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Precipitation Patterns in
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of Prussian Blue and Cu-Fe-Based
Prussian Blue Analogs

Hisashi Hayashi *

Department of Chemical and Biological Sciences, Faculty of Science, Japan Women'’s University, Tokyo, Japan

In agarose gel containing [Fe(CN)g]*~ ions and sandwiched between two metal rods (Ti, Fe,
or Cu) with a voltage of 1-5V applied for 20-100 h, reaction—diffusion-reaction (RDR)
processes (that is, electrochemical reactions at metal rods to generate reactant ions,
diffusion of the reactant ions influenced by the electric field in agarose gel, and reactions of
the reactant ions to form/decompose precipitates) were coupled to generate diverse
precipitation patterns of Prussian blues (PB) or Cu-Fe-based Prussian blue analogs
(Cu-Fe PBA). These patterns strongly depended on the type of metal electrode,
applied voltage, initial [Fe(CN)g]>~ concentration, and elapsed time after voltage
application. Under the application of 2V for 20/50 h, the PB/Cu-Fe PBA formed a
discrete precipitation band on the anode/cathode side in an agarose gel containing
0.050 M [Fe(CN)g]*>~ ions. In the Cu-Fe PBA system, a relatively long precipitation
band of Cu(OH), was also generated on the anode side by OH™ ions produced on the
cathode as a byproduct. Longer voltage applications promoted propagation of the Cu-Fe
PBA band to the anode side and caused the discrete PB band to disappear. Higher initial
[Fe(CN)g]*~ concentrations deepened the color of the generated patterns. Higher voltage
applications suppressed the propagation of the Cu-Fe PBA band to the anode side and
caused the PB band to disappear. Experiments using a Ti cathode suggested that the
formation and subsequent decomposition of PB or Cu-Fe PBA at the cathode surface are
important for forming precipitation band(s) in the gel near the cathode. The application of
cyclic alternating voltages (particularly, 4V for 1 h and 1V for 4h) was effective in
generating Liesegang-band-like periodic bands, particularly for the Cu-Fe PBA system.

Keywords: precipitation pattern, periodic band structure, Prussian blue analog (PBA), reaction-diffusion system,
electrochemical reaction (ECR)

1 INTRODUCTION

Liesegang bands [1, 2], which are the periodic precipitation bands of slightly soluble compounds
via reaction-diffusion (RD) processes in hydrogels, have been continuously investigated [3]
since their discovery by Liesegang in 1896 [4, 5]. Liesegang banding continues to attract
considerable scientific interest as a self-organization phenomenon [6, 7] that is potentially
applicable to micro- and nanofabrication [1,8—10]. In conventional experiments to observe
Liesegang bands, two electrolytes are loaded into separate columns in a single sample tube. The
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FIGURE 1 | A schematic illustration of the reaction—diffusion-reaction
(RDR) setup in which electrochemical reactions to generate reactant ions,
diffusion of the reactant ions influenced by an electric field, and reactions of the
reactant ions to form precipitates are coupled to generate precipitation
patterns of PB or PBA in agarose hydrogel. The arrows indicate the movement
directions of reactant ions in the electric field.

shorter column on top (in the form of a gel or aqueous
solution) has a higher electrolyte concentration, and the
longer gel column is placed at the bottom, in which a
continuous precipitation zone and/or Liesegang bands form.
Because only limited systems have been reported to form
Liesegang bands [1], it is scientifically interesting and
technologically important to widely explore systems in
which Liesegang-band-like precipitation patterns could form.

Recently, we proposed a new class of systems to stochastically
form Liesegang-band-like, periodic precipitation bands of Cu-Fe-
based Prussian blue analogs (Cu-Fe PBA) in agarose gel through
the coupled processes of 1) electrochemical reactions to generate
reactant ions, 2) diffusion of the reactant ions influenced by the
electric field in the gel, and 3) reactions of the reactant ions to form
precipitates, that is, reaction-diffusion-reaction (RDR) processes
[11]. The proposed system is illustrated in Figure 1.

The setup in Figure 1 is simple: it consists only of agarose gel
with [Fe"™(CN)¢]* ions in a plastic straw sandwiched between two
metal rods for voltage application. However, the chemical
processes that occur within this system are considerably
complicated. The reactant metal ions (E**: E = Fe or Cu in this
study) and reactant [Fe'(CN)¢]* ions are generated at the anode
and cathode by reactions (1) and (2), respectively, when the applied
voltage exceeds the sum of the overpotential of the electrodes and
the potentials of the electrode reactions (typically ~1V [11])

E — E* +2¢” (1)
2[Fe™ (CN)e ]’ + 2¢™ — 2[Fe" (CN)¢]* )

For E = Fe, because aqueous Fe** ions are easily oxidized by
dissolved oxygen in the hydrogel, Fe’" ions are generated by
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4Fe** + 4H' + O, — 4Fe*" + 2H,0 (3)

Additionally, side reactions that form H" and OH" ions are also
possible at the anode and cathode, respectively

2H,0 — O, + 4H" + 4e- (4)
2H,0 + 2e- — H,+20H" (5)

The ions generated by reactions (1-5) are transported under
the influence of the electric field and thermal diffusion and react
with each other to form precipitates of Prussian blues (PB) or
Prussian blue analogs (PBA), which are generally represented by
the formula A,E, [E'(CN)¢],01_nH,O [A is an alkali metal
element, and E (= Mg, V, Cr, Mn, Fe, Co., Ni, Cu, Zn, Ag, Ce, Sm,
Bi, etc.) and E' (= V, Cr, Mn, Fe, Co., Ru, etc.) are specific (mainly
transition) metal elements; A = K and E’ = Fe in this study]. Here,
if E = E' = Fe, the compounds are generally called “PB; ” if not,
they are called “E-E'-based PBA” (for example, for E = Cuand E’
= Fe, they are called “Cu-Fe-based PBA”). The symbol U indicates
E'(CN)g vacancies, that is, defects resulting from missing E'(CN)s
moieties. For most PBA, 0 < x < 2,y =1,and 0 < z < 1; for
example, x = y = z = 1 for Cu'-Fe'" PBA with no Fe(CN);
vacancies. Thus, the possible reactions to form PB/Cu—Fe PBA
precipitates in the proposed system can be expressed as

xK* + yE** + z[Fe™ (CN),]*™ + nH,0 —

6
K.E' [Fe'" (CN)4] By . - nH,0 (©)
xK* + yE** + z[Fe" (CN)(]"™ +nH,0 — )
KXEHy [Fe" (CN)g], 1. - nH,O
xK* + yE** + z[Fe"™ (CN),]*™ + nH,0 — ®)
K, Fe'Jl [Fe™ (CN);],5, . - nH,0
xK* + yE* + z[Fe! (CN),]" + nH,0 — o)

K, Fe'l [Fe" (CN)g] D). - nH,O

Note that 1) the compounds KxFe;I[FeIH(CN)é]ZDI_Z~nH20,
which are generated by reaction (6) for E = Fe, are unstable and
readily transformed into KxFei,H[FeH(CN)G]ZD1_Z~nH20:

KxFeHy [Fe™ (CN)4] 01, - nH,0 — KXFeHyI [Fe™ (CN)4],01- - nH,O
(10)

2) the compounds K)(Fe;II [Fe™(CN)¢],0,_-nH,O, which are
historically called “Berlin green (BG),” are soluble and do not
form precipitates [12]. Thus, for E = Fe, two types of precipitates,
K.Fe," [Fe"(CN)g.0,_nH,0 and KFe [Fe"(CN)4].0,_-nH,0,
are expected. The former is “PB” in the strict sense, and the latter is
historically called “Prussian white (PW)” [12]. For E = Cu, two types
of precipitates, K,CCu;I [Fe™(CN)g],0,_nH,0 and KxCu}I
[Fe"(CN)¢),0,_-nH,0, are possible, which are generated by
reactions (6) and (7), respectively.

Because the surfaces of the E metal are generally reactive to
[Fe™(CN)e]*and [Fe(CN)¢]* ions [11], precipitates of PB and
PBA can also form on the surfaces of the electrodes [if they consist of
E metal(s)]. For example, reactions (1) and (2) can occur at the metal
surface and the gel surface in contact with the metal, respectively,
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even without voltage application. At the cathode/anode of the E
metal, the E**/[Fel(CN)s]* ions generated at these surfaces can
react with the [Fe™(CN),]*/E>" ions generated electrochemically to
produce precipitates of K,CE},I [Fe"(CN)¢],0,_-nH,O. At the anode,
direct electrochemical production of KXE)I,I [Fe"(CN)¢],0,_nH,O is
also possible through

xK* + yE + z[Fe™ (CN),]*™ + nH,0 —

11
K.E" [Fe (CN)] 5, - nH,0 ()

Note also that the OH™ ions generated by reaction (5) can
form precipitates of metal hydroxides through

E** + 20H™ — E"(OH),
Fe’* + 30H™ — Fe™ (OH),

(12)
(13)

Here, Fe''(OH), [E = Fe in reaction (12)] is relatively unstable in
aqueous solutions or hydrogels and is rapidly oxidized by

Fe" (OH), + OH™ — Fe (OH), + e~ (14)

Thus, three types of colored precipitates, which provide
multicolored precipitation patterns in gels, are expected to
form in the RDR system shown in Figure 1: for E = Cu, these
are K,Cu)' [Fe'(CN)g].,0,_-nH,0 (Cu'-Fe" PBA), K.Cuy
[Fe"™(CN)4],0,_,-nH,O (Cu"-Fe™ PBA), and Cu"'(OH),; for E
= Fe, these are KxFe},I [Fe''(CN)4],0,_-nH,O (PW), K,CFe;II
[Fe''(CN)g).7,—-nH,O (PB), and Fe''(OH)s.

Furthermore, OH ™ ions can dissolve the precipitates of PB and
PBA [13] (both at the surface of electrodes and in agarose gel)
through

K E}[Fe" (CN)4] 017 - nH,0 + 2yOH™ — xK* + yE" (OH),

+z[Fe" (CN)] ™ + nH,0
(15)
Kin/I [FeIH (CN)6]ZD1*Z . I’leO + 2y0H7 — xK* + yEH (OH)2

+ z[Fe"™ (CN) ] + nH,0
(16)

K, Fe '™ [Fe! (CN)],0 7 - nH,O + 3yOH™ — xK* 1)
+ yFe™ (OH), + z[Fe" (CN),]" + nH,O

As shown above, the chemistry of the proposed RDR system is
considerably complicated; hence, the generated precipitation
patterns may strongly depend on the preparation conditions.
In this paper, we comprehensively report the diverse precipitation
patterns of PB and Cu-Fe PBA observed in the RDR system. This
is an extension of a previous study [11] exploring the
experimental conditions under which periodic patterns are
observed with high probability. Because very little is currently
known about RDR patterning (only for Cu-Fe PBA system [11]),
the present study (although qualitative) is useful for outlining this
novel class of macroscopic patterning.

Additionally, the RDR patterning of PB and PBA is also
interesting from the perspective of applications in material
science because PB and PBA have attracted significant interest
as multifunctional platforms for various applications [14] such

Precipitation Patterns in RDR Systems

as magnets [15, 16], batteries [13, 17, 18], catalysts [19], gas
adsorbents [20—22], and radioactive-Cs adsorbents [20,23—25]
owing to their characteristic crystal structures. Generally, PB/
PBA properties are strongly influenced by the Fe(CN)g
vacancies (or the value of z), the amount of which depends
considerably on the preparation process [13, 15, 17].
Therefore, if we could prepare gels containing PB/PBA with
position-dependent variation of Fe(CN)¢ vacancies using RDR
processes in the future, the RDR patterning may be used to
simultaneously obtain PB/PBA with different functional
properties [11].

2 MATERIALS AND METHODS

2.1 Materials

Analytical reagent-grade K; [Fe™(CN)]  (299.0%), K,
[Fe"(CN)6]-3H,0  (299.5%),  Fe''SO47H,O  (299.0%),
Fe"'Cl;-6H,0 (299.0%), and Cu"Cl,2H,O (>99.0%) were
obtained from Wako Pure Chemical Industries (Osaka, Japan).
Agarose for electrophoresis (gel strength: 1,800-2300 g/cm’) was
purchased from Kanto Chemical (Tokyo, Japan). All chemicals
were used without further purification. All aqueous solutions
were prepared using deionized water that had been purified from
tap water using a cartridge water purifier (G-10: Organo, Tokyo,
Japan). For the electrodes, Ti (299.5%), Fe (=99.5%), and Cu
(=99.9%) rods were obtained from Nilaco (Tokyo, Japan).

2.2 Preparation of the Sample for the RDR

Experiment

A sample tube filled with agarose gel containing [Fe'(CN)]*~
ions was prepared as described below. Appropriate amounts of K;
[Fe(CN)¢] powder were dissolved in deionized water at 25°C to
form a [Fe™(CN)4]*>~ solution (30 ml) with a concentration of
0.050-0.100 M. After adding 2.0 mass% agarose, the mixture was
stirred vigorously at 98°C for 30s to produce a uniform
[Fem(CN)G]3_agarose sol. Note that the density of the
employed agarose sol was relatively high to suppress gel
shrinkage when a voltage was applied. Using a Pasteur pipette,
the prepared sol was transferred to plastic straws (4 mm in
diameter and 50 mm long), the bottoms of which were
plugged with a metal (Ti, Fe, or Cu) rod with a diameter of
4 mm and length of ~20 mm, which was used as the cathode.
Because the sol was viscous and solidified within 1000 s, it did not
leak from the bottom of the straws. Plastic straws were employed
as sample holders because they are simple to process and use, low-
cost, and enable the easy introduction of viscous samples [26].
The hot sol in the straw was left to cool to 25°C, thus forming a
solidified gel. The height of the gel column in the sample tube was
~40 mm.

Another metal rod (Fe or Cu; 3 mm in diameter and ~20 mm
long) was placed atop the gel as the anode. This metal rod was
narrower than that at the bottom of the tube. Because it did not fit
tightly inside the straw, the metal anode maintained contact with
the gel surface even when the electric field caused the gel sample to
contract. The cathode and anode were connected to a
programmable power supply (1696B, B&K Precision, Yorba
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Linda, CA, United States). During voltage application at 25°C for
20-100 h (current <1 mA), the precipitation patterns formed in the
sample tube were monitored using a digital camera (IXY650,
Canon, Japan). In some experiments, not only constant voltage
application, but also cyclic alternating voltage application [11] were
examined. After these voltage applications, several gel samples were
removed from the straws and repeatedly immersed in deionized
water (~200 ml) for 3 days to remove unreacted [Fe™(CN)g]*~ ions
and soluble compounds (these ions and compounds were
spontaneously eluted from the gels into water). Without such
immersion, the precipitation patterns in the gel occasionally
changed (within 50h), implying that precipitation reactions in
the gel can proceed even without voltage application; however,
such changes were not significant [11].

For comparison, precipitates of PB and Cu—Fe PBA were
formed in aqueous solutions as follows: 0.050 M [Fe™(CN)(]*/
[Fe''(CN)]* aqueous solutions (0.1 ml) were prepared in glass
tubes (4 mm in diameter and 60 mm long) by dissolving Kj
[Fe™(CN)6]/K, [Fe'(CN)s]-3H,0 powder in deionized water at
25°C. Separately, 0.250 M aqueous solutions of Fe**, Fe**, and
Cu®* (0.1ml) were prepared by dissolving powders of
Fe'$0,7H,0, Fe''Cl;-6H,0, and Cu'"'Cl,-2H,0, respectively,
in deionized water at 25°C and were mixed with the 0.050 M
[Fe™(CN)s]*/[Fe"(CN)4]*" solutions. Precipitates of PB or Cu—
Fe PBA formed immediately in the mixed solutions.

3 RESULTS

3.1 Colors of Precipitates of PB and Cu—

Fe PBA

The precipitates of PB and PBA are known to exhibit various
colors depending on the types of E** ions and the oxidation states
of Fe [27]. Figure 2 shows the precipitates of PB and Cu—Fe PBA
formed in aqueous solutions with labeled precipitate colors. The
characteristic colors of these precipitates are useful for assigning
the types of PB and Cu—Fe PBA formed in the RDR systems, as
described later.

red squares. The charges of the electrodes and a scale bar are provided at the
top and bottom of the images, respectively.

3.2 Precipitation Patterns under Constant

Voltage

3.2.1 Basic Features

Figures 3A,B show typical multicolored patterns formed at 25°C
in the RDR system of the Cu-Fe PBA and PB, respectively, under
an applied voltage of 2V for 50 h. The initial [Fe™(CN)(]*>~
concentration was 0.050 M. Despite its intrinsic stochasticity, the
pattern shown in Figure 3A was primarily the same as that
previously reported [11].

As reported previously [11], in the Cu-Fe PBA system, a
relatively short reddish-brown band formed on the cathode side
(Figure 3A), suggesting the accumulation of Cu''-Fe'! PBA after
50 h of voltage application. Meanwhile, a wide region on the
anode side became green, which is the color of aqueous Cu** ions
(providing a blue color) that were mixed with [Fe™(CN)4]*> ions
(providing a yellow color) [11]. Thus, the green color suggests the
accumulation of aqueous Cu®" ions without generating Cu"-~Fe'"
PBA, which are typically ocher (Figure 2). These findings suggest
that precipitation reaction (7) is more dominant than reaction (6)
in the agarose gel. Note that significant amounts of reddish-
brown deposits accumulated at the cathode and anode surfaces
[11], suggesting that at the electrode surfaces reaction (7) [as well
as reaction (11)] is again more dominant than reaction (6).

Interestingly, the pattern observed in the PB system
(Figure 3B) was completely different from that of the Cu-Fe
PBA system. Here, a relatively long dark-blue (characteristic color
of PB; Figure 2) band with graduations in color was observed on
the anode side, suggesting the accumulation of PB precipitates.
The PB accumulation on the anode side was considered to be due
to the extremely low solubility of PB: for example, at 25°C, the
base 10 logarithm of the solubility constant for PB (-40.52) is
much lower than that for Mn"-Fe-based PBA (-12.10),
Co''-Fe'-based PBA (-14.74), Ni'-Fe'"-based PBA (-~14.89),
and Cu"-Fe" PBA (~15.89) [28]. Owing to this property, the
Fe’* ions produced at the anode could readily form PB
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10 mm

FIGURE 4 | Typical multicolored patterns formed at 25°C in the RDR
system of (A) Cu-Fe PBA and (B) PB under an applied voltage of 2 V for
100 h. The initial [Fe"(CN)g]*"concentration and the initial agarose density
were 0.050 M and 2.0 mass%, respectively. The charges of the
electrodes and a scale bar are provided at the top and bottom of the images,
respectively.

precipitates via reaction (6) with the initially loaded [Fe'"(CN)¢]*~
ions [and the subsequent reaction (10)]. Additionally, significant
amounts of dark-blue deposits accumulated at the cathode and
anode surfaces. Note that bluish-white PW precipitates could not
be clearly observed anywhere in this system. The lack of PW
(Fe"-Fe'") precipitates suggests that in the PB system,
precipitation reaction (6) to produce PB was more dominant
than reaction (7) to produce PW. This opposite trend to the
Cu-Fe PBA system can be explained by two factors: 1) generally,
the reduced species [Fe'(CN)s]* ions, are less abundant around
the anode and 2) Fe*" ions are easily oxidized to Fe’" ions in the
hydrogel through reaction (3).

As shown in Figure 3C, until ~20 h of voltage application, the
dark-blue PB band was located away from the anode surface and
its bandwidth was significantly narrow. The color around the
anode surface was dark brown which is the color of the BG (and
possibly Fe** jon-related compounds including Fe'(OH)5). This
observation suggests that, around the anode, side reactions (3),
(8), and/or (12-14) were competitive with the PB-forming
reaction (6). Here, competitive Fe(OH); formation is
possible because the base 10 logarithm of the solubility
constant for Fe™(OH); (-36.35) is comparable to that for PB
(-40.52) at 25°C [28]. Additionally, Figure 3C shows a thin
brown band near the cathode, which was occasionally (not
always) observed in the PB system. The existence of this band
suggests that the aforementioned side reactions can also
contribute to band formation on the cathode side.

3.2.2 Effects of Long-Time Voltage Application

Figure 4 shows typical multicolored patterns formed at 25°C in
the RDR system of the Cu-Fe PBA and PB under an applied
voltage of 2V for 100h. Here, the initial [Fe™(CN)¢]*™
concentration was 0.050 M.

For Cu-Fe PBA (Figure 4A), the reddish-brown band broadened
toward the anode with color fading, suggesting a decrease in the
amount of Cu"-Fe'" PBA. This observation can be explained as
follows. Under long-time voltage application, Cu"-Fe" PBA
precipitates in the precipitation band were partially decomposed
by OH™ ions [increasingly generated from the cathode by side
reaction (5)] through reaction (15). Owing to the diffusion and

10 mm

FIGURE 5 | (A) Typical multicolored pattern formed at 25°C in the Cu-Fe
PBA system under an applied voltage of 2 V for 50 h. (B) Typical precipitation
pattern formed at 25°C in the PB system under an applied voltage of 2 V for
20 h. The initial [Fe"(CN)e]*> concentration and the initial agarose density
were 0.100 M and 2.0 mass%, respectively. The charges of the electrodes
and a scale bar are provided at the top and bottom of the images, respectively.

10 mm

FIGURE 6 | (A) Typical multicolored pattern formed at 25°C in the Cu-Fe
PBA system under an applied voltage of 4 V for 50 h. (B) Typical precipitation
pattern formed at 25°C in the PB system under an applied voltage of 4 V for
20 h. The initial [Fe"(CN)e]*>"concentration and the initial agarose density
were 0.050 M and 2.0 mass%, respectively. The charges of the electrodes
and a scale bar are provided at the top and bottom of the images, respectively.

electric field, the decomposed [Fe"(CN)¢]* ions drifted to the anode
side, where the green color deepened, suggesting the accumulation of
Cu** jons [increasingly generated from the anode by reaction (1)].
Thus, these two types of reactant ions reacted on the anode side to re-
produce Cu"-Fe" PBA, which resulted in the broadening of the
Cu"-Fe"" PBA band toward the anode. Meanwhile, for the PB
system, the long-time voltage application broadened the almost-
continuous dark-blue (PB) band toward the cathode side with a
deepening color (compare Figures 3B, 4B), suggesting the
continuous accumulation of PB precipitates with time. Thus,
long-time voltage application was effective in broadening the
precipitation band of PB and Cu"-Fe"" PBA but not in forming
their periodic bands.

3.2.3 Effects of Higher-Concentration [Fe"'(CN)g]*>~
lons

Figure 5 shows typical multicolored patterns formed at 25°C in the
RDR system of the Cu-Fe PBA and PB under an applied voltage of
2'V. Here, the initial [Fe™(CN)4]*> concentration was 0.100 M.

A comparison between Figures 3, 5 suggests a common effect of
increasing [Fe™(CN)¢]*™ ions (0.050 M — 0.100 M) on the two
systems: higher [Fe' (CN)¢]*>~ concentrations significantly deepened
the color of the generated patterns. For the Cu-Fe PBA system, an
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10 mm

FIGURE 7 | (A) Typical multicolored pattern formed at 25 °C in the

Cu-Fe PBA system using a Tirod as a cathode under an applied voltage of 2 V
for 50 h. (B) Typical precipitation pattern formed at 25°C in the PB system
using the Ti cathode under an applied voltage of 2 V for 20 h. The initial
[Fe"(CN)e>~concentration and the initial agarose density were 0.050 M and
2.0 mass%, respectively. The charges of the electrodes and a scale bar are
provided at the top and bottom of the images, respectively.

increase in the concentration broadened the reddish-brown (Cu'—
Fe"' PBA) band. These findings are consistent with the expectation
that the increase in [Fe™(CN)4]>™ ions promotes the generation of
reactant [Fe"(CN)g]*~ ions [via reaction (2)] and the precipitation of
PB [via reaction (9)] and Cu-Fe® PBA [via reaction (7)].
Interestingly, the comparison between Figures 3, 5 also suggests
that higher [Fe'™(CN)¢]*~ concentrations only slightly influenced the
number and position of the PB/Cu"~Fe"" PBA band; in other words,
higher concentrations did not lead to periodic banding or a large
shift in the band position. Based on these observations, the 0.050 M
[Fe"™(CN)s]*~ concentration was primarily employed in this study
because the multicolored patterns were generally most clearly
observable at this concentration.

3.2.4 Influence of Applied Voltage
Figure 6 shows typical multicolored patterns formed at 25°C in the
RDR system of the Cu-Fe PBA and PB under an applied voltage of
4V. Here, the initial [Fe™(CN)¢]* concentration was 0.050 M.
For the Cu-Fe PBA system, a comparison between Figures 3A,
6A indicates that the propagation of the reddish-brown Cu"-Fe"
PBA band to the anode side was considerably suppressed at 4 V, and
the bandwidth was narrower than that at 2'V. Meanwhile, the
Cu"-Fe" PBA band did not increase in number upon the
application of 4 V. These observations suggest that increasing the
applied voltage is effective in restricting the broadening of the
Cu"-Fe"" PBA band but not in the formation of periodic bands.
In the PB system under the application of 4 V, only a relatively long,
thick dark-blue band was formed in the region close to the anode,
followed by a thin green region (Figure 6B). The yellow color of
[Fe™(CN)g]* ions disappeared near the cathode, indicating that the
anode strongly attracted [Fe™(CN)J* ions. The relatively narrow,
discrete, dark-blue PB band that formed at 2V (observed in
Figure 3C) disappeared. Thus, for the PB system, the 4 V application
hindered periodic banding or even the formation of a discrete PB band.
In addition, the application of a constant voltage of 4 V or
higher occasionally resulted in several experimental problems,
particularly for long-time observations (>50 h). For example, the
agarose gel occasionally shrank during the application of a
constant voltage of 4V, primarily on the cathode side. At
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higher voltages, such shrinkage occurred more frequently and
prevented detailed observation. Furthermore, at voltages greater
than 4 V, contact between the cathode and gel was frequently lost,
possibly because of the formation of H, bubbles generated by
reaction (5) on the cathode surface (although the bubbles were
not observed in the gels by the naked eye). At less than 2 V (such
as 1.5V), the precipitation bands of PB and Cu"-Fe"' PBA were
not clearly observed, even after 100 h (not shown here). Thus, in
this study, the applied constant voltages for examining
precipitation patterns in detail were limited to 2—4 V.

3.2.5 Influence of the Ti Cathode

The multicolored patterns shown in Figures 3—6 were obtained when
the same metal was used as the anode and cathode. If the precipitates of
PB and PBA formed only through the precipitation reactions (6), (7),
or (9) of the reactant ions that were simply produced by reactions (1)
and (2) at the electrodes and were subsequently moved by diftusion
and the electric field in the gel (Figure 1 is depicted according to this
simple model), the substitution of the cathode metal is expected to
hardly change the precipitation pattern because any metal, in principle,
can operate as a cathode to reduce [Fe™(CN)4]*™ ions.

Figure 7 shows typical multicolored patterns formed at 25°C
in the RDR system of the Cu-Fe PBA and PB commonly using a
Ti cathode under an applied voltage of 2 V. Here, the initial
[Fe"(CN)4]*>“concentration was 0.050 M, and the voltage
application periods were set to be the same as those employed
to observe the patterns in Figures 3A,C: 50 and 20 h. Ti metal was
selected as the cathode because it can generate [Fe''(CN)4]* ions
but cannot provide PB or Cu—Fe-PBA at its surface.

As shown in Figure 7A, substitution into the Ti cathode clearly
blocked the formation of the Cu”"~Fe"" PBA band, and a narrow,
reddish-brown band was barely observed on the cathode side, but
its color was very light, indicating that the amount of Cu"-Fe''
PBA in the band was very low. This observation suggests that the
Cu"-Fe'" PBA precipitates generated at the Cu cathode surface
considerably contributed to the Cu"-Fe"" PBA band in the agarose
gel. The Cu"-Fe"" PBA precipitates at the cathode surface can be
decomposed through reaction (15) by OH ™ ions generated at the
cathode by reaction (5). The [Fe'(CN)¢]* ions and charged

10 mm

FIGURE 8 | (A) Typical precipitation pattern (formed at 25°C under an
applied voltage of 2 V for 50 h) after removing unreacted ions and soluble
compounds from the Cu-Fe PBA system. (B) Typical precipitation pattern
(formed at 25°C under an applied voltage of 2 V for 20 h) after removing
unreacted ions and soluble compounds from the PB system. The initial
[Fe"(CN)e]*~concentration and the initial agarose density were 0.050 M and
2.0 mass%, respectively. The regions in which a precipitation band was
formed are indicated by red squares. A scale bar is provided at the bottom of
the images.
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FIGURE 9 | Typical multicolored patterns formed at 25°C in the RDR
system of (A) Cu-Fe PBA and (B) PB under cyclic alternating voltages of 4 V
(1 h)yand 1 V (4 h). The Cu-Fe PBA pattern was obtained by 20 cycles (100 h),
and the PB pattern was obtained by four cycles (20 h). The initial
[Fe"(CN)g]*> concentration and the initial agarose density were 0.050 M and
2.0 mass%, respectively. The regions in which periodic precipitation bands
were formed are indicated by red squares. The charges of the electrodes and
a scale bar are provided at the top and bottom of the images, respectively.

fragments of the precipitates thus generated can disperse owing to
diffusion and an electric field to re-produce Cu"-Fe" PBA
precipitates in the agarose gel.

The above mechanism is expected to be less effective for the PB
system because the PB band formed on the anode side, suggesting that
the reactions with the initially loaded [Fe™(CN)s]*™ ions near the
anode were dominant in forming the band patterns. Indeed, a
comparison between Figures 3C, 7B indicates that the substitution
of the cathode from Fe to Ti only slightly affected the dark-blue PB
band on the anode side. Interestingly, a thin brown band on the
cathode side, which was occasionally observed using the Fe cathode
(Figure 3C), always disappeared completely through this cathode
substitution. This finding suggests that the formation of the thin
brown (not PB) band requires several fragments generated from PB at
the Fe cathode surface through reaction (17). Thus, we deduced that
the formation and decomposition of PB or Cu''~Fe'' PBA precipitates
at the Fe or Cu cathode surfaces, respectively, are important for the
formation of precipitate band(s) in the gel near the cathode.

3.2.6 Precipitation Patterns after Removing Unreacted
lons and Soluble Compounds
Figure 8A shows a typical precipitation pattern (formed at 25°C
under an applied voltage of 2 V for 50 h) after the removal of the
unreacted ions and soluble compounds from the Cu-Fe PBA
system. The initial [Fe™(CN)g]* concentration was 0.050 M. As
expected, the characteristic yellow color of the [Fe'™(CN)¢]* ions
disappeared and the reddish-brown Cu"-Fe"" PBA band persisted.
Note that the ocher color of the Cu"-Fe™ PBA was not observed in
Figure 8A. Interestingly, the blue color remained over a wide area on
the anode side (right side of Figure 8A). This finding suggests that
the Cu®* ions formed sparingly soluble Cu"(OH), on the anode side
through side reactions (12) and/or (15) with OH" ions that migrated
to the anode side under the influence of a constant 2 V application.
These observations confirm the suggestion provided by Figure 3A
that in the Cu-Fe PBA system [Fe(CN)¢]* ions are less reactive
with aqueous Cu®" ions than [Fe"(CN)¢]* and OH™ ions; in other
words, reaction (6) is less active than reactions (7) and (12).
Figure 8B shows a typical precipitation pattern (formed at 25°C
under an applied voltage of 2V for 20 h) after the removal of the

FIGURE 10 | Enlarged image of the periodic bands shown in Figure 9A
after removing unreacted ions and soluble compounds. The bands are
numbered from 1 (the cathode side) to 12 (the anode side). For comparison,
1 mm graduations are also shown at the bottom of the image.

unreacted ions and soluble compounds from the PB system. The
initial [Fe"(CN)¢]> concentration was 0.050 M. As expected, the
characteristic yellow color of the [Fe"™(CN)]*~ ions and the dark-
brown color of the BG disappeared, and the discrete dark-blue PB
band persisted. Interestingly, the dark-blue color remained in the
region near the anode, although it was not very clear before the
removal process (see Figures 3C, 5B, 7B), possibly because of the
overlap with unreacted Fe** (yellow brown) and [Fe™(CN)s]* ions
(yellow) and the generated BG (dark brown). Furthermore, the
bluish-white color of PW is not observed in Figure 8B. These
observations confirm the suggestion provided by Figure 3B that, in
the PB system, reaction (7) is less active than reaction (6).
Additionally, it is interesting that a thin brown band on the
cathode side, which was occasionally observed using the Fe
cathode (Figure 3C) but not using the Ti cathode (Figure 7B),
persisted. This finding suggests that the thin brown band did not
consist of soluble BG, but sparingly soluble Fe"'(OH)5; hence, the PB
fragments required for its generation were Fe''(OH);-related
fragments, possibly provided by reaction (17) at the cathode surface.

3.3 Precipitation Patterns under Cyclic

Alternating Voltages

3.3.1 Influence of Cyclic Alternating Voltages

Figure 9 shows typical multicolored patterns formed in the RDR
system under cyclic alternating voltages of 4 V for 1 h and then 1 V for
4 h per cycle (the initial [Fe™(CN)]*> concentration was 0.050 M). In
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this cyclic voltage sequence, fewer reactant ions are produced at 1V,
and more reactant ions are produced at 4 V. Furthermore, the diffusion
contribution to their transportation is more important at 1 V, and the
drift contribution due to the electric field is more important at 4 V.

In the Cu-Fe PBA system (Figure 9A), several periodic (that is,
Liesegang-band-like), short reddish-brown Cu"-Fe" PBA bands
(which were not observed under constant voltage; see Figures 3A—
7A) were observed within a relatively narrow region (<8 mm) near the
cathode. Figure 10 shows an enlarged image of the periodic bands in
Figure 9A after removing unreacted ions and soluble compounds;
1 mm graduations are shown for ease of comparison. These periodic
bands were numbered from i = 1 (cathode side) to 12 (anode side).
Because of the stochastic nature, the periodic pattern shown in
Figure 10 was not completely the same as the pattern previously
reported [11]; however, it exhibited similar basic features, including a
band number of ~12 and the existence of the blue band.

As reported previously [11], these periodic bands stochastically
formed with a probability of ~50% after 40h of cyclic voltage
application (eight cycles), and the number of bands increased
with time (within 12 + 5 after removing unreacted ions). Here,
~50% formation of periodic bands indicates that when the m gel
samples are prepared under the same experimental conditions (in
this study, typically m = 24), we may observe periodic banding in
~m/2 samples. In the other ~m/2 samples, an almost continuous
band with several lengths was formed, implying an overlap of the
periodic bands [11]. The periodic bands maintained their positions
during the observation period, and several bands were blue (for
example, the band with i = 12 in Figure 10), strongly suggesting the
presence of Cu(OH), [11].

It is well known that Liesegang bands tend to follow an empirical
scaling law, the so-called spacing law, irrespective of the electrolyte
pair and geometry of the system: X;,,/X; = 1 + p, where X; is the
position of the i-th band and p > 0 for most systems [1, 2, 5-8]. The
spacing law means that the space between adjacent bands increases
monotonically with i [11]. Meanwhile, Figure 10 indicates that the
band space obtained in the Cu-Fe PBA system did not increase
monotonically with i but remained approximately constant
(~03mm) with a broad dispersion (+0.3 mm), thus failing to
obey the spacing law. It is not surprising that the periodic
banding in Figure 10 disobeyed the spacing law because the
mechanism to form periodic bands in the proposed RDR system
fundamentally differs from that in the conventional RD system used
to examine Liesegang banding. Currently, no mathematical model is
available to explain the periodic banding observed in RDR systems
under cyclic alternating voltages. A deeper understanding of this new
class of periodic banding is urgently required.

In the PB system (Figure 9B), the cyclic alternating voltage
application could split a discrete precipitation band (which formed
under constant voltage pplications; Figures 3C, 5B, 7B, 8B) into a
few bands near the anode. Such splitting stochastically occurred with
a probability of ~50% after 10 h of cyclic voltage application (two
cycles), whereas in the other ~50% of the scenarios, the cyclic
alternating voltage application caused the discrete precipitation
band to be completely painted out in a continuous band. The
observed split bands were broader and more blurred than the
periodic bands in the Cu-Fe PBA system, and their numbers
were less than three. By combining these findings and the
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10 mm

FIGURE 11 | Typical multicolored patterns formed at 25°C in the Cu-Fe

PBA system under various cyclic alternating voltage conditions. The initial
[Fe"(CN)e]*>~concentration and the initial agarose density were 0.050 M and
2.0 mass%, respectively. The multicolored patterns (A,B) were obtained

by 10 cycles of alternating voltages of 4 V (1 h) and 1 V (9 h) and 40 cycles of
alternating voltages of 4 V (1 h) and 1 V (1.5 h), respectively. The multicolored
patterns (C,D) were obtained by 20 cycles of alternating voltages of 3 V (1 h)
and 1V (4 h)yand 5V (1 h)and 1V (4 h), respectively. For each sample, the
total voltage application time was set to 100 h. The regions in which periodic
bands were formed are indicated by red squares. The charges of the
electrodes and a scale bar are provided at the top and bottom of the images,
respectively.

suggestions from Figures 3B, 7B, 8B that in the PB system, the
reactions with the initially loaded [Fe'™(CN)¢]* ions are dominant,
we deduced that the cyclic voltage application is more effective for
forming periodic precipitation bands when both the anode and
cathode can supply the reactant ions of the precipitates.

3.3.2 Effects of Voltage and Period in Cyclic
Alternating Voltage Application

Based on the above results, the Cu-Fe PBA system is employed
hereafter for more detailed analyses of the factors that form
periodic bands under cyclic alternating voltages. Note that the
precipitation band formation in the RDR system is stochastic to
an extent; hence, we can suggest only the general trend of the
patterning, depending on some factors.

Figures 11A,B show typical multicolored patterns formed at
25°C in the Cu-Fe PBA system under 10 cycles of alternating
voltages of 4V for 1 h and 1V for 9h per cycle, and 40 cycles
of alternating voltages of 4V for 1 h and 1V for 1.5h per cycle,
respectively (the initial [Fe™(CN)g]* concentration was 0.050 M).
Compared with the reddish-brown bands shown in Figure 9A, the
bands in Figure 11A are considerably broad, distorted, and defective
in shape. These diffusive features suggest the strong influence of
diffusion to reactant ions, primarily because of the relatively long
period of 1V application. In contrast, the reddish-brown bands in
Figure 11B are significantly narrow, thick in color, and overall
similar to the corresponding bands observed in Figure 6A (obtained
under a constant 4 V application). This similarity is not surprising
because such a frequently alternating voltage application can be
approximated as a constant 4 V application.
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Figures 11C,D show typical multicolored patterns formed at 25°C
in the Cu-Fe PBA system under 20 cycles of alternating voltages of 3 V
for 1 hand 1V for 4h per cycle,and 5V for 1 hand 1V for 4 h per
cycle, respectively (the initial [Fe™(CN)s]* concentration was 0.050 M).
As shown in Figure 11C, the alternating voltage application of 3 V (1 h)
and 1V (4 h) broadened the precipitation band, whereas its band shape
was almost continuous, unlike that under the 4V (1 h) and 1V (4 h)
conditions (Figure 9A). Thus, this alternating voltage application does
not seem to be effective in producing periodic bands. In contrast, as
shown in Figure 11D, the alternating voltage application of 5V (1 h)
and 1V (4 h) tended to generate several periodic bands, similar to the
4V (1h) and 1V (4 h) applications, but the regions forming the bands
were considerably limited (<3 mm).

Thus, we conclude from the results in Figure 11 that 1) the
voltage and period of alternating voltage application strongly
influence the resultant precipitation patterns, and 2) currently,
the application of 4 V (1 h) and 1 V (4 h) is the most effective for
generating periodic bands over a relatively wide region in the gel.

4 DISCUSSION

As shown in Figures 3—11, the RDR system (Figure 1) can generate
various types of precipitation patterns of PB and Cu"—Fe" PBA with a
significant aesthetic appeal, depending on the type of electrode and the
conditions of voltage application. Its preparation and operation are
simple and low-cost [for example, constant-voltage experiments can
be performed within $130: a plastic straw ($ ~0.01), metal rods ($ ~2),
agarose ($ ~85), K5 [Fe™(CN)g] ($ ~40), and two dry cells ($ ~1.5)],
but its chemistry is complicated and its physics is interesting. These
features make the proposed RDR system a fascinating educational tool
for pattern forming. Furthermore, RDR patterning of PB and PBA is
potentially applicable in materials science [11]. However, from the
perspective of the practical applications of RDR patterning, many
challenges remain. For example, in the Cu—Fe PBA system, periodic
banding only occurred stochastically (with a probability of ~50%), and
some byproducts such as Cu"(OH), were present in the bands. These
characteristics can hinder its application; hence, better control over
RDR patterning is required, including the reproducibility of the
obtained patterns and the amounts of PB or PBA and byproducts
in the RDR system.

Achieving better control of the RDR patterns requires a deeper
understanding of the observations reported in this paper, particularly
periodic banding under an alternating voltage application (Figures 9—
11). As previously mentioned [11], a theoretical framework applicable
to the RDR system should be developed. Optimal experimental
conditions for producing well-controlled patterns should be further
explored. In addition to the initial concentration of [Fe™(CN)g])* ions
(Figure 5), cathode metals (Figure 7), applied voltages (Figures 6, 11),
and application periods (Figures 4, 11), several factors can change the
precipitation patterns: for example, the length and diameter of the gel
column, gel type [29], gel density [29], and the presence of magnetic
fields [30]. Precipitation patterns, including periodic bands, should be
examined while varying these factors. The extension of the RDR
experiments to other PBA systems is also interesting; for example, the
RDR patterning of Co—Fe-based PBA and Ni—Fe-based PBA can be
easily examined using the current setup by substituting for Co and Ni
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electrodes. It is also important to comprehensively characterize the
reaction products, including byproducts, formed in the precipitation
band(s), other colored regions in the gel, and anode and cathode
surfaces. For example, X-ray absorption fine structure spectroscopy
and X-ray diffractometry are useful for investigating the local
structure(s) around the metal atoms and the crystallinity of the
generated compounds, respectively. Scanning electron microscopy
and micro-X-ray fluorescence mapping may be helpful for
determining the characteristics and distribution of the byproducts.
If possible, effective methods should be developed to remove (or at
least suppress) the byproducts. Additionally, electrochemical processes
at the boundaries between the metal electrodes and agarose gel should
be further investigated. Electrochemical measurements capable of
detecting pA levels may provide insights into this issue. Thus,
further research across several scientific fields is required.

5 CONCLUSION

In a significantly simple RDR system, diverse precipitation patterns
of PB and Cu"—Fe" PBA were generated, depending on the type of
metal electrode, applied voltage, initial [Fe™(CN)s]*~ concentration,
and elapsed time after voltage application. We observed that 1) cyclic
alternating voltage applications (particularly, that of 4 V for 1 h and
1V for 4h per cycle) could generate Liesegang-band-like periodic
bands (although stochastically with a probability of ~50%); and 2)
OH" ions, a byproduct of the cathode, considerably influence the
resultant patterns through the formation of hydroxide precipitates in
the gel and the decomposition of the PB/Cu"—Fe" PBA precipitates
generated at the cathode surface. Despite these findings, many
aspects of the RDR patterning remain unclear. The novelty,
simplicity of handling, diversity of the observed patterns,
significant aesthetic appeal, and associated potential applications
warrant further investigation of the RDR patterning of PB and PBA.
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