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Periodic precipitation banding of metal hydroxides in agarose
gels via cyclic-voltage-driven reaction-transport-reaction
process

Cyclic switching voltages generate Liesegang-band-like
structures of metal hydroxide precipitates in agarose

gel columns via a reaction-transport-reaction process.
Simulations based on extended Nernst-Planck equations
suggest the important roles of the Grotthuss mechanism
in the periodic banding.
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Introduction

Periodic precipitation banding of metal
hydroxides in agarose gels via cyclic-voltage-
driven reaction—transport—reaction processt

Hisashi Hayashi, 2 *@ Rina Arifuku,® Kaho Yamada,® Misato Nampo,® Kana Ogitani®
and Toyohiko Aiki (2 °

This study investigated how cyclic switching between high and low voltages can generate Liesegang-like
(but not conforming to the scaling laws) periodic precipitation bands of metal hydroxides in agarose gel
columns, aiming to uncover the generality and underlying mechanism of this reaction—transport—-reac-
tion process. The process is generalizable to various combinations of metal anodes and cathodes, with
the number of bands typically increasing with cycle number. The spatiotemporal evolution of the bands
exhibits considerable anode-element dependence, but is less dependent on the cathode element, as
well as the dimensions of the gel column, demonstrating the generality of this banding phenomenon.
Analyses of the time-dependence of the electric current and the morphology and composition of the
anode-derived deposits indicate that OH™ ions react with the anode surface after their transport from
the cathode. Numerical simulations based on extended Nernst—Planck equations suggest that periodic
banding is possible if (i) the generation of reactant ions is periodically suppressed, (ii) the diffusion coeffi-
cients of the reactant ions differ considerably, and (iii) a quantitative imbalance exists between the pro-
duced and precipitated ions. A qualitative mechanism for the observed banding phenomenon is
proposed, in which the tunneling effect of OH™ ions, owing to the Grotthuss mechanism, is suggested
as a possible cause of this quantitative imbalance. These findings offer new insights into electrochemi-
cally induced pattern formation and highlight the potential of reaction—transport—reaction systems for
advancing our understanding of coupled reaction—transport phenomena.

common importance of reaction-transport processes, few
cross-disciplinary studies between electrochemistry and preci-
pitation patterning have been conducted.*™®

The interplay between chemical transformations and mass
transport is a crucial topic in physical chemistry and chemical
physics, particularly in electrochemistry and precipitation pat-
terning, owing to its influence on the type and extent of the
reactions that occur. The field of electrochemistry is based on
the inherent coupling between reactions at electrodes and the
migration, diffusion, and convection of ions in solution. In
the field of precipitation patterning, the interaction between
precipitation reactions and ionic diffusion in porous media
(typically hydrogels) is attracting considerable interest for the
generation of self-organized precipitation patterns,' the most
famous of which is periodic Liesegang banding.” Despite the
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Recently, we discovered a new class of periodic banding
system in which metal hydroxides precipitate in a gel column
upon cyclic switching between a higher voltage (Ey) and a lower
one (Ey) for times Ty and Ty, respectively (Fig. 1).° Electroche-
mical reactions at the anode (M — M"™ + ne”, where M is a
metal) and cathode (nH,O + ne” — nOH™ + (n/2)H,) produce
ions that move toward the opposite electrode; these ions then
react (M"" + nOH~ — M(OH),) to form precipitates in the gel.
Because this system involves two types of reaction (electroche-
mical and precipitation) coupled with ion transport, we termed
it a reaction-transport-reaction (RTR) process.’” The RTR
mechanism operates based on the principle that more reactant
ions are produced at higher voltages (i.e., at Ey), while the
electric field simultaneously exerts a stronger ion-transport
effect, whereas fewer ions are generated and the effect of the
electric field is weaker at lower voltages (i.e., at Ey).

When using an Fe anode, this RTR mechanism produces
clear periodic banding of gelatinous Fe(OH); precipitates,
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Anode reaction:
M— M™ + ne

®

Precipitation reaction in
agarose gel:
M™ + nOH-— M(OH) ,

i

Cathode reaction:
nH,0 + ne"— nOH" + (n/2)H,

Fig.1 Schematic of the basic RTR system with agarose gel inserted
between two metal rods in a plastic tube. The applied voltage is switched
between high voltage E,, and low voltage E_ for times Ty and T,
respectively, for Nc cycles. The arrows indicate the direction of the
movement of the reactant ions in the electric field.

where the number of periodic bands (Ng) is given by N — N¢; +
1 (where N¢ and Ng; are the number of cycles and the cycle
number at which the first band emerges, respectively).” This
empirical relationship means that after the emergence of the
first band, the number of periodic bands (Ng) increases by one
from one cycle to the next. The Ng; and Np values decrease and
increase, respectively, with increases in Ey, Ep, Ty, and Ty, as
well as with decreases in gel column length (L).°

RTR systems have been overlooked throughout the history of
periodic banding." ™ These systems differ from other periodic
patterning systems in several respects. First, although similar
systems, such as Liesegang banding under electric fields, have
been examined,>>® conventional Liesegang systems operate
without an applied voltage. In contrast, RTR systems are similar
to typical electrochemical cells, in that reactant ions are gener-
ated by electrochemical reactions at the electrodes. Meanwhile,
considerably fewer reactant ions are produced in RTR systems
than in typical electrochemical cells, because RTR systems have
considerably less (or no) supporting electrolyte. The low amount
of supporting electrolyte also makes migration more dominant
than diffusion in the transport of reactant ions, unlike in most
electrochemical cells and conventional Liesegang banding sys-
tems, where diffusion is considered the main mechanism of ion
transport. Additionally, because RTR systems use a gel medium,
the speed of ion transport is expected to be considerably lower
than that in conventional electrochemical cells, which employ
electrolyte solutions. The mechanism of precipitation in RTR
systems is similar to that in Liesegang banding systems, in
which the reactant ions precipitate when their concentrations
exceed the solubility product constant (Ky,). However, precipita-
tion patterning in RTR systems requires an applied voltage,
which is absent in conventional Liesegang banding systems.
Thus, RTR systems have an interdisciplinary nature that
enriches physical chemistry, specifically bridging the gap
between electrochemistry and precipitation patterning.

Moreover, the RTR process has several notable features that
render it suitable for controlling and engineering precipitation
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patterns. For example, the number and spacing of precipitation
bands can be easily controlled by modifying the duration of
voltage application.” Furthermore, unlike most Liesegang
banding systems, RTR systems do not have a continuous
precipitation zone associated with the periodic bands. Addi-
tionally, the metal compound(s) in the precipitation patterns
can be tailored by using an alloy anode and/or by replacing the
anode with a different one during voltage application. These
features are useful for expanding the applications of precipita-
tion patterning, such as for the preparation of multi-
component precipitation structures.™

The mechanism of periodic banding in RTR systems
remains unknown.”'® To incorporate RTR systems in the
science and engineering of precipitation patterning, this study
aims to explore the periodic banding of diverse metal hydro-
xides through the RTR process, demonstrating that it is not
specific to gelatinous Fe(OH); systems,® as well as to examine
the experimental factors related to periodic banding and eluci-
date a possible banding mechanism. This was achieved with
the aid of numerical simulations based on extended Nernst-
Planck equations.

Extended Nernst—Planck
equation model

To elucidate the mechanism of periodic banding in RTR
systems, we simulated the concentrations of metal (M"") and
hydroxide (OH") ions (Cm(x,t) and Cou(x,t), respectively) con-
tained between planes x and x + Ax of a gel-filled cylindrical
tube at time ¢. The tube had a cross-sectional area A and length
L, and the gel was assumed to be in contact with the anode and
cathode surfaces at x = 0 and x = L, respectively. The density
p(x,t) of the precipitated metal hydroxide (M(OH),) between x
and x + Ax at time ¢ was also considered. The following partial
differential equations were used:

OC\/0t = Dpy(0°Cpy/0x>) — (NFDyX/RT)(0Cy/0x) — kO(CpiClyy —

Ksp), @)
0Comn/0t = Don(0*Con/0x®) + (FDouX/RT)(0Con/0x) — nkO(CyCon
- Ksp)i (2)

0p/dt = MykO(CrCisss — Kep) 3)

where Dy, and Doy are the diffusion coefficients of M™*
and OH™ ions, respectively; F is the Faraday constant
(96487 C mol™'); R is the wuniversal gas constant
(8.314 J K~ ! mol '); X is the constant potential gradient in the
gel; T'is the temperature in Kelvin; n is the valence number of the
M"" ions; k is the rate of precipitation in each cylindrical section at
time ; K, is the solubility product constant of M(OH),,; ©(r) is the
Heaviside step function (©(r) = 0 for r < 0 and O(r) =1 for r > 0);
and My is the molar mass of M(OH),. These partial differential
equations are similar to those employed for analyzing the for-
mation of Liesegang bands under an applied electric field.>®

In eqn (1) and (2), the first term after the equals sign
describes the diffusion of M"" and OH™ ions, respectively; the
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second term describes the migration of these ions under a
constant potential gradient X; and the third term represents the
disappearance of these ions from the gel by the formation of
M(OH), precipitates, as described by eqn (3). In RTR systems,
the value of X must be smaller than the applied voltage divided
by the tube length ((Ey or Ep)/L) because of the formation of
electric double layers at the electrodes.">'® Furthermore,
eqn (3) assumes that M(OH),, precipitates form rapidly when
the product of the ion concentrations (Cy X Con) exceeds the
solubility product constant K. For simplicity, we neglected the
possible formation of intermediates, which do not immediately
precipitate but are instead free to diffuse until their local
concentration reaches some saturation threshold."”

When no precipitation occurs (i.e., when k = 0), eqn (1) and
(2) represent the Nernst-Planck equation'*'® for M"* and OH~
ions, respectively, under no convection and a constant potential
gradient. When no potential gradient exists (i.e., when X = 0),
eqn (1)-(3) correspond to the equations provided by Grzybowski'”
for Liesegang banding during ionic reactions (which are funda-
mentally based on the Keller-Rubinow theory'®).

When the applied voltage exceeds a threshold Eg,.., M"" ions
with a concentration Cy; are assumed to be constantly gener-
ated at the anode surface (x = 0), giving Cy(0,f) = Cy and
3Cwm(0,¢)/dt = 0. Below this threshold, no M"™" ions are generated
(i.e., Cm(0,6) = 0). Here, Epye is the sum of the theoretical
decomposition voltage (approximately the difference in stan-
dard electrode potential (Egr) between the anode and cathode)
and the overvoltage (typically ~0.5 V).

Similarly, if the applied voltage exceeds a threshold Eiye,
OH™ ions with a concentration nfiC‘ﬁ,I are assumed to be con-
stantly generated at the cathode surface (x = L), giving Cou(L,t) =
nf,Cy and dCou(L,b)/0t = 0. Here, f; (0 < f; < 1) is a factor that
considers the quantitative imbalance between the produced and
precipitated ions, which is discussed further below. Below this
threshold, no OH™ ions are generated (i.e., Cou(L,t) = 0).

Thus, cyclic voltage switching between Ey; > Egre and Ep, <
Egre Tesults in continuous M™* and OH™ ion production (with
concentrations Cyy and nf,Cy, respectively) during Ey applica-
tion, and no ion production during E;, application. The value of
C% is dependent on Ey. We calculated Cy; using the Tafel
equation (as a trial function): Cy = B-exp(noF|Ey — Einrel/
(RT)), where o and f were treated as fitting parameters.

If M™" ions reach the cathode, they are assumed to disappear
by forming M(OH), and/or M at the cathode surface, giving
Cm(L,t) = 0. Similarly, if OH™ ions reach the anode, they are
assumed to disappear by forming M(OH), at the anode surface,
giving Cop(0,¢) = 0. The formation of M(OH), at the electrode
surface may decrease the effective area of the electrode; how-
ever, this effect was ignored for simplicity.

The factor f; was introduced to deal with the concept of
quantitative imbalance between the produced and precipitated
ions. Considering charge balance within the tube, we can
assume the cathode produces OH™ ions with concentration
nC%. If there is a quantitative imbalance between the produced
and precipitated ions (i.e., if i < 1), some of the produced OH ™
ions (concentration n(1 — £)C%) do not contribute to M(OH),
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precipitation and are instead consumed at the anode surface.
By contrast, if there is no quantitative imbalance (i.e., if f; = 1),
all OH™ ions (concentration nCy;) are free to contribute to
M(OH),, precipitation. The necessity of factor f; and the possible
cause for its decrease are discussed later.

Based on the aforementioned theoretical model, numerical
simulations were conducted by applying the standard explicit
method using a computer code written in MATLAB. The first
derivatives with respect to x in eqn (1) and (2) were approxi-
mated using the upwind difference scheme. In all computa-
tions, the time difference At was set to 1.76 s, and the one-
dimensional space ranging from 0 to L was divided into 1600
segments.

Materials and methods

Materials

Round bars of Al (99.99%), Ti (99.5%), Fe (99.5%), Co (99.98%),
Ni (=99%), Cu (99.9%), Zn (99.99%), Mo (99.95%), Ag (99.99%),
In (99.99%), Sn (99.9%), and W (99.95%) were obtained from
Nilaco Corporation (Tokyo, Japan) for use as electrodes. Analy-
tical reagent-grade NaNO; and agarose (gel strength: 1800-
2300 g cm~ %) were purchased from Fujifilm Wako Pure Chemical
Corporation (Osaka, Japan) and Kanto Chemical Co., Inc.
(Tokyo, Japan). All chemicals were used without further purifica-
tion. All aqueous solutions were prepared using deionized water,
which was obtained by purifying tap water using a cartridge
water purifier (G-10, Organo, Tokyo, Japan).

Gel column preparation

Plastic tubes were filled with agarose gel containing NaNO; as a
supporting electrolyte. First, NaNO; powder was dissolved in
deionized water at 298 K to form NaNO; solutions (30 mL) with
concentrations (Cg) ranging from 0 to 40 mM. Next, 2.0 wt%
agarose was added, and the mixture was stirred vigorously at
373 K for 45 s to produce a uniform NaNO;-agarose sol. Using a
Pasteur pipette, the prepared sol was transferred to a sample
tube (plastic straws with inner diameters of 2, 4, or 6 mm and
lengths of 55, 65, and 75 mm), the bottom end of which was
plugged with a metal rod (4 mm diameter x 20 mm length) for
use as the cathode. The hot sol in each sample tube was left to
cool to 298 K to form a solidified gel. After solidification,
another metal rod (3 mm diameter x 22 mm length) was
placed in the top end of the tube to form the anode. To ensure
reproducibility, each experiment was conducted using four
samples that were prepared under the same conditions.

RTR patterning

To achieve RTR patterning, voltage was applied between the
anode and cathode using a programmable power supply
(PPS303, AS ONE, Osaka, Japan). The voltage was switched
between Ey for time Ty and Ep, for time Ty, for N¢ cycles. Tests
were conducted with the following parameters: Ey =3 V, Ep, = 1-
2V, Ty =1h, T, =2 h, and Nc = 8-16. To investigate the
generality of the RTR process, tests were conducted using
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several combinations of anodes (Al, Fe, Co, Ni, Cu, Zn, In, and Sn),
cathodes (Ti, Ni, Cu, Mo, Ag, and W), NaNO; concentrations (Cge =
0-40 mM), and gel column dimensions (length L = 40-60 mm,
diameter ¢ = 2-6 mm). All patterning processes were conducted
at 298 K.

During the patterning process, the electric current within
the sample tube and the precipitation patterns formed therein
were monitored using a digital multimeter (BDM521, AS ONE)
and digital camera (TG-7, OM Digital Solutions, Tokyo, Japan),
respectively.

Once voltage application was discontinued, the sample
tubes were photographed for further analysis. Depending on
the color of the precipitation bands, the tubes were laid either
on black paper (for the Al, Ni, Zn, In, and Sn anode samples) or
on backlit white paper using an LED flashlight (for the Fe, Co,
and Cu anode samples). A ruler with 1 mm increments was
included in the photographs for scale reference. The photo-
graphs were then analyzed using graphic software (Canvas X,
Canvas GFX, Inc., Boston, MA, USA) to measure the distances
between adjacent bands (d), the widths of the precipitation
bands (w), and the position of the first band (x;5) with an
uncertainty of £0.01 mm.

Microscopy

After RTR patterning, some gel columns and metal electrodes
(rods) were cut into ~1 mm thick sections. The sections were
mounted on an aluminum stub using double-sided adhesive
carbon tape and observed using scanning electron microscopy
(SEM; SU8220, Hitachi, Tokyo, Japan). The gel sections were
allowed to dry for one week in a calm laboratory environment at
298 K prior to SEM analysis. SEM-energy dispersive X-ray
spectroscopy (EDS) measurements were conducted at 15 kV with
a working distance of 14.9 mm using an EMAX X-Max silicon
drift detector (Oxford Instruments, Tokyo, Japan) in combi-
nation with analysis software (AZtec Live, Oxford Instruments).

Results and discussion

Generality of periodic banding of M(OH),, precipitates through
the RTR process

Fig. 2 shows examples of the periodic banding of M(OH),, (M =
Al, Fe, Co, Ni, Cu, Zn, In, and Sn) precipitates through the RTR
process at 298 K for gels with NaNO; concentrations (Cse) of
10 mM (2 mM for Fe) under the following voltage conditions:
Ey=3V,E =1V (2VforNi), Ty;=1h, T, = 2 h, and N¢ = 10-16.
For systems with Fe and Ni anodes, Cse = 10 mM and E;, =1V
were too high and too low, respectively, to generate distinct
periodic bands; therefore, these conditions were adjusted to
Cse =2 mM and Ep, = 2 V, respectively. These systems are diverse
in terms of the standard electrode potentials*® (Este) required to
generate ions, the diffusion coefficients of these ions in infinitely
dilute aqueous solutions*® (D°), and the Kj, values of M(OH),
precipitates®' (Table 1); however, (sub)millimeter-scale periodic
precipitation banding was observed in each case (Fig. 2 and
Table 2). This finding demonstrates the generality of the periodic
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Fig. 2 Examples of periodic banding of M(OH), (M = Al Fe, Co, Ni, Cu, Zn,
In, and Sn) precipitates in gel columns (L = 50 mm, ¢ =4 mm C,. = 10 MM
(2 mM for Fe)) using M anodes through RTR processes at 298 K under the
following voltage conditions: Eqy =3V, E,. =1V (2 VforNi), Ty=1h, T =2
h, and N¢ = 10-16. Each system had a Cu cathode. The sides of the anode
(+) and cathode (—) are shown on the left of the image.

banding phenomenon of M(OH), precipitates through the RTR
process under voltage cycling. Gel distortion, which is widely
observed in gelatinous Fe(OH); systems during RTR patterning,
particularly on the Fe anode side,” was not noticeable in the
examples in Fig. 2. This suggests that the influence of gel
distortion on periodic banding, as discussed in a previous
study,” was negligible.

Conventional Liesegang bands typically adhere to several
empirical scaling laws, including spacing and width laws,
irrespective of the electrolyte pair and system geometry. %'
The spacing law describes the spatial ordering of Liesegang
bands as x;.1/x; = 1 + p, where x; is the position of the i-th band
and p > 0 for most systems.'>'® The width law describes the
widths of the Liesegang band as wy,/w; = (1 + p)", where w; is
the width of the i-th band and k ~ 0.9." These laws mean that
conventional Liesegang bands typically become wider and more
distanced from each other as i increases.

By contrast, both the interband distances and widths of the
periodic bands obtained through the RTR process remained
approximately constant (with a broad dispersion), as shown in
Fig. 2. As such, they did not conform to the empirical scaling
laws of Liesegang banding. This is not entirely unexpected,
because the mechanism of periodic banding in RTR systems is
fundamentally different to that in conventional Liesegang
banding systems, as shown later.

Table 1 Characteristic parameters for RTR processes with different metal
ions

Ion Esrs” (V) D°? (x 10° m* s7) Kep*

OH™ 0.40 5.273 —

AP —1.66 0.541 1.3 x 10733
Fe** —0.45 0.719 8.0 x 10 ¢
Fe** 0.77 0.604 4 x 10738
Co** —0.28 0.732 1.6 x 107 *°
Ni%* —0.26 0.661 2.0 x 10°*°
cu** 0.34 0.714 2.2 x 107%°
Zn** —0.76 0.703 1.2 x 107
In* —0.34 — 6.3 x 107°*
Sn** —0.14 — 1.4 x 10728

% Egrg: standard electrode potential™® for the ions formmg the periodic
bands in Fig. 2. ? D’ diffusion coefficient of these ions in infinitely
dilute aqueous solutions.” ¢ Kyy,: solubility product constant of M(OH),
precipitates.*!
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Table 2 Banding parameters for the periodic bands shown in Fig. 2

Anode dave” (Mm) Wave (mm) X1s" (Mm)
Al 0.41 + 0.34 0.14 + 0.10 15.9 + 0.6
Fe 2.00 £+ 0.30 0.45 4+ 0.08 16.6 £ 0.7
Co 1.67 £ 0.72 0.41 + 0.16 15.6 £ 1.8
Ni 1.38 +£ 0.76 0.44 + 0.24 14.3 + 1.3
Cu 1.20 £ 0.40 0.33 + 0.17 13.8 £ 0.7
7n 1.35 £ 0.47 0.51 + 0.16 13.6 £ 0.7
In 1.34 £ 0.56 0.54 + 0.28 13.7 £ 1.6
Sn 0.90 &+ 0.24 0.52 4 0.40 16.8 £ 0.6

¢ daye: average interband distance. LTI average bandwidth. © x;q:
average distance between the anode surface and the first precipitation
band to emerge.

Table 2 shows the average interband distance (d,.) and
average width (w,y.) of the precipitation bands in Fig. 2. The
average distance between the anode surface and the first
precipitation band that emerged (x;5) is also shown. Note that
the first band that emerged was typically the band closest to the
anode (ie., the top bands in the RTR systems in Fig. 2).
Interestingly, in the RTR systems showing clear periodic band-
ing (Fe, Co, Ni, Cu, Zn, In, and Sn anode systems), these
quantities were similar (dye ~ 1.5 mm, Wy &~ 0.5 mm, and
X1st & 15 mm) and lacked clear correlations with Egrg, D°, or
PKsp (= —logioKp) beyond statistical uncertainty (Fig. S1-S9,
ESI¥). This finding confirms that slight differences in Egyg, D°,
and Ky, do not significantly affect the periodic banding of
M(OH),, precipitates in RTR systems, supporting the generality
of the RTR process.

As suggested by the cathode reaction shown in Fig. 1 (water
electrolysis), periodic banding through the RTR process is
generalizable to different cathode materials. As an example,
Fig. 3 shows the banding patterns of Cu(OH), precipitates
formed through RTR processes using different cathodes (Ti,
Ni, Cu, Mo, Ag, and W) under the following voltage conditions:
Ey=3V,E, =1V, Ty =1h, T, =2 h, and N¢ = 8. Although the
obtained patterns differed, the formation of periodic bands was
evident for all cathode materials in Fig. 3. The banding para-
meters are listed in Table S1 (ESIf).

Ti Ni Cu Mo Ag W

=EEEEE R
{ —y

4 mm

Fig. 3 Banding patterns of Cu(OH), precipitates in gel columns (L =
50 mm, ¢ = 4 mm, Cse = 10 mM) through RTR processes using Ti, Ni,
Cu, Mo, Ag, and W cathodes at 298 K under the following voltage
conditions: E4 =3V, E =1V, Ty=1h, T =2 h, and Nc = 8. Each system
had a Cu anode.
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Fig. 3 indicates that the system with the Mo cathode
produced fewer periodic bands than the systems with the other
cathodes. Interestingly, SEM-EDS analysis of the system with
the Mo cathode revealed that Mo atoms were uniformly dis-
persed within the micron-sized precipitates in the precipitation
bands, along with C, O, and Cu (Fig. 4(A) and (B)). This suggests
that Mo atoms emitted from the Mo cathode (possibly as
MoO,>" ions) led to the formation of gelatinous CuMoO, as a
byproduct in the agarose gel (notably, CuMoO, Liesegang band
formation in agar gel has already been reported®*). This may
have reduced the number of precipitation bands generated.
Overall, Fig. 3 and 4 confirm that the cathode material has little
influence on the formation of periodic bands via RTR pro-
cesses, unless considerable cathode side reactions occur.

Periodic banding through the RTR process is also general-
izable to different gel column lengths and diameters. As an
example, Fig. 5 shows the banding patterns of Cu(OH), pre-
cipitates formed in gel columns with various lengths (L = 40-
60 mm) using a Cu anode and Cu cathode under the following
voltage conditions: £y =3 V, E, =1V, Ty =1 h, Ty = 2 h, and
N¢ = 15. Periodic banding was evident in each case (the
banding parameters are listed in Table S2, ESIt). With an
increase in L (particularly from 40 to 50 mm), the position of
the first band (x;4) shifted slightly toward the cathode (Table S2

(A)

C
o
Cu

Al

Powered by Tru-Q®

Fig. 4 (A) Scanning electron microscopy (SEM) image of the blue-green
band formed in a gel column (L = 50 mm, ¢ = 4 mm, Cse = 10 mM) with a
Mo cathode and Cu anode at 298 K under the following voltage condi-
tions: Ey =3V, EL=1V, Ty =1h, T =2h, and Nc = 8. The SEM image is
overlaid with the Mo La intensity map (pink dots). (B) Energy dispersive X-
ray spectroscopy (EDS) profile, where the measured intensities were
averaged over the area of the SEM image. Inset: Estimated elemental
concentration (wt%) of the studied area.
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Fig. 5 Banding patterns of Cu(OH), precipitates in gel columns with
different lengths (L = 40, 50, and 60 mm, ¢ = 4 mm, C,e = 10 mM)
through RTR processes at 298 K under the following voltage conditions:
En=3V,EL=1V, Ty=1h,T =2h,and Nc = 15. Each system had a Cu
anode and Cu cathode.

and Fig. S10, ESI{), the banding region broadened, and the
bands lost some of their color. Similar discoloration was
observed previously for the Fe(OH); system.’ Such L depen-
dence suggests that the potential gradient in the sample tube (X
in eqn (1) and (2)) significantly influences the RTR process.

Fig. 6 shows the banding patterns of Cu(OH), precipitates
formed in gel columns with various diameters (¢ = 2-6 mm)
through RTR processes using a Cu anode and Cu cathode under
the following voltage conditions: E; =3 V, E;, =1V, Ty = 1 h,
Ty, = 2 h, and N¢ = 16. The banding parameters are listed in
Table S3 (ESIT). Periodic banding was evident for all ¢ values,
suggesting that the diameter of the gel column is not a critical
factor in the RTR process; however, as ¢ increased, the bands
tended to be more distorted.

Fig. 2, 3, 5, and 6 confirm the generality of periodic banding
of M(OH), precipitates through RTR processes to different
anodes, cathodes, and gel column dimensions. In each case,
a small amount of supporting electrolyte (10 mM NaNO;) was

1111 —
11—

\

Fig. 6 Banding patterns of Cu(OH), precipitates formed in gel columns
with different diameters (L = 50 mm, ¢ = 2, 4, and 6 mm, Cse = 10 mM)
through RTR processes at 298 K under the following voltage conditions:
Eqn=3V,EL=1V, Ty=1h, T =2h,and Nc = 16. Each system had a Cu
anode and Cu cathode.

4 mm
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added to the gel to facilitate the RTR process. Fig. 7 shows the
dependence of the periodic banding of Cu(OH), precipitates on
the NaNO; concentration (Cs.); the banding parameters are
listed in Table S4 (ESIT). At Cs = 0 mM, only a single faint blue
band was observed near the cathode (red dashed box in Fig. 7).
This contrasts significantly with the previously reported
Fe(OH); system, in which clear periodic banding was observed
even without supporting electrolyte.” At C,. = 5 mM, the
Cu(OH), system exhibited thin periodic bands at the anode
side. At Cs. = 10 mM, the color of the bands deepened, and the
spacing between them narrowed. This color deepening and
band-space narrowing became more pronounced as Cs
increased further, accompanied by slight band distortion and
a slight shift of the first band toward the anode (Fig. S11, ESIf).
At Cge = 40 mM, only two relatively thick and virtually contin-
uous bands were observed near the anode. Similar trends were
observed for the other anode materials.

Thus, a NaNO; concentration of Cg. &~ 10 mM is suitable for
the formation of periodic bands by RTR processes in systems
with various anode materials, except for Fe, which requires a
lower Cy. (below approximately 2 mM) for periodic banding.
The supporting electrolyte is expected to enhance reactions
on the electrodes via the formation of an electric double
layer."®** The deepening color of the bands with increasing
Cs. is consistent with this hypothesis. Because of the very small
Ky, value of gelatinous Fe(OH); precipitates (Table 1), the
Fe(OH); system may require fewer reactant ions to achieve
periodic banding and, consequently, less supporting electrolyte
than other M(OH),, systems.

In conventional Liesegang banding, adding a supporting
electrolyte yields clear, well-resolved bands with a larger spa-
cing coefficient.>* According to the Derjaguin-Landau-Verwey-
Overbeek theory, this effect is attributed to shielding of the
electrostatic repulsion among the reaction products.>® In the
RTR systems, a similar shielding effect may also be achieved by

Ce=0mM 5mM i0omM 20mM 30mM 40 mM
L o
—
—_—
o— e
-
-

4 mm

Fig. 7 Banding patterns of Cu(OH), precipitates in gel columns with
different NaNOz concentrations (L = 50 mm, ¢ = 4 mm, Ce = 0, 5, 10,
20, 30, and 40 mM) through RTR processes at 298 K under the following
voltage conditions: Ey =3V, E . =1V, Ty =1h, T =2h,and Nc = 16. All
systems had a Cu anode (+) and Cu cathode (—), the sides of which are
shown on the left of the image. The red broken square encloses the area
where a faint precipitation band formed at Csc = 0 mM.
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increasing Cs.; however, an increase in Cy. is inevitably coupled
with an increase in the concentration of the reactant ions,
promoting their precipitation. Such a large increase in precipi-
tation, as shown in Fig. 7, may have masked any increase in
clarity of the precipitation bands owing to the shielding effect.

Anode-metal-dependence of periodic banding of M(OH),,
precipitates through the RTR process

The features of the periodic band patterns of M(OH), precipi-
tates in RTR systems depend strongly on the anode material
(M), although periodic banding itself occurs for many anode
materials, as discussed above. To explore this further, the
spatiotemporal evolution of periodic bands was analyzed in
gel columns with Al, Co, Ni, Cu, Zn, In, and Sn anodes under
the following voltage conditions: Ey; =3 V, E;, =1V, Ty = 1 h,
Ty, = 2 h, and N¢ = 10. All systems had Cu cathodes and were
operated at 298 K. Representative results for systems with Al,
Sn, Cu, and Zn anodes are shown in Fig. 8(A)-(D), respectively;
their banding parameters are listed in Table 2.

When using Al anodes (Fig. 8(A)), discrete precipitation
bands were generated in a highly stochastic manner; that is,
although they were prepared and tested under identical condi-
tions, the band shapes, the timing of their appearance, and
consequently the Ny values during N¢ cycles varied consider-
ably among the sample tubes (Fig. S12, ESIt). A single discrete
band was observed until the end of the fifth cycle (15 h),
whereas additional bands were generated on the cathode side
of this band in subsequent cycles. These bands were generally
thin and fragmented, suggesting that there was little Al(OH);
precipitate in the band. Similar results were observed for the Ni
anode system (Ep = 1 V).

When using Sn anodes (Fig. 8(B) and Fig. S13, ESIY), a
relatively broad white band emerged during the second cycle
(~5 h). This band gradually thickened until the end of the sixth
cycle, suggesting accumulation of the precipitates (which would
be hydrated oxides rather than Sn(OH),**?°). After the sixth
cycle, further discrete bands were successively generated at the
cathode side with increasing Nc. For cycle Ng, the number of
periodic bands followed the relationship Ng = N¢ — Ngare *+ 1,
where Ny is the number of the cycle immediately before
successive discrete precipitation bands started to form with N¢.
The thickness of each successive band decreased slightly. The
successive formation of periodic precipitation bands was simi-
lar to that observed for the Fe(OH); system previously.” How-
ever, these systems differ significantly in that Ny, = Ncq for the
Fe anode system,” whereas Ny« = 6 and Ng; = 2 for the Sn
anode system. A similar discrepancy between N, and N¢; was
observed for Ni (E, = 2 V, Ngare = 4 and Ng; = 3) and In anode
systems (Ngeare = 5 and Ng; = 2).

The spatiotemporal evolution of the periodic bands formed
in systems with Cu anodes (Fig. 8(C) and Fig. S14, ESIt) was
similar to that in systems with Fe anodes;’ the periodic bands
were successively generated at the cathode side, following the
relation Ny = Ng — Ngg + 1 (Nstare = N1 = 2). As for the Sn anode
systems, the band thickness decreased slightly with successive
band formation up to 10 cycles (beyond 10 cycles, the band

15864 | Phys. Chem. Chem. Phys., 2025, 27, 15858-15871

View Article Online

Paper

(A)Al 2 4 6 8 10

n» n» n» n»
=) 3
(B) Sn
ll J I» 1 ° In»
(C) Cu
T ll J = I» — » = n» —
(D) Zn
I» In» [l J 1»
4 mm

Fig. 8 Spatiotemporal evolution of typical periodic bands formed in gel
columns (L = 50 mm, ¢ = 4 mm, C¢e = 10 mM) using (A) AL, (B) Sn, (C) Cu,
and (D) Zn anodes at 298 K under the following voltage conditions: £y =
3V,EL=1V, Ty =1h,and T, = 2 h. Each system had a Cu cathode. The
cycle numbers (Nc) in which the images were captured are indicated at the
top of the image: Nc = 2, 4, 6, 8, and 10. The sides of the anode (+) and
cathode (—) are shown to the left of (A).

thickness occasionally deepened owing to overlapping of the
newly formed bands, as observed in Fig. 5-7). Similar results
were obtained for Co anode systems (Nggare = No1 = 1).

The successive formation of periodic bands with N was also
observed in systems with Zn anodes (Fig. 8(D) and Fig. S15,
ESIT). Notably, in these systems, two discrete bands formed
simultaneously during the first cycle, resulting in the relation-
ship Ng = N¢ — Ngg + 2 (Ngeare = Ncq = 1). This feature, as well as
the considerable broadness and thickness of each band, sug-
gests that Zn(OH), easily precipitates under the current experi-
mental conditions.
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In summary, unless the amount of precipitation is very low
(such as for systems with Al anodes), periodic bands succes-
sively form toward the cathode with increasing Nc during
voltage cycling. The anode material influences the banding
pattern owing to differences in the cycle in which the first
band emerges (Nc; = 1-5), the number of bands that form in
cycle Ng; (Ng1 = 1 or 2), and the cycle immediately before
successive band formation starts (Ngare = 1-6). Additionally, the
anode material influences the band thickness and spacing
(compare, for example, the results of Al and Zn anode systems
in Fig. 8(A) and (D)). The anode dependence of the precipitation
patterns is presumably due to coupling between the voltage-
dependent rate of the anode reaction and the pH-dependent
rate (related to the K, values) of the precipitation reaction.
Although the details remain unclear, preliminary considera-
tions are provided later.

Electrochemical reactions at electrodes

Fig. 9 shows the time-dependence of the electric currents in gel
columns with Al, Sn, Cu, and Zn anodes, corresponding to the
precipitation patterns shown in Fig. 8. Until the end of the
second cycle (~6 h), the time-dependence of the electric
current varied considerably, corresponding to the diversity in
the formation of the first band(s) during this period. This
diversity typically decreased over time and the patterns stabi-
lized after a certain number of cycles (second cycle (6 h) for the
Sn and Cu anodes and seventh cycle (21 h) for the Al and Zn
anodes). For a clearer view of the stabilized patterns, the inset
in Fig. 9 shows an enlarged view of the electric current for the
Cu anode system. For each anode, during this stabilized period,
the electric current changed in the following pattern with high
periodicity: (i) a sharp rise upon shifting to the high voltage

(Eg = 3 V), (i) a gradual decrease during its application

1 2 — Al
1004 ; | * ——Sn [
] § Lo Cu
80 —g l ——2Zn |

% 10
] § 1 o
60 -° l 5 10 15 20 25 -
L
L
i

Electric current (HA)

Elapsed time (h)

Fig. 9 Time-dependence of electric current in gel columns (L = 50 mm,
¢ =4 mm, Cee = 10 mM) using AL, Sn, Cu, and Zn anodes at 298 K under
the following voltage conditions: Ey =3V, E =1V, Ty=1h,T . =2h,and
Nc = 10. Each system had a Cu cathode. Inset: Enlarged plot for system
using Cu anode.
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(Ty = 1 h), (iii) a sharp decay upon shifting to the low voltage
(Er = 1 V), and (iv) a gradual increase during its application
(Tr = 2 h).

Although the time-dependence of the electric current is not
yet fully understood, the following points are notable. First,
even at the low voltage (E;, = 1 V), non-zero electric currents
flowed for all the systems studied, indicating that ion transport
and thus precipitate formation likely occurred during E;, appli-
cation. This finding suggests that the periodic bands may
thicken and deepen in color during the low voltage period.
Notably, this agrees with the current and previous® experi-
mental results.

Second, the sharp rise followed by a gradual decrease in
electric current upon switching to the higher voltage (Ey = 3 V)
is widely observed in potential-step experiments of conven-
tional electrochemical systems, where the rate-limiting step of
the electrode reactions is the mass transport of reactants in
solution via thermal diffusion."®*®** The corresponding cur-
rent is often referred to as diffusion-limited. In the RTR
systems, the reactants of the expected electrochemical reac-
tions (M (anode) and H,O (solvent); see Fig. 1) are abundant
and are hence likely to generate a time-independent current
rather than a diffusion-limited one. Thus, the observed current,
which resembles a diffusion-limited one, suggests that side
reactions involving relatively small amounts of reactant ions
occur significantly at the electrodes, and the observed current
consists of a time-independent component (due to the main
reactions) and a diffusion-limited component (due to the side
reaction). In addition, because the electric current had a similar
intensity in each cycle (inset of Fig. 9) during the stage in which
precipitation bands were successively generated, the concen-
tration distributions of the reactant ions of the side reactions
probably reverted around the electrodes every cycle during the
corresponding stages.

The occurrence of side reactions was investigated by study-
ing the surfaces of the spent electrodes in the Cu anode/Cu
cathode RTR system (Fig. 10). Fig. 10(A) shows a photograph of
the spent anode and cathode; the anode surface in contact with
the agarose gel was stained dark, whereas the cathode surface
was not. Fig. 10(B) shows an SEM image of the contact surface
of the anode, where numerous deposits were observed.
Fig. 10(C) and (D) show Cu L and O Kua intensity maps,
respectively, of the image area. These maps indicate that the
deposits contain Cu and O, suggesting that they comprise CuO.

Thus, Fig. 10 suggests that a side reaction, Cu + 20H™ —
2e” + Cu(OH), (blue-white) — CuO (black) + H,O, occurs at the
anode surface. The decrease in electric current after the second
cycle (6 h) in Fig. 9 may be related to coverage of the anode
surface by CuO deposits. Because OH ™~ ions are generated at the
cathode, they must move to the anode to participate in this side
reaction. OH~ ions are also consumed to generate Cu(OH),
precipitates in the gel. Hence, the number of OH™ ions at the
anode surface is small enough to generate a diffusion-limited
current. Systems with other anode materials showed similar
results regarding deposit accumulation on the anode surface
and a considerable decrease in current during Ey application
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Fig. 10 (A) Anode and cathode used in the Cu anode/Cu cathode RTR

system. The broken circles indicate the surfaces in contact with the gel. (B)
SEM image of black deposits adhering to the anode. Intensity maps of the
(C) Cu L and (D) O Ka emission lines. The positions where Cu L and O Ka
emissions were observed are shown as orange and green dots,
respectively.

after N = 2 (compare, for example, the corresponding currents
of the Sn and Zn anode systems between N¢ = 1 (from 0 to 1 h)
and N¢ = 4 (from 9 to 10 h) in Fig. 9). Thus, similar anode side
reactions (M + nOH~ — M(OH), + ne") are suggested to occur
widely on various anodes.

Simulation results

The following parameters were chosen for numerical simula-
tions using eqn (1)-(3): Dy = 7.0 x 10°'° m? s°% Doy =
9.8 x 107'% 1.26 x 1077, 1.54 x 107°, 1.82 x 10 °, and
2,10 x 107° m?>s™% T=300 K; X = 9.42 x (Ey or E.) V.m
k=50 mol m® s '; My = 97.56 g mol " (the My, value for
Cu(OH),); n = 2; Kyp = 2.2 x 10~ *° (the K, value for Cu(OH),, see
Table 1); & = 0.0083; f = 0.010; Egyre = 1.5 V; f; = 0.8, 0.9, and 1.0;
Eqy=3V;EL=1V; Ty =1h; Ty =2 h; and L = 50 mm. The
obtained results are plotted in Fig. 11-13, where the horizontal
axis indicates the distance from the anode surface (x) and the
vertical axis represents the density of precipitates or the
concentration of reactant ions.

A key condition for periodic banding in this theoretical model
is the suppression of ion production at the electrodes during E,
application (i.e., Cp(0,t) = Con(L,t) = 0). Periodic bands are always
generated in this model as long as this condition is satisfied,
even if other parameters vary (although the banding properties
strongly depend on the parameters used, as discussed below).
Conversely, if a constant voltage is applied (Ey = Ey; no suppres-
sion of ion production), continuous banding occurs (Fig. S16,
ESIt), which is consistent with the current (Fig. S17, ESIt) and
previous® experimental results. This finding suggests that the
periodic suppression of ion production at the electrodes is
fundamentally important for periodic banding in this model.

Fig. 11 shows the Dou/Dy dependence of the density dis-
tributions of precipitates (p(x,t)) at ¢ = 24 h (Nc = 8) in the
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Fig. 11 Calculated Don/Dy dependence of the precipitate density dis-
tributions at t = 24 h (N = 8) for f; = 1.0. For the data of Don/Dyv = 1.8 and
2.6, the precipitation bands are numbered according to the order in which
they are generated. The sides of the anode (+) and cathode (—), which exist
at distances of 0 and 50 mm, respectively, are indicated at the top of the
image.
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Fig. 12 Imbalance parameter (f)-dependence of precipitate density dis-
tributions for Dop/Dyv = 2.2 at t = 24 h (N¢ = 8). For the data of f; = 0.8 and
0.9, the precipitation bands are numbered according to the order in which
they are generated. The data for f; = 1.0 is the same as that for Dop/Dy =
2.2 in Fig. 11, but widened due to the larger scale. The sides of the anode
(+) and cathode (—), which exist at distances of 0 and 50 mm, respectively,
are indicated at the top of the image.

simulation. Note that the distance x ranges from 0 mm at the
anode surface to 50 mm at the cathode surface. The Doy/Dy ratios
reflect the difference in the transport velocities of the reactant
ions due to both diffusion and migration (eqn (1) and (2)).

The simulation results indicate that periodic precipitation
banding occurs over a wide range of Doy/Dy ratios, although
Doy must be larger than Dy (Doy & 2Dy) to achieve effective
periodic banding near the center of the gel (in contrast, when
Dy > Doy, precipitation occurs only in the immediate vicinity
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Fig. 13 Spatial density distributions of M(OH), precipitates for Don/Dym =
22 and f, = 08 at t = (A) 9 h, (B) 10 h, (C) 11 h, and (D) 12 h. The
concentration distributions of M2* (red) and OH™ (green) ions are also
plotted, multiplied by 0.5 for clarity. For each time point, the location at
which the two ion flows meet is indicated by a red arrow; these arrows are
connected by orange dotted lines as a visual guide to demonstrate their
temporal changes. The depletion regions of reactant ions near the elec-
trodes are colored violet. The sides of the anode (+) and cathode (),
which exist at distances of 0 and 50 mm, respectively, are indicated at the
top of the image.

of the cathode). The simulated interband distances and band
widths were approximately the same for each Doyu/Dy, ratio, in
agreement with the experimental results (Table 2, Tables S1-54,
ESL,¥ and Fig. 2, 3 and 5-8). Interestingly, the precipitate
density distributions changed significantly with the Dop/Dy
ratio. For example, when Doy/Dy = 2.2, only one precipitate
density peak (which actually consists of several sub-peaks; see
Fig. 12) emerged at x ~ 22.5 mm (slightly toward the anode
side). In contrast, six to eight bands were generated at the
cathode (x > 25 mm) and anode side (x < 20 mm) for
Dou/Dy < 2.2 and Doy/Dyy > 2.2, respectively. Moreover, these
bands successively formed toward the cathode and anode,
respectively. The larger the deviation of Doy/Dy from 2.2, the
wider the band spacing.

Unfortunately, these interesting simulation results do not
match the experimental results of the current RTR systems. As
shown in Fig. 7 and by the x; values in Table 2 and Tables S1-
S4 (ESIt), the periodic bands in the current RTR systems
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generally all formed at the anode side, which, according to
the simulation results in Fig. 11, means that Doy/Dy > 2.2.
However, when Doy/Dyy > 2.2, the model showed successive
band formation toward the anode, whereas the experimental
results (Fig. 8 and Fig. S12-S15, ESIf) generally indicated
successive formation toward the cathode. Furthermore,
although this successive band formation toward the cathode
was reproduced by the model when Don/Dy < 2.2, the pre-
cipitation bands first appeared on the cathode side, as opposed
to the anode side in the experimental results (Table 2 and
Tables S1-S4, ESIT). The model also suggests that the precipi-
tate density is low in the first band and steadily increases up to
the fourth band. These features are again inconsistent with the
experimental results shown in Fig. 8 (particularly Fig. 8(B)) and
Fig. S13 (ESIt), where the band thickness tended to decrease
(slightly) with successive banding. It should also be noted that
the D° values for OH™ and M"" ions (Table 1) have ratios
of 7-10, which are considerably larger than the Don/Dyy value
of 2.2. These discrepancies suggest that factors other than
Dou > Dy are involved in the formation of periodic banding
in the current RTR systems.

We next considered the influence of the quantitative imbal-
ance between the produced and precipitated ions, represented
by factor f; (0 < f; < 1). Fig. 12 shows the f; dependence of the
density distributions of precipitates obtained at Doy/Dy = 2.2
and ¢ = 24 h (N¢ = 8). This figure indicates that quantitative
imbalance (f; < 1) can contribute to periodic banding. The
profile for f; = 1 (where reactant ions are produced and
consumed at equal rates) is the same as that for Doy/Dy =
2.2 in Fig. 11. Owing to the enlarged horizontal scale of Fig. 12,
the single broad precipitate density peak (~1 mm width) under
these conditions can be more clearly observed to comprise
several overlapping sub-peaks.

At f; = 0.9 and 0.8 (i.e., where the ion consumption rate is
10% and 20% lower, respectively, than the production rate),
six periodic bands were generated near the center of the gel
(22 < x < 29 mm). Notably, these bands developed toward the
cathode with time (or N¢), holding the relation Ny = N¢ — Ngeare +
1 (Nstart = 3). The bands have relatively constant spacings
(approximately 0.5 mm at f; = 0.9 and 1.0 mm at f; = 0.8) and
their densities do not vary considerably. These features,
obtained at a constant Doy/Dy = 2.2, partially resolve the
discrepancies between the model and experimental observa-
tions for Dou/Dy < 2.2. Consequently, periodic precipitation
banding in the current RTR systems, where bands develop
successively toward the cathode, is suggested to involve a
quantitative imbalance between the produced and precipitated
ions (e.g., fi < 0.9).

Fig. 13 shows the temporal evolution of the spatial density
distribution of M(OH), precipitates (p(x,¢)) and the spatial
concentration distributions of M*" and OH™ ions (Cy(x,t) and
Con(x,t)) for Dop/Dy = 2.2 and f; = 0.8. In general, the concen-
trations of M>* and OH™ ions are higher on the anode and
cathode sides, respectively, with the flows meeting toward the
middle (the “meeting point” is indicated by a red arrow); this
point also corresponds to the position of M(OH), precipitation,
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as indicated by the growing M(OH), density peak. The violet
regions indicate depletion zones of reactant ions near the
electrodes.

Fig. 13(A) shows the results at the end of the E;, period of
N¢ =3 (t =9 h). No reactant ions are generated at the electrodes
during E;, application (7-9 h); therefore, the concentrations of
these ions are suppressed in the regions around the electrodes
(violet regions in Fig. 13(A)).

Fig. 13(B) shows the results at the end of the subsequent Ex
period of N¢c = 4 (¢ = 10 h). During Ey application, the ion
depletion regions move toward the center of the gel, while ion
production at the electrodes significantly increases the ion
concentrations in the neighboring gel. The number of ions
around the meeting point is relatively low at the beginning of
Ey application (Fig. 13(A)); therefore, the amount of M(OH),
precipitation is also low. However, as the reactant ions are
replenished by ion-transport from the electrodes, the amount
of precipitation gradually increases over time (Fig. 13(B)). The
quantitative imbalance factor in this simulation is below one
(fi = 0.8); therefore, more M>* ions remain after M(OH),
precipitation than OH™ ions. This shifts the meeting point
toward the cathode. A comparison between the results at 9 and
10 h (Fig. 13(A) and (B), respectively) shows a slight but definite
increase in the M(OH), density and movement of the meeting
point toward the cathode with time.

Fig. 13(C) shows the results after 1 h of the subsequent Ej,
application of N = 4 (¢t = 11 h). Because reactant ions are not
supplied from the electrodes during E;, application, depletion
zones again form around the electrodes. Nevertheless, because
of the relatively large influence of thermal diffusion (owing to
the low Ey, value), the concentration slopes of the reactant ions
are smooth and broad. This ion diffusion means that a rela-
tively large number of reactant ions, which were generated
during the previous Ey period, gradually reach the meeting
point to promote precipitation. Thus, during this period, the
M(OH), density increases sharply at the meeting point, with
almost no change in its position. This favors the formation of a
precipitation band.

Fig. 13(D) shows the results at the end of the E;, period of
N¢ = 4 (t = 12 h). During the second hour of E;, application,
reactant ions are still not supplied from the electrodes. Thus,
the total number of reactant ions in the gel continues to
decrease, along with expansion of the depletion zones near
the electrodes. Consequently, M(OH), precipitation does not
occur, except in the vicinity of the meeting point.

These processes are repeated in the following cycles to
generate the periodic precipitation banding shown in Fig. 12.
The above simulation results provide important information
regarding the mechanism of periodic banding under quantita-
tive imbalance conditions.

Mechanism of periodic banding of M(OH),, precipitates
through the RTR process

Based on the abovementioned experimental and simulation
results, we propose a qualitative model for the periodic banding
of M(OH),, precipitates through RTR processes. Here, we focus

15868 | Phys. Chem. Chem. Phys., 2025, 27, 15858-15871

View Article Online

Paper

on the successive periodic band formation with Ng, which is
one of the most characteristic features of RTR periodic
banding.’

To generate a precipitation band, the ion concentrations at
the meeting point (i.e., where the two ion flows meet) must
exceed the inherent K, value to precipitate M(OH),.. If not, the
two ion flows would pass each other, and the reactant ions
would disperse over the gel column. Therefore, M(OH), pre-
cipitation banding only occurs once sufficient reactant ions
have accumulated in the column. This leads to variation in the
numbers of cycles required for the first band to emerge (N¢,)
and for discrete precipitation bands to begin forming succes-
sively toward the cathode (Ngtart). Ny and Ny are particularly
dependent on the anode material, because the M"" ion produc-
tion rates on different anodes, and the K, values of different
M(OH), precipitates, differ considerably. This expectation is
consistent with the experimental results shown in Fig. 8 and
Fig. $12-815 (ESI}).

A schematic of the periodic banding mechanism from N,
is shown in Fig. 14. Here, the reactant ions produced before
Ngtare are assumed to be (i) uniformly distributed over the gel
column and (ii) sufficiently accumulated to successively gen-
erate precipitation bands immediately after Ny,. Furthermore,
for simplicity, we only consider the case where Nyt = Nci.

In Fig. 14(A), the yellow and blue regions represent the
continuous flows of M"" and OH™ ions from the anode and
cathode, respectively, during Ey application. The number “1”
in the flows indicates that these ion flows were generated
during cycle N¢; (= Ngeare)- In aqueous solutions and hydrogels,
the diffusion coefficient D (or the mobility given as nFD/
(RT)'**%) of OH " ions is generally expected to be higher than
that of metal ions (Table 1) because of the Grotthuss
mechanism."®***” This expected difference is favorable for
the formation of periodic bands, as shown in Fig. 11. In
Fig. 14(A), it is reflected in the difference in the lengths of the
flows; the blue (OH™) region is significantly longer than the
yellow (M™) region.

A) (B) ©) (D) (E) (F) ©) (H)
+]
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Fig. 14 Schematic of periodic banding mechanism of M(OH),, precipitates
in agarose gel through the RTR process. (A)—(H) are respective steps of Ey
and E_ application over three cycles (“1,” “2,” and "3") from Ngtart (Nstart =
N¢p = "1"). Yellow and blue regions represent flows of M"* and OH™ ions,
respectively, and the numbers within them represent the cycle number in
which these ions were generated. Dark red lines are M(OH),, precipitation
bands; the numbers correspond to the numbers of the ion flows that
formed them.
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Fig. 14(B) shows the point at which the two ion flows meet to
generate M(OH), precipitates during the Ey; period of cycle Nc;.
The generated precipitation bands are expressed as dark red
lines. Because the precipitation band is often not clearly visible
to the naked eye during this period, the precipitation band in
the figure is shown in lighter coloring.

Fig. 14(C) shows the ion distribution during the E;, period of
cycle Ng,. Here, M"" and OH ™ ions are transported under the Ey,
voltage and consumed by M(OH), precipitation. The color of
the precipitation band gradually darkens, in accordance with
the experimental results reported previously’ and the simula-
tion results in Fig. 13. Few reactant ions are generated at the
electrodes because the Ey, value is generally set below the Eyy.
value of the electrochemical reactions in Fig. 1. Consequently,
depletion regions of M"" and OH™ ions are generated around
the anode and cathode, respectively (see Fig. 13).

The transport of OH™ ions in aqueous systems obeys the
Grotthuss mechanism, which involves the rearrangement of
bonds through a long chain of H,O molecules; that is, the
rupture of an O-H bond in one H,O molecule and the rapid
formation of a new O-H bond with a neighboring
molecule.'®*>*” When the M"™" and OH™ flows intersect in
the RTR system, the rapid hopping of OH  ions via the
Grotthuss mechanism may allow them to move through the
M"™" front, thereby suppressing M(OH),, precipitation.

Owing to this hopping (or “tunneling’’) mechanism, not all
reactant ions precipitate in the first precipitation band; the M*"
and OH™ ion flows continue to move toward the opposite
electrode beyond the precipitation band during E;, application
(Fig. 14(C) and (D)). Because no new ions are generated at the
electrodes under Ej, application, their concentrations are too
low to precipitate M(OH), beyond the precipitation band.
Therefore, no further precipitation bands form during a given
cycle. Instead, because the mobility of OH™ ions is relatively
high owing to the Grotthuss mechanism, these ions may reach
the anode and possibly react with its surface to form M(OH),
deposits (Fig. 10). However, the relatively low electric current
during the E;, period (Fig. 9) suggests that the rate of this side
reaction is significantly low at this stage, resulting in the
accumulation of OH™ ions around the anode. This situation
is illustrated in Fig. 14(D).

During the Ey period of the subsequent cycle (N¢; + 1), the rate
of the side reaction between OH™ ions and the anode surface
increases owing to the increased voltage. This causes the accu-
mulated OH™ ions to be consumed rapidly, contributing to the
generation of a diffusion-limited-like current during this period.
The Ey application during this period also restarts the emission of
M"™ and OH ions (labeled “2”) from the anode and cathode,
respectively, as shown in Fig. 14(E). The electric current generated
by these main reactions is expected to be time-independent owing
to the abundance of reactants (M and H,O). Consequently, the
electric current observed during this period (as well as in sub-
sequent Ey periods) may be the sum of a time-independent
current (due to the main reactions) and a diffusion-limited
current (due to the side reaction), which is consistent with the
experimental results shown in the inset of Fig. 9.
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Owing to their high mobility, most OH™ ions generated in
cycle N¢; will have reached the anode and been consumed by
the end of the Ey; period of cycle N¢; + 1. In contrast, owing to
their low mobility, the M"* ions generated in cycle N¢; may still
be moving through the gel column. These M"" ions (*1”) react
with the newly generated OH ™ ions (“2”) to generate a new
band of M(OH),, precipitates on the cathode side (Fig. 14(E)).

During the subsequent Ey, period of cycle Ng; + 1, M™" ion
flows “1”” and “2” and OH"™ ion flow “2” are transported to the
newly formed band, forming precipitates and causing the color
of the precipitation band to gradually darken (Fig. 14(F)). This
precipitation band is therefore formed by three ion flows (M™"
“1” and “2” and OH~ “2”). It is this consumption of M*" ion
flow “1” that causes the quantitative imbalance between the
produced and precipitated ions (f; < 1), through which periodic
banding toward the cathode is shown to be promoted in Fig. 12
and 13.

Owing to the tunneling mechanism, not all reactant ions
precipitate in the second precipitation band. The M"" and OH™
ion flows continue to move toward the opposite electrode beyond
the precipitation band(s), resulting in the accumulation of OH™
ions around the anode, during this E;, application (Fig. 14(G)).

During the Ey period of the subsequent cycle (N¢; + 2), M™
and OH™ ions (labeled ““3”) are released again from the anode
and cathode, respectively (Fig. 14(H)). M"" ions “2” react with
OH" ions “3” to generate a further precipitation band on the
cathode side. The accumulated OH™ ions “2”” around the anode
are consumed rapidly, again contributing to the generation of a
diffusion-limited-like current.

Similar processes are repeated during subsequent cycles to
generate periodic M(OH), precipitation bands. However,
because periodic banding through these processes is based
on the delicate coupling between ion production at the electro-
des, ion transportation, and ion consumption by precipitation,
it can be easily disturbed, particularly after many cycles, when
the distribution of reactant ions in the gel column is expected
to be considerably complex.

In summary, our qualitative model explains the develop-
ment of periodic precipitation bands, forming successively
toward the cathode, through the following two factors: (i) the
suppression of reactant ion generation during the Ey, applica-
tion periods, and (ii) the Grotthuss mechanism, which leads to
differences in the mobility between M"" and OH™ ions and a
possible tunneling effect for M(OH),, precipitation. These two
factors are independent of the anode and cathode materials
and are not critically influenced by the length or diameter of
the gel column, leading to the observed generality of M(OH),
periodic banding in RTR systems.

Future issues

This study provides an overview of the periodic banding of
metal hydroxides through the cyclic-voltage-driven RTR pro-
cess. Cyclic voltages are a form of temporal oscillation, which
can sometimes mediate the formation of spatially patterned
structures, such as periodic banding.'”” Therefore, at first
glance, periodic banding in this system might seem like a
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common phenomenon. However, this study raises an intri-
guing question: why do systems with precipitation bands that
first appear on the anode side generate new bands successively
toward the cathode? The rudimentary simulations used in this
study were unable to completely solve this problem (Fig. 11 and
12). Therefore, we hypothesized that tunneling occurs via the
Grotthuss mechanism (Fig. 14). This hypothesis currently lacks
experimental and theoretical evidence. However, if confirmed,
the tunneling mechanism would have profound effects on a
wide range of research fields, because the Grotthuss mecha-
nism is a fundamental concept in physical chemistry, particu-
larly in electrochemistry, where it was originally proposed to
explain the high mobility of H and OH™ ions."®**

In addition to the tunneling effect via the Grotthuss mecha-
nism, RTR systems present several experimental and theoretical
challenges that must be addressed. For instance, whereas this
study focuses on the common features and fundamental aspects
of RTR systems, detailed analyses of specific features in indivi-
dual RTR systems, including the characterization of the gener-
ated precipitates in the gels (Fig. 4) and on the electrodes
(Fig. 10), are left for future research. Indeed, many phenomena
seem to be considerably dependent on the anode elements, as
suggested by Fig. 8 and Fig. S12-S15 (ESIt), which should be
investigated in more detail. In addition, to further verify the
proposed qualitative model, spatiotemporal variations in the
reactant ions should be experimentally monitored. For such
monitoring, in situ pH measurements and time-resolved X-ray
fluorescence measurements over the gel column during voltage
cycling are of interest. The experimental setups for conducting
these measurements are currently under consideration. Further-
more, sophisticated and quantitative simulation models that
incorporate the suggested tunneling effect should be developed.
Finally, the solvability of the extended Nernst-Planck model and
the accuracy of the simulations should be confirmed mathema-
tically. Theoretical efforts are currently underway.

Conclusions

Periodic pattern formation in RTR systems offers new insights
into physical chemistry (particularly electrochemistry and
pattern-forming phenomena) and is expected to provide new
clues in the science and engineering of gels.'” Moreover, M(OH),,
precipitation systems are attracting new scientific interest as
oscillating reaction (periodic reaction in time) systems.*® Hence,
this new class of periodic patterning systems, as well as related
phenomena,'®?*® warrants further investigation.
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