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ABSTRACT

Here, spatiotemporal pattern formation on the electrode surface in an electrochemical system was studied. We performed an experiment
for dynamic pattern formation accompanied by Ag and Sb co-electrodeposition through real-time visual inspection, together with in situ
elemental analysis. The time evolution of the Ag-rich domain as a chemical wave was successfully monitored using x-ray visualization.
The results indicate that the occurrence of a traveling wave is caused by phase segregation between Ag and Sb under a constant electric
current.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0

International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0259604

. INTRODUCTION

On many occasions, in nature and in life, specific spatiotem-
poral patterns are formed, accompanied by the dynamics of phase
separation under thermodynamically open conditions, where ener-
gies and/or materials are continuously supplied and dissipated.'
Such spatiotemporal systems can be classified as a new class of physi-
cal systems, different from the currently adopted theoretical models,
such as reaction-diffusion in closed liquid systems”” or relaxation
kinetics of phase segregation, such as nucleation-growth and spin-
odal decomposition.”” In general, life should be maintained as nei-
ther a closed reaction-diffusion system nor a monotonous relaxation
system. A deeper understanding of the mechanisms of spatiotempo-
ral pattern formation, in collaboration with the dynamic behavior
of phase separation under thermodynamically open conditions, will
contribute to unveiling the essence of life.

Electrochemical experiments are generally regarded as ther-
modynamically open systems. Previous experimental studies on
electrochemical systems have reported the occurrence of tempo-
ral oscillations and the generation of stationary patterns,”'” along
with some arguments about the possible effects of spatiotemporal
instability. Interestingly, it has been found'’ ™’ that the Ag and Sb

co-electrodeposition system, in which Ag and Sb atoms consistently
accumulate on an electrode surface from a solution during electrode-
position, exhibits spatiotemporal behavior under the application
of a stationary electrical current. Such a spatiotemporal pattern is
regarded as generated under thermodynamically open conditions. It
has been shown that various spatiotemporal patterns consisting of
light and dark regions are formed on the electrode surface during
electrodeposition depending on the experimental conditions. How-
ever, the mechanisms underlying these dynamical patterns have not
yet been elucidated. Recently, the present authors discovered'” the
occurrence of traveling waves on the electrode for the Ag and Sb
co-electrodeposition system. In the present article, clear evidence on
the generation of traveling waves is shown as in Fig. 1 for the com-
plex labyrinthine structure. Intriguingly, the complex labyrinthine
structure was formed on a solid electrode surface composed of met-
als. According to our static analysis of the chemical elements, the
light and dark stripes in the pattern, which is observed optically,
were assigned to regions rich in Ag and Sb, respectively.” In our
previous report on the time evolution of the stripe width, we argued
that the phase separation of Ag and Sb in the electrodeposition sys-
tem plays a fundamental role in the plausible pattern formation
of the complex labyrinthine structure.''® In the present study, to
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FIG. 1. (a) Optical microscope images of the complex labyrinthine structure. The
applied current density is —9.75 mA/em?. (b) Spatiotemporal diagram for the evo-
lution of the stripe pattern along the line in between the two arrows depicted in
image (a), indicating the generation of traveling waves migrating with nearly con-
stant speed. The time series of color optical microscope images were converted to
images of the gray scale to draw the spatio-temporal diagram in a clearer manner.
Experimental conditions are described in the text, which are essentially the same
as in our last paper.!’

investigate the spatiotemporal structure based on the analysis of
chemical elements in the electrodeposition system of Ag and Sb,
in situ real-time element imaging through x-ray absorption analy-
sis was carried out in an electrolyte solution under conditions where
the complex labyrinthine structure emerges.

Il. EXPERIMENTS

A. Preparation of an electrolyte solution to immerse
the electrodes and an electrochemical machine
to apply the constant current to the electrodes

An aqueous solution containing 0.26M AgNO;, 0.27M
K4Fe(CN)g-3H,0O, and 0.27M K,CO; in distilled water was
boiled for about 30 min to prepare the electrolyte solution used
for the co-electrodeposition of Ag and Sb. After cooling, the
Ag concentration was determined by titration. Next, 0.036M
KSbOC4H406-3H,0 (potassium antimony tartrate), 1.5M KSCN,
and 0.21M KNaC4H404-4H,O (potassium sodium tartrate) were
added to the 0.15M Ag aqueous solution. With this electrolyte solu-
tion, a complex labyrinthine structure appeared on the surface of the
working electrode during electrodeposition within a range of cur-
rent densities applied to the electrode (~11.8-~9.7 mA/cm?) in the
constant-current mode [to maintain the constant current, the gal-
vanostat mode was used in a potentiostat-galvanostat in Hokuto
Denko (Tokyo, Japan), HA-151], as shown in the phase diagram
of our previous study.'* The potential value at which the complex
labyrinthine structure emerges under the constant current mode was
in the range of -760--680 mV vs SHE."”
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FIG. 2. Schematic for the experimental setup for in situ real-time element imaging
analysis.

B. Fabrication of an electrochemical cell

As shown in Fig. 2, the electrochemical cell was prepared with
acrylic plates, and the window (1 cm in diameter) through which
the x-rays passed was fabricated using synthetic quartz to minimize
the absorption caused by the experimental cell. While the radiation
light passed through the electrochemical cell, the radiation x-rays
were partly absorbed by the electrolyte-Ag solution and the elec-
trode. The solution path of the cell was adapted to be 2 mm to reduce
the absorption of the radiation x-rays by the electrolyte solution. The
electrolyte solution was poured into a container of dimensions 8 cm
(height) x 13 cm (width) x 2 mm (path). Two different electrodes
were used; the working electrode, on which the pattern appeared,
was placed on the inner side of the cell, while the counter electrode
was placed 6 cm from the center of the cell. The counter electrode
was a 1 mm (diameter) x 5 cm (length) Ag wire. As a working elec-
trode on which Ag and Sb were electrodeposited, an Au (111) thin
film (200 nm in thickness) was placed on one side of a MICA insulat-
ing plate (1 x 2 cm® x ~100 gm in thickness). After the experiment,
we visually confirmed the appearance of spatiotemporal patterns on
the Au (111) surface upon which Ag and Sb were electrodeposited.

C. The in situ real-time elemental imaging
using x-ray radiation

X-ray radiation was adapted for the in situ real-time elemen-
tal imaging (Fig. 2). Photons of 25.54 keV are absorbed by Ag
(K absorption).”’ In the experiment, the radiation photons passed
through the Au (111) thin film on the mica plate (~100 ym thick-
ness) of the working electrode without absorption. A decrease in the
transmission intensity caused by Ag absorption was detected for an
illuminated area of 600 ym x 1 mm. Therefore, if Ag atoms are elec-
trodeposited on the working electrode composed of the Au (111)
thin film and the mica plate, the transmission intensity of the x-ray
passed through the electrode is decreased. The detector for the radi-
ation light, a high-resolution x-ray indirect roentgenography camera
with 0.5 ym spatial resolution and 0.2 s time resolution, was set on
the exterior wall of the electrochemical cell to which the electrode
was attached inside to detect the transmitted x-rays passing through
the cell. For the observation of the time dependent change of the
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x-ray absorbing pattern, repetitive opening of the shutter for the
radiation x-ray (with a single photon energy of 25.54 keV) was per-
formed by using a computer; the imaging of the Ag absorption of the
radiation light for the illuminated area was taken every 20 s, while
the exposure time was 500 ms. The obtained imaging data of the
Ag absorption were subtracted from the imaging data of the blank
observation control for Ag (25.50 keV) to reduce the noise.

Ill. RESULTS

Using a constant current density of —11.5 mA/cm?, which is
applied to the electrodes, in situ real-time element imaging analy-
sis for Ag was carried out by measuring the absorption of the x-ray
specific for Ag. Figure 3 shows the time evolution of Ag absorp-
tion imaging. In the images, the light and dark colors show the low
and high absorption of Ag x-ray radiation, respectively. However,
because the background and tone curves for each image in Fig. 3
were modified to etch the shapes of the detected Ag absorption pat-
tern, comparing the absolute values of the darkness between images
from this figure was impossible. In the non-modified images, where
only background noise was subtracted, a comparison of the dark-
ness level was possible. The images became entirely darker with time
because the film became thicker with the Ag electrodeposition (see
Movie S1 for unmodified data). Figure 3 also shows that the two trav-
eling light-colored stripes appeared first [see Figs. 3(a)-3(d)]; after
the light-colored stripes appeared, the two traveling dark-colored
stripes propagated, as seen in [Figs. 3(d) and 3(e)]. The widths of the
light- and dark-colored stripes were ~10 ym. The stripe velocity was
~1 um/s. (Five independent experiments under the same conditions
were carried out, and in two out of the five experiments, traveling
light and dark stripes were observed.)

ARTICLE pubs.aip.org/aip/adv

After the two light-colored stripes traveled and collided, they
disappeared [Figs. 3(d) and 3(e)]. This implies that the experiment
exhibited the characteristics of a chemical reaction wave. In a chem-
ical reaction wave, exemplified by the BZ reaction,” annihilation
occurs when two waves collide, and in these systems, the main ele-
ments of the stripes are uniformly distributed in space. The local
chemically reacted compound forms a striped shape. In fact, the
mechanism of the conventional chemical wave system explains the
above-mentioned phenomenon, in which a specific element, whose
atoms are uniformly dispersed, locally reacts and transforms into the
activated reactant to form light-colored stripe shapes. In this case,
the activated reactant of the specific element repelled the Ag™ atoms
and created a low Ag" concentration in the light-colored stripe.
In the low Ag* concentration region, Sb>* might be concentrated.
When two light-colored stripes collided, the inhibitors following the
light stripes caught up with the front colliding light stripes. Once
this happened, inhibitors transformed the front activated reactants
by forming light-colored stripes to the inactivated reactant, thereby
ending the condition to repel the Ag" atoms (these inhibitors are
chemical compounds containing the main element of the activated
reactant, analogous to the BZ reaction). Therefore, the light-colored
stripes disappeared during the collision. At present, what chem-
ical specie(s) exhibited the effect of repelling Ag* needs to be
clarified.

Following the propagation of light-colored stripes, the two
dark-colored stripes (Ag™-rich region) propagated [Figs. 3(d)-3(f)].
The counter-propagating dark-colored stripes collided with each
other, causing the dark-colored stripes to disappear. After their dis-
appearance, many dark-colored round spots of ~1 ym in size sponta-
neously emerged in the images [Figs. 3(g)-3(i’)]. This suggests that
Ag aggregates were generated in small domains after the collision

(d)120s (e) 160s

(9)240s (h) 3605 (i) 480 s

FIG. 3. Traveling waves obtained by the
time-evolution of images in in situ real-
time element imaging analysis for Ag.
Image (a) was captured at 700 s after
the start of electrodeposition. Light and
dark-colored stripes indicate the areas
of low and high Ag concentrations (low
and high absorption of radiation light
by Ag), respectively. [(h”) and (i")] The
enlarged images of the rectangular parts
surrounded by blue lines in [(h) and (i)],
respectively.
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and the subsequent disappearance of the counter-propagating dark
stripes.

IV. DISCUSSION

After the in situ real-time element analysis experiment, the sur-
face of the electrode was observed using an optical microscope, and
once it was removed from the solution, it was allowed to dry. In
one local area of the electrode surface, the trace where the radiation
was illuminated was rectangular (~600 gm x 1 mm in size; see the
supplementary material). In addition, many black domains of simi-
lar size to the dark-colored round spots observed in the Ag imaging
were found on the uniform gray surface of the trace area. The black
domains in the optical microscope imaging were in positions identi-
cal to the dark-colored round spots that appeared in the Ag imaging
data [Figs. 3(g)-3(i")]. A comparison between the optical microscopy
observations and the Ag imaging data reveals that the Ag" atoms
existed as domains on the electrodeposited electrode surface. When
Ag*-concentrated stripes, shown as dark-colored stripes, collided,
the Ag" atoms did not disappear. In other words, this indicates that
the dark-colored stripes exhibited a property that was different from
that of a typical chemical wave, where they disappeared upon colli-
sion, and the main elements were uniformly distributed throughout
the solution. The dark-colored stripes were formed by concentrated
Ag* atoms, which were spatially separated from other areas, similar
to phase separation.’! Therefore, the translational movement of the
concentrated Ag* atom groups forming the striped shape supported
the pattern-formation mechanism of phase separation, as suggested
by the authors.

It is noted that the stripe shape was not similar to that of
the complex labyrinthine structure (Fig. 1). On the other hand, the
stripe width and stripe velocity were of the same order as those of
the complex labyrinthine structure (~10 and ~1 ym/s, respectively).
Therefore, after in situ real-time Ag imaging, we observed the elec-
trode surface under dry conditions using an optical microscope.
In this imaging, no complex labyrinthine pattern was observed in
the area where the radiation was present, and the size of the black
domains in the uniform gray film was found to be ~1 ym in size.
By contrast, at a position far from the radiation trace area, a com-
plex labyrinthine structure was observed (as the applied current to
the electrode was turned off, the shape of the complex labyrinthine
structure was immobilized on the electrode surface). The results
indicate that the radiation x-rays locally influenced the electrode
surface condition. As a result, in the area where the radiation
light was present, the complex labyrinthine structure was modified
from the original shape, and the collision properties of the com-
plex labyrinthine structure were not shown (in the original complex
labyrinthine structure, the concentrated Ag* stripes were combined
on their collision;'® see the spatiotemporal plot in Fig. 1). However,
the experimental observation with x-rays reveals that Ag™ waves
indeed move within the electrode, spatially separating from other
areas and forming a striped shape. This supports the mechanism by
which phase separation of Ag" occurred in the film with Ag and Sb
electrodeposited on the working electrode.

The conventional equation describing a traveling wave is as
follows:

on(r)/ot = L[V - G(n)] + P(n), 1)

ARTICLE pubs.aip.org/aip/adv

where 7(r) is an order parameter (for example, a concentration of
a chemical compound) at position r, and L and ¢ are constants.
G(n) indicates the concentration increases due to a chemical reac-
tion, where G(1) = -dW(5)/dy and W(#n) is a quartic function
of 1 (first-order transition), and W (1) ~ 1*(#* - a*). G(y) indi-
cates, for example, the concentration increments due to the chemical
reaction. P(n) is the inflow and outflow of # in unit time and
is a term of the non-equilibrium system. Equation (1) is called
the reaction-diffusion equation*” and assumes the emergence of a
traveling wave.

However, if the complex labyrinthine structure was driven by
the phase separation of metals, the mechanism was phase separation
in a nonequilibrium system. Because a constant current was applied,
and the Ag and Sb atoms were constantly adsorbed to the electrode,
a complex labyrinthine structure emerged and moved. In the case of
phase separation in a nonequilibrium system, the equation is written
as follows:

an(r)/ot = LV? [~V - G(n)] + P(n). 2)

The difference between Egs. (1) and (2) is a notation of v? on
the right side of Eq. (2). In Eq. (1), we have —L[—szvzrl - G(n)],
whereas, in Eq. (2), we have LV’[-£V’7—G(y)]. Therefore,
G(n) = -dW(n)/dy, where W(#) is a term for internal energy and
entropy (free energy) in the unit area and is also a quartic function
of 5. If P(#) is absent in Eq. (2), the Cahn-Hilliard equation”* rep-
resents phase separation in a conserved system (relaxation system).
Here, 7(r) is the Ag concentration. Because mass and charge trans-
fers occur on the electrode, this system is considered thermodynam-
ically open, and the term P(#) should be considered. In the absence
of P(#), a traveling wave (one of the characteristics of the complex
labyrinthine structure) does not appear. Therefore, for the complex
labyrinthine structure, the traveling wave can appear with the addi-
tion of P(#). T. Okuzono and T. Ohta discovered that a traveling
wave appeared in a simulation under a phase separation system with
the addition of P(#) in terms of chemical reactions (non-conserved
quantities).” However, in our previous attempt at numerical calcu-
lations, the constant-current mode operated on the electrode (the
present system) added one condition, [#(r)dr = Const (global cou-
pling to a conserved quantity), and is referred to as P().'* Despite
this, a traveling wave did not appear, which could be because the
term P(#) was used only in a conserved system. P(7) might require
the term representing the condition of the non-conserved system to
create the traveling wave, similar to P(#) being adapted as the chem-
ical reaction term in Eq. (1). The emergence mechanism of the com-
plex labyrinthine structure in the Ag and Sb co-electrodeposition
system was expected to be similar to the framework adopting the
reaction—diffusion system (the non-conserved system) in the phase
separation system. To realize the traveling wave in the phase sepa-
ration of a binary system, other researchers suggest nonreciprocal
Cahn-Hilliard models breaking action-reaction symmetry.” *’ In
the Ag and Sb co-electrodeposition system, it might be catalytic elec-
troadsorption of one element (for example, it is electrodeposition of
Ag" with high conductivity). It induces inbound flow of the other
element (the local area with high conductivity also induces adsorp-
tion of Sb>*). Afterward, outward repulsion of the adsorbed element
occurs from the catalytic element (as the system favors the low con-
sumption system, it might repel Sb>* with the low conductivity from
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the local area with high conductivity and retain the local area with
high conductivity'®).

Phase separation of molten metals in ordinary systems
occurred at high temperatures, whereas the complex labyrinthine
structure formed by the phase separation of Ag and Sb emerged
at room temperature. The material comprising the complex
labyrinthine structure might become a solid electrolyte. In a solid
electrolyte material, the elemental atoms could move not only on
the surficial liquid-phase but also through the solid layer in response
to the applied voltage. Ag,S is a typical solid electrolyte. In Ag,S,
Ag" can move following an applied voltage at room temperature.””
The Ag and S components of the above solid electrolyte were also
included in the complex labyrinthine structure.'” This indicates that
the material formed in the present system may have become a solid
electrolyte. The difference between the present system and the Ag,S
system is the Sb inclusion. In the present system, Sb is one of the
main components. In a previous study,”’ a composite of Ag, Sb, and
S was used as a solid electrolyte. However, the characteristics of Ag,
Sb, and S composites have rarely been investigated so far.

V. CONCLUSIONS

The propagation of the Ag stripe was successfully observed at
room temperature through an in situ real-time elemental analysis.
This observation implied that a stripe was formed by the phase sep-
aration of Ag in a nonequilibrium system. However, the stripe shape
was different from the conformation of the complex labyrinthine
structure because of its influence on radiation incidence. An
improvement in the experimental conditions will be our future
assignment. Currently, the common theoretical framework for trav-
eling waves under dissipative conditions is a reaction-diffusion
system. In contrast, this study found that the phase-segregated
band exhibited the characteristics of a traveling wave with global
feedback under thermodynamically open conditions. The observed
phenomenon of spatiotemporal pattern formation in the present
study is accompanied by phase-segregation under constant electric
current conditions, being much different from the current reports
on the generation of traveling waves in reaction-diffusion systems.
A similar phenomenon was expected in many other systems. In fact,
spatiotemporal patterns have recently been discovered under several
other metal alloys, such as Co-In, in electrodeposition systems.’m”%

SUPPLEMENTARY MATERIAL

The supplementary material provides an image obtained with
an optical microscope that shows the electrode surface after in situ
real-time Ag imaging.
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