JL#HBET) %
FAWTCEE#R L 7z, EFHEMRELIZESE L ZAgNPsD
JRE % E S B & B T BEEE (FE-SEM;  JSM6
510, JEOL, Japan)%F\WTCHEHZEL /-,

3. MREIUEER

9. DPTAZ E LA HAR—ADECT /N1 ADE
SALZEE R AN, K 2(a)l2, 3 BB EC
ZFOVA IV I RVEVETT AT EEN
IZXHd % 600 nm (281 BBEERDELERT,
DPTA% AWV WECT N A ZADCV(X2(a), Eig) T
X, UTFD L ZAMNSETERMVEBEI XN,

-1.2V, BB EADANPOEEIZ & BFEBER
DIETE2/ES, FRRIZ, DPTARZEDECTN
4 A (X2(a), HER)TE, Agt1 A VETD
FEARENIX-1.2 VCEHEII /=, BAREI
B DY LIZ DWW TIL, DPTAZ FV/=E

CTNA ADERZE U =B/ NEBRIZT0SAT
ThHolze —FH. DPTAZ HWVZWTFINA A
DEBRIFHI256AET U ZDATH - 7=,

100F
a0l (@)

g ]
8 at 600 nm |
L 1
E 40| ) i
g 4
,_" 20 - j
€ 0 : —
< T |
T 50 mV/s |
2 o ) J
2 -2+t —— AgNoO; + LiCl g
2 —— AgNO, + LiCl + DPTA

8 - I

5ol 5 {0 05 0o o5
Potential (V vs. Ag/Ag®)

N’_“ 0.2 T T T T T
E (b) n
T oo} =) |
> &
‘n
S -0.2 —Licl
o —LiCl + DPTA
=
E -0.4 U 50 mV/s ]
5
|9

2.0 -15 -1.0 -05 0.0 0.5
Potential (V vs. Ag/Ag")

2 3BBESAET/NA X (a:AgN0sEH. b:AgNOsZFR<
YDDPTAEEEIZ £ %600nnTDBEER (L) & CV(T)DE1L,



ITE Trans. on MTA Vol. 13, No. 4 (2025)

electrode EC device, 10 mM CuCly was added to the
above EC electrolyte solution for the three-electrode EC
device as the counter-reaction material and
electrochemical mediator. Subsequently, 10 wt.% of PVB
was mixed to prepare the gel EC electrolyte solution for
the two-electrode EC device.

2.3 Fabrication of the EC device

Three-electrode EC devices were used to examine the
electrochemical properties of the EC electrolyte solutions
containing DPTA and the morphology of deposited
AgNPs. A three-electrode Ag deposition-based EC device
was prepared using an ITO electrode as the working
electrode, a Pt wire as the counter electrode, and Ag/Ag*
as the reference electrode. The EC devices were
fabricated by placing three kinds of electrodes and each
electrolyte solution into a 1 cm x 1 cm optical cell. Two-
electrode EC devices with more practical types were also
used to evaluate the coloration property. A two-electrode
Ag deposition-based EC device was fabricated by
sandwiching a gel electrolyte between two ITO
electrodes. The effective electrode area of this EC device
was set to 1 ecm x 1 cm, and the distance between the
electrodes was maintained at 300 pm using a spacer.

2.4 Apparatus

A potentiostat/galvanostat (ALS/CHI 660A, ALS Co.,
Ltd., Japan) was used to apply voltage to the EC device.
The reference electrode was prepared by injecting an Ag*
solution (10 mM AgNOs; 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. Transmission and reflection
spectra were recorded using a diode array detection
system (USB4000, Ocean Insight, Japan) and a
tungsten-halogen lamp (HL-2000-LL, Ocean Insight,
Japan) as the light source. The transmittance spectra of
the EC device before the voltage application were used
as references. A specular reflectance standard (STAN-
SSH; Ocean Insight, Japan) was used as a 100 %
reflectivity reference. The quartz crystal microbalance
(QCM) measurement was conducted using A
potentiostat/galvanostat (ALS/CHI 440A, ALS Co., Ltd.,
Japan). The
working/reference or counter/reference electrodes were
recorded using two potentiostats (ALS/CHI 660A, ALS
Co., Ltd., Japan, and HAG1232m, HOKUTO DENKO,
Japan). The morphology of the AgNPs electrodeposited

electrode potentials of the

on the working electrode was observed using field-
emission scanning electron microscopy (FE-SEM; JSM-
6510, JEOL, Japan).

3. Results and Discussion

First, the electrochemical properties of the Ag
deposition-based EC device containing DPTA were
investigated. The cyclic voltammogram (CV) and the
corresponding changes in transmittance at 600 nm for
the three-electrode EC device are presented in Fig. 2(a).
In the CV of the EC device without DPTA (Fig. 2(a),
black line), a reductive current was observed starting at
—1.2 V, accompanied by a decrease in transmittance due
to the electrodeposition of AgNPs on the electrode.
Similarly, in the EC device containing DPTA (Fig. 2(a),
red line), the critical potential for Ag* ion reduction was
also observed at —1.2 V. Regarding the optical changes
during the potential sweep, the minimum transmittance
reached by the EC device with DPTA was below 10%. In
contrast, the transmittance of the device without DPTA
only decreased to approximately 25%. Fig. S1 presents

the transmission spectra at —2.1 V (negative potential
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Fig. 2 Change in transmittance at 600 nm (top) and CV (bottom)

of the three-electrode electrochemical devices (a: containing
AgNOs and b: excluding AgNO3) with or without DPTA.
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end for returning to the positive direction) and —1.0 V (in
the forward sweep to the positive direction) during the
CV measurement. The transmission spectra were broad,
and the wavelength dependence of the transmittance
was not observed. Furthermore, as shown in Fig. 2(a),
the minimum transmittance of the EC device containing
DPTA was lower than that of the device without DPTA.
These results suggested that DPTA influenced the
coloration behavior of the EC device.

EDTA and DPTA are well-known metal-chelating
agents that form complex species with metal cations.
Therefore, potentiometric titration was performed to
determine whether DPTA formed complex species with
Ag* ions in the EC electrolyte solution. From our
previous study, Ag* ions in the EC electrolyte solution
form complex species with halide ions from the
supporting electrolyte (Cl- ions in this study). A 10 mL
solution containing AgCl,»-1- was prepared by
dissolving 10 mM AgNO; and 50 mM LiCl in DMSO.
The equilibrium potential was then measured while
gradually adding a DMSO solution containing 25 mM
DPTA to the AgCl,®1- solution. The equilibrium
electrode potential for the Ag/Ag* redox reaction in the
electrolyte solution was measured using an AgS wire as
the indicating electrode and an Ag/Ag* reference
electrode. The spontaneous potential change (Fig. S2)
was monitored as the DPTA solution was gradually
added to the electrolyte containing AgCl,®™-1-. Before
DPTA was added, the equilibrium potential was —0.65 V
(vs. Ag/Ag*). A total of 20 mL of the DPTA solution was
incrementally introduced while measuring potential. As
a result, the equilibrium electrode potential remained
nearly stable around —0.64 V, even after adding 20 mL
of DPTA solution. After adding 20 mL of DPTA solution,
the concentration ratio between Ag* ions and DPTA was
approximately 3:17, much higher than the 10:1 ratio in
the prepared EC electrolyte solution (Fig. 2). These
results indicate that DPTA remained free and did not
form complex species with Ag+* ions. This result
supported the CV result in Fig. 2(a) that the critical
potential of the reduction of Ag* ion was not shifted even
in the presence of DPTA.

Next, the electrochemical activity of DPTA alone was
investigated using an electrolyte solution without Ag*
ions (Fig. 2(b)). In the CV of the electrolyte solution
containing only LiCl (black line), a current began to flow
at approximately —1.2 V. This current would be
attributed to the decomposition of a small amount of

water present in the electrolyte solution owing to the
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hygroscopic nature of DMSO. Besides, in the electrolyte
solution containing DPTA (red line), a reduction current
distinct from water decomposition was observed at —1.7
V. CV measurements were also conducted for EDTA and
HEDTA to identify the reactive sites in DPTA. In the
resulting CV shown in Fig. S3, the reduction and
oxidation of EDTA and HEDTA occurred at nearly the
same potential as DPTA. These EDTA and EDTA
derivatives possess three or four carboxyl groups, which
dissociate protons stepwise, forming mono- to tetravalent
anions. The reduction observed from —1.7 V should be
derived from the reduction of these carboxyl groups of
DPTA, leading to the formation of radical anions. It is
known that carboxyl groups can be electrochemically
reduced to radical anions.?®~5" Additionally, in the
electrolyte containing DPTA, an oxidation peak appeared
at —1.4 V. This anodic current is attributed to the
oxidation of the radical anion of DPTA back to its neutral
state, indicating the reversible redox behavior of DPTA
between its neutral and radical anion.

To investigate the reason for the difference in
transmittance during CV measurement in Fig. 2(a) with
or without DPTA, QCM measurement was conducted
during constant potential application. The QCM method
can quantify the mass of AgNPs deposited on the surface
of a quartz electrode over time.5® The working electrode
used in the CV measurement was replaced with a quartz
resonator electrode (Fig. S4), and a potential of —2.0 V
was applied for 120 s. The corresponding reacted charge
and the change in QCM oscillation frequency were
measured. Since both Ag* ions and DPTA are reduced at
V =-2.0 V, the total reacted charge in the EC device
containing DPTA was noticeably larger during the
potential application (Fig. 3(a)). The measured reacted
charges were 235 mC/cm? with DPTA and 179 mC/cm?
without DPTA. Fig. 3(b) presents the relationship
between the total reacted charge and the deposited
mass. The mass per mol calculated from the slope
obtained using the least squares method was 90 g/mol
(with DPTA) and 101 g/mol (without DPTA),
respectively. These values were lower than the
theoretical value of 108 g/mol (atomic weight of Ag). This
difference likely arose because the calculated reaction
charge included a non-Faradaic current to form the
electrical double layer immediately after potential
application. The deposited mass was 225 pg/cm? in the
EC device containing DPTA, significantly exceeding the
185 pg/ecm? measured without DPTA. These results
indicated that DPTA mediated electron transfer to
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for each plot.

reduce the Ag* ions, promoting the electrodeposition of
AgNPs. According to the CV in Fig. 2,

Agt+e — Agd (at—1.2 V vs. Ag/Ag")

[DPTAl> + e~ — [DPTAl*@+- (n: 0-4)
(at —1.7 V vs. Ag/Ag?)

From the above equations,

Ag' + [DPTAJ*@ - — Agd+ [DPTAl" (n: 0-4)

The above electrochemical mediation reaction should
occur at the working electrode. Since the reductant of
DPTA returns to its neutral state through self-
quenching and its reaction with hydroxide ions, the
difference in the calculated mass per mol between the
EC electrolyte solution with or without DPTA can be
attributed to this mediation reaction of DPTA.

In the Ag deposition-based EC device, the morphology
of AgNPs was investigated, varying the applied potential
with a field-emission scanning electron microscope (FE-
SEM). Fig. 4 shows FE-SEM images of the working
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V=

-1.5V (vs. Ag/Ag*)

V=

-2.0 V (vs. Ag/Ag*)

V=-25V (vs. Ag/Ag*)

(b) Without DPTA

i

Fig. 4 FE-SEM images of the EC device (a) with and (b) without
DPTA after potential application of -1.5 V, -2.0 V, and —2.5
V for 120 s. Inset: Photographs of the Ag layer on the
working electrode after potential application.

electrode after applying —-1.5 V, —2.0 V, and -2.5 V (vs.
Ag/Ag*) for 120 s in a three-electrode EC device. In the
EC device containing DPTA (Fig. 4(a)), complex
interparticle aggregation occurred upon applying -1.5 'V,
forming large clumps. This deposition behavior was
similar to that observed in the EC device without DPTA,
as shown in Fig. 4(b). However, at V =-2.0 V, rod-
shaped nanoparticles appeared in the FE-SEM image,
with long axes measuring approximately 70~80 nm and
an average aspect ratio of about 2.7. Moreover, in the
case of —2.5 V, the AgNPs grew into needle-like shapes,
with long axes measuring 180~200 nm and aspect ratios
of more than 40. While spherical AgNPs were complexly
aggregated at —1.5 V, anisotropic AgNPs were deposited
when a higher potential, such as V=-2.0 Vor -2.5V,
was applied to the EC device containing DPTA. Fig. S5
shows SEM images of EC devices with EDTA and
HEDTA when —2.0 V and —-2.5 V were applied. When
—2.0 V was applied, spherical AgNPs were deposited in
the case of both EDTA and HEDTA, unlike DPTA. At
—2.5 V, rod-shaped and spherical AgNPs were deposited
for EDTA and HEDTA, respectively. Regarding the
HEDTA, HEDTA reacted to the same potential as EDTA
and DPTA. However, the morphology of deposited
AgNPs was not affected. There is a possibility that
differences in molecular structure between DPTA,
EDTA, and HEDTA may have changed the effect on the
morphology of deposited AgNPs. The relationship
between the molecular structure and the deposited
morphology of AgNPs is currently under study.

This change in deposition behavior should be related
to the reduction of DPTA. According to the CV in Fig.
2(b), the reduction potential of DPTA is —1.7 V. While
the detailed reaction mechanism remains unclear, the

reductants of DPTA generated at a potential more
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negative than —1.7 V appear to interact with the
deposited AgNPs, promoting the formation of rod- or
needle-like anisotropic structures. These findings
suggest that the anisotropy of deposited AgNPs can
potentially be controlled by modulating the operating
voltage of the EC device incorporating DPTA. The inset
in Fig. 4 presents photographs of the working electrode
after AgNP deposition, following washing with DMSO
and methanol. At —-1.5 V, both electrodes with and
without DPTA exhibited a gray appearance without
reflectivity. In the case of the DPTA-containing EC
device (Fig. 4(a)), the electrode gradually exhibited a
darker coloration as the applied potential increased.
This darkening coloration would be attributed to
multiple light scattering caused by the spaces between
the interparticle growing anisotropic nanoparticles on
the electrode. Previously, achieving such multiple
scattering for black coloration required the introduction
of porosity on the surface of the working electrode using
ITO nanoparticles.3943) However, in the presence of
DPTA, black coloration was achieved even on a flat ITO
electrode due to the formation of anisotropic AgNPs,
such as rod- or needle-shaped. Fig. 4(b) presents SEM
images and electrode photographs after applying -1.5 'V,
-2.0 V, and —-2.5 V in the EC device without DPTA.
Large particle clumps were formed in all cases, resulting
in a grayish color (V =-1.5 V) or reflective state (V =
—-2.0Vand -2.5V).

The morphology of deposited AgNPs was examined
using FE-SEM under a constant potential application of
—2.0 V to investigate morphological changes over time
(Fig. S6). At 10 and 30 s, aggregated particles were
observed across the entire electrode surface (Fig. S6(a)
and S6(b)). Photographs of the electrode showed a
grayish appearance at 10 s, which transitioned to a
mirror-like state at 30 s due to increased surface
coverage. At 60 s, small asperities appeared on top of the
large clumps. With continued potential application at 90
and 120 s, these asperities gradually developed into rod-
like structures. This indicates that rod-shaped particles
did not form during the initial stage of Ag deposition but
rather emerged on the Ag clumps after a certain amount
of AgNP deposition (Fig. 5). This change in growth
behavior should be related to the generation of DPTA
reductants. Immediately after applying the potential,
the reductants of DPTA were not present in the EC
electrolyte solution. Consequently, the initial Ag
deposition behavior resembled that observed in the EC

device without DPTA. However, as the concentration of
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Fig. 5 Schematic diagram of the AgNP growth in the EC device
containing DPTA.

DPTA reductants gradually increased due to continuous
potential application, the deposition behavior shifted
toward anisotropic growth. These results support the
hypothesis that DPTA reductants play a key role in the
rod- or needle-like growth of AgNPs.

A counter-reaction material was required to
compensate for the charge associated with Ag reduction
to fabricate the two-electrode EC devices. Fig. S7
presents the CV results of a three-electrode EC device
with CuCly added to the previously used EC electrolyte
solution containing Ag* ions. The electrochemical
response of the Ag deposition was not affected even in
the presence of CuCls. In the EC device without CuCly,
transmittance was only restored to approximately 30%,
whereas in the device with CuClg, transmittance was
almost fully recovered to 100%. Thus, adding CuCl, did
not negatively impact the device properties, even in the
presence of DPTA.

The two-electrode EC device containing CuCly (same
as in Fig. S7, red line) was fabricated by sandwiching
two ITO electrodes (Fig. S8). The electrochemical
properties of the EC device were evaluated (Fig. 6). The
critical voltage for Ag deposition was determined to be
—-2.3 V. A sufficient amount of Ag deposition was
observed, as CuCl2 functioned as the counter-electrode
reactant. Additionally, CuCly facilitated the dissolution
of AgNPs in this two-electrode EC device, enabling a
reversible optical transition back to the initial
transparent state. As mentioned earlier, reducing DPTA
is essential for obtaining anisotropic AgNPs on the
working electrode. To determine the reaction voltage of
DPTA in the two-electrode EC device, the electrode
potentials during the voltage sweep were measured
using the setup shown in Fig. S9. Fig. 7 indicates the
changes in electrode potential for the working electrode
(green bullets) and the counter electrode (red bullets). As

the voltage sweep commenced from 0 V, the potential of
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potential and concentration of components of EC
electrolyte solution. Besides, it is possible to maintain
this black color by the application of a pulse voltage for
Ag reduction, preventing the thorough dissolution of
AgNPs. Although the black color in conventional Ag
deposition-based EC devices was provided by preparing
the electrode surface porous with ITO nanoparticles,
transmittance was reduced owing to light scattering by
ITO nanoparticles in the transparent state.? However,
DPTA achieved black color with high optical contrast



ITE Trans. on MTA Vol. 13, No. 4 (2025)

100 C T I I I 1
80 -
60 - .

At 600 nm ]

0.5
0.0
-05¢+ .

-1.0+ ]
-15L 50 mV/s

E
e

Current density (mA/cm?) Transmittance (%)

.0

0 1 1 1 1 1 1 1
-25-20-15-10-05 00 05 1
Voltage (V)
Fig. 6 Change in transmittance at 600 nm (top) and CV (bottom)

of the two-electrode EC device containing AgNOs, LiCl,
CuCly, and DPTA.
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Ag and DPTA can be reduced, respectively (refer to Fig. 2).

the working electrode gradually decreased. The
reduction of Ag* ions began at —2.3 V. With further
voltage sweeping, the potential of the working electrode
reached —1.7 V (vs. Ag/Ag*) at an applied voltage of —3.2
V. Since —1.7 V (vs. Ag/Ag*) is the potential at which
DPTA reduction begins, as shown in Fig. 2(b), it follows
that when the EC device operates at voltages between
-2.3 and -3.2 V, only Ag* ions are reduced.
Furthermore, when a voltage more negative than -3.2 V
is applied, Ag* ions and DPTA reduction occur

simultaneously, leading to anisotropic AgNPs forming,
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as observed in Fig. 4(a).

Finally, the optical properties of two-electrode EC
devices with and without DPTA were investigated. A
constant voltage of —3.5 V, at which DPTA can be
reduced, was applied to the EC devices for 50 s. The
results of the optical measurements during voltage
application are shown in Fig. 8. Regardless of the
presence or absence of DPTA, the transmittance
decreased to nearly 0% under this voltage condition (Fig.
8(a)). However, in the EC device containing DPTA, the
reflectance was suppressed to below 20% (Fig. 8(b)),
resulting in a black optical state (Fig. 8(c)). This 20%
included the reflectance of a couple of ITO electrodes,
and the value was almost the same compared to the
black state in our previous study.3 This black coloration
corresponded to the optical state observed in Fig. 4,
suggesting that DPTA was reduced in the two-electrode
EC device. In contrast, the device without DPTA
exhibited a mirror-like state (Fig. 8(d)) with high
reflectivity approaching 100% (Fig. 8(b)) due to the
formation of a flat Ag layer. The influence of DPTA
became apparent immediately after voltage application.
At 10 s, the EC device containing DPTA appeared gray,
whereas the device without DPTA exhibited a weak
reflective state. With continued voltage application, the
optical state of the EC device containing DPTA
transitioned to a distinct black, and the resulting optical
state was a deep black color at £ =50 s. Contrarily, the
EC device without DPTA provided an apparent mirror
state at the time of 50 s. Black coloration with
conventional porous ITO electrode modified with ITO
nanoparticles took about 20 s, whereas 50 s was taken in
the EC device with DPTA. This is because AgNPs are
deposited only on the surface of the porous structure
when an ITO nanoparticle-modified ITO electrode is
used, though AgNPs themselves must form the porous
structure in the EC device using DPTA. However, 50 s
sufficient for coloration of EC devices, and the response
property can be improved by optimizing the applied
potential and concentration of components of EC
electrolyte solution. Besides, it is possible to maintain
this black color by the application of a pulse voltage for
Ag reduction, preventing the thorough dissolution of
AgNPs. Although the black color in conventional Ag
deposition-based EC devices was provided by preparing
the electrode surface porous with ITO nanoparticles,
transmittance was reduced owing to light scattering by
ITO nanoparticles in the transparent state.® However,
DPTA achieved black color with high optical contrast
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Fig. 8 (a) Transmission and (b) reflection spectra of the two-electrode EC device after the voltage application of V =-3.5 V for 50 s.
Photographs: Change in the optical states of the EC device (¢) with and (d) without DPTA.

without a complicated electrode preparation process.
From the CV result in Fig. 6, the EC device with CuCl,
had enough cyclic stability regardless of the presence of
DPTA. Fig. S10 shows photographs of the EC devices
when —2.7 V is applied for 50s. Since DPTA cannot react
at —2.7 V, both EC devices with DPTA (Fig. S10(a)) and
without DPTA (Fig. S10(b)) exhibited a similar mirror
state with specular reflection. Therefore, arbitrarily
switching from the transparent state to the mirror and
the black state on the flat electrode was achieved by

manipulating the device operation voltage.
4. Conclusion

In this study, DPTA, a derivative of EDTA, was
introduced to control the morphology of AgNPs in an Ag
deposition-based EC device. DPTA was expected to
function as a capping agent for AgNPs, facilitating the
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formation of anisotropic morphologies. The effects of
introducing PVP on the electrochemical, morphological,
and optical properties of the EC device were investigated.
Potentiometric titrations revealed that DPTA did not
form complex species with Ag* ions in the EC electrolyte.
However, DPTA exhibited electrochemical activity, and
its redox reaction was found to be reversible. Once
reduced, the radical anion of DPTA mediated electron
transfer to Ag* ions, enhancing deposition and altering
nanoparticle morphology. When a potential of —2.0 V or
—2.5 V was applied, rod- and needle-like anisotropic
nanoparticles were deposited on the working electrode.
This transition toward anisotropic morphologies is likely
associated with generating DPTA reductants. These
anisotropic structures created interparticle spaces,
leading to multiple light scattering and black coloration

without using an electrode with a porous substrate.
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Also, the ED device with DPTA exhibited a mirror state
when a voltage to which DPTA did not react was
applied. Thus, arbitrarily switching the mirror and the
black state was achieved by controlling the EC device
operation voltage.

This study demonstrated a novel method for controlling
the electrodeposited morphology of AgNPs in an EC
device by introducing an EDTA derivative in an Ag
deposition-based EC system. Overall, this work highlights
that DPTA modulation can effectively control the growth
behavior of AgNPs, even in an electrochemical system.
Further advancements in this understanding could enable
the development of new colors with high color purity. The
precise control of the morphology of electrochemically
generated metal nanoparticles is expected to contribute to
a wide range of fields, including precious metal catalysts
and plasmonic particle-based biosensors, in addition to Ag
LSPR-based electrochromism.
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