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We describe a new class of the periodic banding of Ag2O precipitates through reaction–transport–reaction processes in an agarose-hydrogel column; the gel contains NaNO3 as an additive and is inserted between Ag and Ti rods with an applied constant voltage of 4.0–7.0 V. Submillimeter-scale periodic dark-brown precipitation bands were transiently generated with high reproducibility in this system, in which (i) electrochemical reactions at the metal rods to generate Ag+ and OH−, (ii) transportation of the reactant ions by the electric field, and (iii) reactions to produce Ag2O are expected to couple. The bands successively emerged mainly toward the cathode, accompanied by substantial changes in the electric current through the gel. The periodic banding depended on the applied voltage, duration of application, and concentration of NaNO3 initially loaded in the gel. The banding was most clearly observed in a 2.0 mass% agarose gel column containing 0.005 M NaNO3 under a constant applied voltage of ∼5.5 V for ∼3 h. This optimal condition resulted in more than ten periodic bands, of which the bandwidth (w) and the distance between the adjacent bands (d) were randomly distributed around the average values: for the bands formed up to 2 h, w = 0.25 ± 0.04 mm and d = 0.42 ± 0.05 mm; for the bands formed after 2 h, w = 0.42 ± 0.11 mm and d = 0.68 ± 0.07 mm. The generated periodic bands were gradually painted out with time to form an almost continuous broad band, even after the applied voltage was discontinued, although immersion of the gel in deionized water for 3 h could suppress this uniformization. Observations using optical and scanning electron microscopes with an energy-dispersive X-ray detector suggested that the periodic bands were composed of gelatinous Ag2O and micrometer-scale (1–50 μm) clusters, which comprised Ag-abundant nanoparticles with considerable size dispersion (10–500 nm). The relationship between the periodic banding and inhomogeneous distribution of the reactant ions and potential applications of the observed banding phenomena are discussed.
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1 INTRODUCTION
Periodic precipitation, known as Liesegang banding [1–5], is one of the oldest and most studied self-organizing pattern formation phenomena [6, 7]. In Liesegang-banding systems, the diffusion of the constituent ions and their reactions are coupled in a gel to spontaneously form parallel precipitation bands with spacings ranging from a few tens of micrometers to a few centimeters [2–6]. Liesegang banding has provided insights into various research fields, including chemistry, geology, biology, and physics [3], and has attracted considerable scientific interest, partially because it offers a new strategy for rationally designing complex micro- and nano-sized materials and functional devices [8–10]. Nevertheless, Liesegang banding has only been observed for relatively few combinations of co-precipitating ions and supporting gels [4]. Hence, to develop new applications for periodic-banding phenomena in materials science and engineering (e.g., for designing ionic skin [11]), it is necessary to extend the scope of periodic precipitation systems beyond that of classical Liesegang-banding systems. This extension has been attempted extensively [12–16].
Recently, we discovered a new class of periodic-banding systems in which the following coupled processes (reaction-transport-reaction (RTR) processes) are expected to occur in the gel: electrochemical reactions to generate reactant ions, transportation of the ions by the electric field and thermal diffusion in the gel, and reactions of the ions to form precipitates. Specifically, Cu–Fe-based Prussian blue analogs (Cu–Fe PBA) [17, 18] and Fe(OH)3 [19] precipitate with the stochastic formation of periodic bands in agarose gel by applying cyclic alternating voltages (e.g., 4 and 1 V, for 1 and 4 h, respectively, per cycle). RTR processes have been overlooked throughout the long research history of periodic (Liesegang) banding, although similar processes such as Liesegang banding under electric fields [4, 20–23] have been examined.
Previously studied RTR systems [17–19] differ from that presented in this paper−the Ag2O precipitation system via RTR processes−because Ag2O periodic precipitation bands are generated by applying constant voltage. This property can broaden the range of practical applications of periodic precipitation banding. Notably, Ag2O is a functional material with photocatalytic [24] and oxidative activities [25], and new synthesis methods thereof have been intensively explored [25, 26]. Note also that the precipitation bands of AgOH (the precursor of Ag2O) in gel generated by the conventional Liesegang-banding approach are not periodic but continuous [27].
As illustrated in Figure 1, the RTR system of Ag2O studied here is similar to that of Fe(OH)3 [19]. Agarose-hydrogel containing NaNO3 as an additive is inserted in a plastic straw between two metal rods (Ag for the anode and Ti for the cathode) across which voltage is applied. In this system, Ag+ and OH− ions are generated at the anode and cathode, respectively.
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The generated Ag+ ions form an aqua complex [Ag(H2O)4]+ in the hydrogel:
[image: image]
A side reaction forming H+ ions is also possible at the anode:
[image: image]
The addition of a strong electrolyte, NaNO3, is expected to enhance Reactions 1, 2, and 4 by easily forming the electric double layer and/or thickening the diffuse double layer near the electrodes, similar to water electrolysis (note that electrolytes generating poorly soluble Ag compounds, such as chlorides and sulfates, are unsuitable for this purpose). The ions thus generated, [Ag(H2O)4]+, H+, and OH−, are transported under the influence of the electric field (and thermal diffusion) and react with each other to form AgOH precipitates and H2O in the hydrogel.
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White AgOH that precipitates in Reaction 5 spontaneously yields thermodynamically more stable brown Ag2O:
[image: image]
Under visible-light irradiation, Ag2O decomposes into metallic Ag [24].
[image: image]
Thus, the precipitates generated in this system are mixtures of AgOH, Ag2O, and Ag, and are expected to be AgOH abundant at the initial stages and Ag2O (and/or Ag) dominant at the later stages.
[image: Figure 1]FIGURE 1 | Schematic illustration of the experimental setup, wherein the (i) electrochemical reactions to generate reactant Ag+ and OH− ions, (ii) transportation of the ions by an electric field, and (iii) reactions to form AgOH and Ag2O are coupled to generate precipitation patterns in the agarose-hydrogel. The arrows indicate the direction of the movement of the reactant ions in the electric field.
2 MATERIALS AND METHODS
2.1 Materials
Round bars of Ti (≥99.5%) and Ag (≥99.99%) were obtained from the Nilaco Corporation (Tokyo, Japan) and used as electrodes. Analytical reagent-grade NaNO3 and agarose required for electrophoresis (gel strength: 1,800–2,300 g/cm2) were purchased from Fujifilm Wako Pure Chemical Corporation (Osaka, Japan) and Kanto Chemical Co., Inc. (Tokyo, Japan), respectively. All the chemicals were used as received without further purification. All aqueous solutions were prepared using deionized water that had been obtained by purifying tap water using a cartridge water purifier (G-10, Organo, Tokyo, Japan).
2.2 Sample preparation
Four plastic straws, filled to a length of 50 mm with agarose gel that contained NaNO3 as an additive (termed “sample tubes”), were prepared under the same experimental conditions. Specifically, appropriate amounts of NaNO3 powder were dissolved in deionized water at 25°C to form NaNO3 solutions (30 cm3) with concentrations in the range of 0.000–0.010 M. After adding 2.0 mass% agarose, the mixture was stirred vigorously at 98°C for 45 s to produce a uniform NaNO3–agarose sol. Using a Pasteur pipette, the prepared sol was transferred to the plastic straws (4 mm in diameter and 65 mm in length), the bottom ends of which were plugged with a Ti rod (4 mm in diameter and 20 mm in length) for use as the cathode. The hot sol in each straw was left to cool to 25°C to form a solidified gel. After solidification, a Ag rod (3 mm in diameter and 22 mm in length) was placed on top of the gel as the anode. The cathode and anode were connected to a programmable power supply (PPS303; AS ONE, Osaka, Japan). During the application of constant voltage at 25°C, the electric current through the sample tube and the precipitation patterns formed therein were monitored using a digital multimeter (BDM521, AS ONE) and a digital camera (Tough TG-6, Olympus, Tokyo, Japan), respectively. Once voltage application was discontinued, the sample tubes were laid on white paper (backlit by an LED flashlight) with a ruler with 0.5 mm increments to zoom in on the photo at a magnification of approximately ten times. The zoomed images of the sample tubes (and the ruler) were analyzed in a graphic software (Canvas X, Canvas GFX, Inc., Boston, MA, United States) to measure the width of the precipitation bands (w) and the distances between adjacent bands (d) with an uncertainty of ±0.005 mm. Several gel columns were removed from the sample tubes and immersed in deionized water (200 cm3) for 3 h to remove any unreacted ions.
2.3 Microscopic observation
After immersion, some gel columns were cut into ∼1 mm thick sections for microscopic observation. An optical microscope (SKM-S31C-PC, Saitoh Kougaku, Japan) was used to observe micrometer-scale particles in the sections, whereupon they were allowed to dry for 3 weeks in a calm laboratory environment at 25°C while adhered to double-sided adhesive carbon tape and mounted on the aluminum stub of a scanning electron microscope (SEM; SU8220, Hitachi, Tokyo, Japan). This simple drying procedure required 3 weeks to suppress the movement of the precipitate particles under irradiation by SEM electron beams. Scanning electron microscopy with energy dispersive X-ray analysis (SEM-EDX) measurements were conducted at 15 kV at a working distance of 14.9 mm using an X-ray fluorescence (XRF) detector installed in an SU8220 series instrument (EMAX X-MaxN, Oxford Instruments, Tokyo, Japan) in combination with analysis software (AZtec Live, Oxford Instruments).
3 RESULTS
3.1 Periodic banding of Ag2O precipitates through RTR processes
Figures 2, 3, respectively, show the typical time dependence of the electric current flowing through the sample tube and the spatiotemporal evolution of the precipitation pattern formed therein. The sample tube was prepared with an initial NaNO3 concentration (Cadd) of 0.005 M, and a constant voltage (E) of 5.5 V was applied. As described in Sections 3.2, 3.3, these experimental conditions are optimal for observing the periodic bands clearly.
[image: Figure 2]FIGURE 2 | Time dependence of the electric current through the sample tube at 25°C under Cadd = 0.005 M, E = 5.5 V, and tapp = 7.5 h. The period during which each characteristic pattern was observed in the tube is distinguished by changing the background color of the figure.
[image: Figure 3]FIGURE 3 | Spatiotemporal evolution of typical periodic bands formed in the sample tube at 25°C under Cadd = 0.005 M and E = 5.5 V. The tapp values and designations defined in the text are also indicated. A scale bar and charges on the electrodes are provided at the bottom and top of the image, respectively.
As shown in Figure 2, up to the elapsed time after applying the voltage (tapp) of 1 h, the electric current increased almost monotonically with tapp, suggesting a continuous increase in the reactant ions generated by Reactions 1–4. No marked precipitation was observed in the sample tube during this period.
After tapp = 0.9 h, a discrete, brown band (w ≈ 0.4 mm) gradually became visible at ∼10 mm from the center of the sample tube on the anode side (Figure 3). The emergence of this original precipitation band (named “OG band” (OriGinal band)) decreased the electric current, suggesting the substantial consumption of reactant ions by forming AgOH precipitates. The time at which the electric current through the sample tube reaches its maximum is designated as tp hereafter: currently, tp = 1 h.
After tapp = 1.2 h (1.2tp), the OG band deepened its brown color, and another discrete band emerged on the cathode side of the OG band, accompanied by a further decrease in the electric current. Hereafter, we refer to the discrete bands generated on the cathode side of the OG band “CS bands” (Cathode Side bands). Up to tapp = 1.5 h, relatively narrow CS bands were successively generated in a similar manner within a considerably limited (∼3 mm wide) region (named “NCS region” (Narrow CS band region)). Furthermore, the relatively broad (∼7 mm wide) region on the anode side of the OG band (named “BAS region” (Broad Anode Side region)) browned gradually.
After tapp = 2 h (2tp), the electric current weakened to approximately 1/3 of the peak value, and relatively broad bands gradually emerged (i) between the OG and the first CS band, (ii) on the cathode side out of the NCS region, and (iii) on the anode side of the OG band. Hereafter, we refer to the broad bands generated on the anode side of the OG band “AS bands” (Anode Side bands). The w value of the AS band was ∼0.7 mm. Furthermore, the BAS region, which contained the first AS band, expanded toward the anode, deepening in color to a darker brown. Meanwhile, on the cathode side, beyond the NCS region, light and broad bands were successively generated with increasing tapp; the background brown color within the NCS region deepened gradually. We classify the CS bands into two types: dark and narrow CS bands that formed before 2tp and were located within the NCS region (named “CS-A bands”) and light and broad CS bands that mainly formed after 2tp and were not located within the NCS region (named “CS-B bands”). The average w values were 0.25 ± 0.04 mm (CS-A bands) and 0.42 ± 0.11 mm (CS-B bands); the average d values were 0.42 ± 0.05 mm (CS-A bands) and 0.68 ± 0.07 mm (CS-B bands). Thus, both w and d of the CS-B bands were ∼1.6 times larger than those of the CS-A bands.
After tapp = 3 h (3tp), the electric current became less than 1/5 of the peak value and had little dependence on tapp. At this stage, as tapp increased, the first AS band became distinct, and the CS-B bands continued to emerge successively. The number of CS-B bands was not limited and occasionally exceeded 10 for tapp > 5 h, whereas that of CS-A bands was limited (≤6). At the same time, the dark-brown color of the background in the NCS and BAS regions continued to deepen; consequently, both the CS and AS bands were gradually painted out by the background color to form an approximately continuous band. These gradual changes continued until tapp = 7.5 h.
Notably, the painting-out continued even after discontinuation of the voltage application (compare Figures 4A, B), suggesting that the rate of Reaction 7 is sufficiently slow to cause a considerable time lag until the AgOH crystallites in the gel transform into macroscopic Ag2O precipitates. As a result, the observed periodic bands were occasionally painted out 1 day after the applied voltage was discontinued (Figure 4B). However, the painting-out effect could be suppressed by pulling the sample out of the straw and immersing it in deionized water of 200 cm3 for 3 h; even after 3 h of immersion, the periodic bands became partially blurred with a dark-brown background, but they could be clearly observed by backlighting the sample tube with an LED flashlight (Figure 4C). The observed suppression suggests that unreacted [Ag(H2O)4]+ and OH− ions, as well as AgOH crystallites smaller than the micropores in the agarose gel, remained in the sample tube to cause the painting-out effect, and the 3 h immersion is effective for their removal, as expected.
[image: Figure 4]FIGURE 4 | Temporal changes in precipitation patterns in the sample tube after discontinuation of the applied voltage. Precipitation pattern (A) immediately after and (B) 20.5 h after discontinuing the 5.5 V that was applied for 2.7 h. (C) Precipitation pattern 20.5 h after discontinuing the 5.5 V; this sample was immersed in 200 cm3 of deionized water for 3 h at 25°C immediately after discontinuing the application of 5.5 V and subsequently re-packed in the sample tube. Enlargements of the images of the sample tube in (B, C), backlit by an LED flashlight, are also shown. The scale bars for the normal and enlarged images are provided below the corresponding images in (C). The charges on the electrodes are indicated at the top.
As reported previously [19], while voltage was being applied, the agarose gel gradually shrunk and/or became distorted with tapp, possibly owing to the consumption of water in the sample tube by Reaction 4. After tapp ≈ 7.5 h at E = 5.5 V, this distortion became evident, particularly around the NCS region, suggesting that voltage application would have to be discontinued. Thus, gel distortion by voltage application, as well as the paining-out effect mentioned above, is a factor that limits the observation of periodic banding in the current RTR system. These limiting factors can be alleviated by introducing water into the sample tube during voltage application, which would be interesting to investigate in future.
Figure 5 compares the precipitation patterns of the four sample tubes that were prepared under the same experimental conditions: E = 5.5 V, tapp = 2.7 h, and Cadd = 0.005 M. These patterns exhibited the following common features, demonstrating their high reproducibility: (i) the periodic bands (both CS and AS bands) maintained their positions during the observation time; (ii) the color of the CS-A bands was darker than that of the CS-B bands; (iii) the CS-A bands had smaller w (≈0.25 mm) and d values (≈0.42 mm) than the CS-B bands (w ≈ 0.42 mm and d ≈ 0.68 mm); (iv) the distance between the OG and AS bands (∼3 mm) was considerably longer than the distances between adjacent CS bands. These features were maintained throughout eight additional replications that were prepared under the same experimental conditions.
[image: Figure 5]FIGURE 5 | Comparison of the precipitation patterns of the four sample tubes (backlit by an LED flashlight) prepared under the same experimental conditions: Cadd = 0.005 M, E = 5.5 V, and tapp = 2.7 h. The short black bars serve as guides for the band positions and the designations defined in the text are also shown. A scale bar and charges on the electrodes are provided at the bottom and top of the image, respectively. The dashed red rectangle encloses the NCS region.
In general, owing to the inherent stochastic properties of RTR processes, the precipitation patterns of multiple samples are not completely similar even if the experimental conditions are the same. Nevertheless, as demonstrated in Figure 5, the periodic banding of the current system was much less stochastic with higher reproducibility than that of previously reported RTR systems [17–19]. As mentioned in the Introduction, the periodic banding of the current system (which occurred upon application of a constant and relatively high voltage) is fundamentally different from the banding of previously reported systems (which occurred under application of alternating and relatively low voltages). The high reproducibility shown in Figure 5 is partially attributable to the fact that the random thermal motion of the reactant ions tends to be more substantially suppressed by a larger potential gradient; the potential gradient of the current system under constant application of 5.5 V must be larger than that of previously reported systems when alternating the applied voltage between 3–4 V (1 h) and 1 V (4 h) [17–19] (note that the lengths of all the gel columns were ∼50 mm).
Notably, the abovementioned features were also different from those of classic Liesegang banding, reflecting the differences in the mechanisms that form periodic bands. For instance, in typical Liesegang-banding systems, the distance between adjacent bands (d) increases monotonically, obeying the so-called spacing law Xi+1/Xi = 1 + p, where Xi is the position of the ith band from the gel interface and p > 0 for most systems [2, 4–6, 10]. Conversely, the d values of the adjacent CS bands were randomly distributed around the average values within considerably limited ranges: 0.42 ± 0.05 mm for CS-A bands and 0.68 ± 0.07 mm for CS-B bands. Furthermore, classic Liesegang bands are successively generated in one direction (from the gel interface to the bottom of the test tube) over time [28]; conversely, current periodic bands are successively generated in two directions (both the cathode and anode directions) over time, although the cathode side was the main direction for band development.
3.2 Effect of NaNO3 concentration
Figure 6 compares typical precipitation patterns of three sample tubes that were prepared with Cadd = 0.003 M, 0.005 M, and 0.010 M (E = 5.5 V and tapp = 3tp). Periodic bands were observed for all the Cadd conditions. Although these banding patterns are similar to one another, the following Cadd dependencies are noticeable.
[image: Figure 6]FIGURE 6 | Comparison of the precipitation patterns of three sample tubes (backlit by an LED flashlight) prepared under E = 5.5 V, tapp = 3tp, and Cadd = 0.003 M, 0.005 M, and 0.010 M. The corresponding Cadd values are indicated to the right of the images. For comparison, the precipitation pattern of a sample tube that was prepared without the NaNO3 additive under E = 5.5 V and tapp = 6.5 h is shown. The short black bars serve as guides for band positions, and the band designations are also shown. Scale bars for the 0 M and 0.003–0.010 M images are provided below the corresponding images. Charges on the electrodes are provided at the top of the images. The red and blue dashed rectangles enclose, respectively, the NCS region and the region in which the gel column was distorted.
First, the brown color of the precipitates darkened with increasing Cadd, suggesting that the addition of NaNO3 promoted Ag2O precipitation, possibly through the enhancement of Reactions 1 and 2, as expected. In accordance with this suggestion, the electric current through the sample tube increased with increasing Cadd: e.g., the electric currents at tp were 39 μA, 68 μA, and 120 μA for Cadd = 0.003 M, 0.005 M, and 0.010 M, respectively. Notably, owing to the increase in Ag2O precipitates in the NCS region, the CS-A bands of the 0.010 M sample were mostly painted out to form an approximately continuous band.
Second, w and d decreased with increasing Cadd. For instance, the average w values of the CS-B bands were ∼0.5 mm (0.003 M), ∼0.4 mm (0.005 M), and ∼0.3 mm (0.010 M), and the average d values were ∼1.0 mm (0.003 M), ∼0.7 mm (0.005 M), and ∼0.5 mm (0.010 M). The distance between the OG and AS bands also decreased (∼5 mm (0.003 M), ∼4 mm (0.005 M), and ∼1 mm (0.010 M)). In accordance with these decreases, the range in which the periodic bands (including the OG and AS bands) appeared narrowed (∼19 mm (0.003 M), ∼11 mm (0.005 M), and ∼8 mm (0.010 M)). These results suggest that the addition of NaNO3 promoted the consolidation of Ag2O precipitates around the OG band and NCS region.
In summary, as Cadd increased, the widths of the periodic bands and the entire range wherein the periodic bands formed became narrower, and the distances between the adjacent bands shortened. This was accompanied by a deepening of the brown color of the Ag2O precipitates, occasionally causing the painting-out of the CS-A bands. Consequently, the intermediate concentration, Cadd = 0.005 M, was the most suitable for observing periodic banding.
For comparison, Figure 6 also shows the precipitation pattern of a sample tube that was prepared without the NaNO3 additive (Cadd = 0; E = 5.5 V and tapp = 6.5 h). Importantly, no periodic band was observed at Cadd = 0 at any time up to tapp = 6.5 h and anywhere in the sample tube, whereas the brown background gradually deepened with increasing tapp, and the gel column began to distort mainly on the anode side after tapp ≈ 4 h. These findings demonstrate that the addition of small amounts of NaNO3 is crucial for the generation of periodic bands in the current system. The development of theoretical models that could account for the observed Cadd effects would be an interesting topic for future research.
3.3 Effect of applied voltage
Figure 7 compares the typical precipitation patterns of three sample tubes that were prepared under the following conditions: E = 4.0 V, 5.5 V, and 7.0 V (Cadd = 0.005 M and tapp = 3tp). Periodic precipitation bands were observed under all the E conditions. Although these banding patterns are similar to one another, the following E dependencies are noticeable.
[image: Figure 7]FIGURE 7 | Comparison of the precipitation patterns of three sample tubes (backlit by an LED flashlight) prepared under Cadd = 0.005 M, tapp = 3tp, and E = 4.0 V, 5.5 V, and 7.0 V. The corresponding E values are indicated to the right of the images. The short black bars serve as guides for band positions, and the band designations are also shown. A scale bar and charges on the electrodes are provided at the bottom and top of the image, respectively. The blue dashed rectangle encloses the region in which the gel column was distorted.
Most impressively, the range in which the periodic bands appeared widened with increasing E (∼9 mm (4.0 V), ∼11 mm (5.5 V), and ∼15 mm (7.0 V)). This result suggests that high voltages promoted the dispersion of Ag2O precipitates throughout the sample tube.
The effect of E on the number of bands is not straightforward. As E increased under tapp = 3tp, the number of CS bands increased up to E ≈ 5.5 V but decreased beyond 6 V (8 (4.0 V), 12 (5.5 V), and 8 (7.0 V)). This is partially because tp, accordingly tapp (set at 3tp), decreased as E increased: tp = 1.5 h (4.0 V), 1.0 h (5.5 V), and 0.8 h (7.0 V). Beyond 6 V, the number of AS bands increased (2 (4.0 V), 1 (5.5 V), and 7 (7.0 V)); however, these bands were moderately distorted. The distortion of the AS bands may be partially due to the distortion of the gel column on the anode side (Figure 7), which began to occur after tapp ≈ 1.5 h.
The brown color of the precipitates did not change considerably with increasing E, implying that the Ag2O content in the precipitates was less dependent on E under the current conditions. The E stability of the brown color might be partially attributable to the aforementioned decrease in tapp for the high-E observations. The influence of the Ag2O content of the gel (closely related to the background color) on periodic banding, as well as its dependence on E, is currently unclear. For instance, at higher levels of E such as 7.0 V, the brown background caused most of the CS-A bands to become smeared, thereby preventing their clear observation, although the brown color did not substantially deepen with E.
Overall, the intermediate voltage levels, E ≈ 5.5 V, were the most suitable for observing periodic banding. The effects of the applied voltages on patterning, particularly at high voltages, have not yet been well rationalized.
3.4 Microscopic features
Figure 8 shows optical-microscopy images of the AS, OG, and CS-A bands formed under Cadd = 0.005 M, E = 5.5 V, and tapp = 2.7 h, obtained after immersion of the gel column in deionized water for 3 h. The positions where the images were acquired are indicated in the uppermost panel of the figure.
[image: Figure 8]FIGURE 8 | Microscopic images (×1,000) of (A) the AS, (B) OG, and (C) CS-A bands formed at 25°C under Cadd = 0.005 M, E = 5.5 V, and tapp = 2.7 h, obtained after immersion of the gel column in deionized water for 3 h. The positions at which these microscopic images were acquired are indicated in the uppermost panel. The size of the grid boxes in each microscopic image (used to estimate the size of the crystallites) is 50 μm. A scale bar and the charges on the electrodes are provided at the bottom and top of the figure, respectively.
In Figure 8, many dark brown particles (1–50 μm in size) are visible against the brown background. This finding suggests that the periodic bands comprised micrometer-scale Ag2O particles as well as gelatinous Ag2O mixed with agarose gel to form the brown background. Interestingly, the sizes of the particles in the NCS region (Figure 8C), where many CS-A bands appeared, were generally smaller than those around the BAS region, where few periodic bands appeared (Figures 8A, B). Notably, the tendency of smaller precipitates (including crystallites) to form finer periodic bands has also been reported in the classic Liesegang-banding system of Mn−Fe-based Prussian blue analogs [14].
Figure 9 shows a typical SEM image of the CS-A bands formed under Cadd = 0.005 M, E = 5.5 V, and tapp = 2.7 h, obtained after immersion of the gel column in deionized water for 3 h and subsequent drying for 3 weeks. This micrograph depicts the morphology of the micrometer-scale particle formed in the CS-A bands (Figure 8C). The particle was composed of many nanometer-scale particles with a considerable size dispersion (10–500 nm) and irregular shapes. The agglomeration of such nanoparticles was commonly observed for micrometer-scale particles in the AS, OG, and CS bands, implying that this is a basic feature of the current RTR system. Unfortunately, the requirement of a 3-week drying period for SEM measurements makes it challenging to determine the exact origin of the nanoparticles; for instance, the disintegration of the micrometer-scale precipitates while drying could also generate nanoparticles.
[image: Figure 9]FIGURE 9 | (Top) Scanning electron microscope (SEM) image (×30,000) of the CS-A bands formed at 25°C under Cadd = 0.005 M, E = 5.5 V, and tapp = 2.7 h, captured after immersion of the gel column in deionized water for 3 h and subsequent drying for 3 weeks. A scale bar is provided in the lower right corner of the image. (Bottom) Intensity maps of the C Kα, O Kα, and Ag L emission lines.
The intensity maps of the C Kα, O Kα, and Ag L emission lines appear below the SEM image. These XRF maps clearly show that the micrometer-scale particle (or the cluster of nanoparticles) contains far more Ag atoms than C atoms (which originated from the agarose gel and carbon tape employed). This result confirmed that the particle/cluster was derived from the precipitation of Ag compounds rather than from the gelation of agarose. Notably, in the particle area of these maps, the O Kα intensity was considerably lower than the Ag L-emission intensity. This finding suggests that the Ag2O in the particle/cluster was reduced by Reaction 8 during the 3-week drying period to stabilize the precipitates in the SEM-EDX experiments. The experimental conditions that would enable the Ag2O precipitates in the agarose gel to be rapidly and firmly fixed, as well as the introduction of a grating spectrometer to measure soft X-ray emission spectra in the microscope for chemical state analysis [29], are worth pursuing.
4 DISCUSSION
4.1 Inhomogeneous distribution of reactant ions
In the current RTR system, the [Ag(H2O)4]+ and OH− ions are expected to be nonuniformly distributed throughout the sample tube. For instance, at an early stage, [Ag(H2O)4]+ ions should be relatively abundant near the anode, which continuously produces Ag+ ions via Reaction 1. Similarly, OH− ions should be relatively abundant near the cathode, which continuously produces OH− ions via Reaction 2, and relatively poor near the anode, which produces H+ ions via Reaction 4 to reduce OH− ions via Reaction 6. The inhomogeneous distribution of the reactant ions can be multifariously related to precipitation pattern formation, as described below. For instance, the suppression of the OH− concentration near the anode can account for the cathode-oriented development of precipitation bands up to tapp ≈ 2 h (Figure 3).
Importantly, the OH− ions can generate Ag(OH)2‒ ions under high-pH conditions [30], which can hinder the precipitation of AgOH and, consequently, Ag2O. Notably, Ag(OH)2‒ ions are produced from [Ag(H2O)4]+ and OH− ions:
[image: image]
and moved toward the anode in the presence of an electric field. Hence, the formation and subsequent transportation of this anion are practically identical to the removal of [Ag(H2O)4]+ and OH− ions from the cathode side. Such removal can generate a depletion zone for the reactant ions on the cathode side of the precipitation bands.
To consider the influence of the depletion zone on periodic banding, models of Liesegang bands may be helpful, even though their formation mechanism is different from the mechanism in the current RTR system (Section 3.1). According to the prenucleation models in classic Liesegang banding [2, 4–6], it is essential for periodic banding that a depletion zone exists in the vicinity of the precipitation band. Because of the depletion of reactant ions, the precipitates do not grow homogeneously; instead, the transportation of the reactant ions creates supersaturation conditions at a farther location (currently on the cathode side), leading to the formation of another precipitation band. Thus, the formation of Ag(OH)2‒ ions can not only suppress the extension of the precipitation bands but also promote the formation of periodic bands. Furthermore, Ag(OH)2‒ ions can contribute to the evolution of the precipitation bands on the anode side at a later stage (tapp > 5 h), as described below.
Figure 3 (particularly, the image at tapp = 2 h) shows that the [Ag(H2O)4]+ and OH− ions in the current RTR system tend to be focused near or in the NCS region by an electric field of ∼5.5 V to readily precipitate AgOH/Ag2O by Reactions 5 and 7. This finding suggests that the number of [Ag(H2O)4]+ and OH− ions decreased considerably when passing through the NCS region owing to precipitation. This suggestion is supported by the result of the electric current measurement (Figure 2); the current dwindled to less than 1/3 of the peak value after the formation of the OG and CS-A bands near or in the NCS region (tapp > 2 h). The decrease in reactant ions may reduce the amount of precipitates to lighten the color of the precipitation bands. Furthermore, the decrease may widen the distances between the precipitation bands and increase the stochasticity of the precipitate position, thereby increasing the d and w values of the formed precipitation bands. These expected properties with a decrease in the number of reactant ions have been observed in many precipitation systems in gels [2], including Liesegang banding systems [28], and account for the differences in the basic features (Section 3.1) of the (reactant ion-abundant) CS-A and (reactant ion ([Ag(H2O)4]+)-poor) CS-B bands. Similarly, the suggested low concentration of OH− ions near the anode could account for the lack of brown precipitates around this electrode (Figure 3). Note also that the low concentration of [Ag(H2O)4]+ ions near the cathode contributes to suppress possible side reactions at this electrode, such as
[image: image]
In contrast to the CS bands, the AS bands tended to be broad and continuous (Figures 3–7), unless the applied voltages was higher. This tendency can be explained as follows. On the anode side (where the pH is expected to be relatively low), the generation and subsequent transportation of Ag(OH)2‒ ions are less expected; therefore, the formation of a depletion zone of reactant ions and periodic banding are less likely, (basically) in accordance with current observations.
The (expected) low-pH condition on the anode side can promote the reverse reaction of Reaction 9. Activation of this reverse reaction would result in the additional supply of [Ag(H2O)4]+ and OH− ions to the anode side. The formation of Ag(OH)2‒ ions on the cathode side and their decomposition on the anode side (that is, the transportation of the reactant ions from the cathode side to the anode side), as well as the formation of the reactant ions themselves, can be accelerated under high-voltage conditions. Such acceleration can increase the inhomogeneities in the concentrations of the reactant ions and may trigger the periodic banding on the anode side (Figure 7), although the detailed mechanism is currently unclear.
The above discussion suggests that the inhomogeneous distribution of the reactant ions and their time dependence are key factors for further understanding the periodic banding in the current RTR system, and the experimental measurements of these factors are an important future challenge.
4.2 Potential applications
Currently, periodic-banding phenomena have limited practical applications, although several new potential applications, such as Cs adsorption [31], have recently been suggested. The periodic banding of Ag2O (possibly containing metallic Ag) through the RTR processes reported here has the potential to change the status quo because it is readily applicable to hydrogel systems in which other compounds (with functionalities) already precipitate. Such applications can produce position-dependent conglomerates of multiple types of precipitates and, consequently, induce layering and complications to enhance the functionality of the original system. Additionally, the amount of metallic Ag in the precipitates could be controlled by irradiation with light. These possibilities are of technological interest for the preparation of heterogeneous Ag-related catalysts and their precursors. Specifically, the application to hydrogels containing CeO2 precipitates seems to be one of the future directions of current RTR patterning because the heterojunction of Ag2O and CeO2 has been reported to improve the photocatalytic activity of CeO2 [32].
5 CONCLUSION
Submillimeter-scale (w ≈ d ≈ 0.4 mm) periodic bands of Ag2O precipitates were transiently generated with high reproducibility via the RTR processes upon application of a constant voltage. The experimental conditions of Cadd ≈ 0.005 M, E ≈ 5.5 V, and tapp ≈ 3 h were most suitable for observing the periodic bands clearly. The bands were suggested to contain micrometer-scale clusters of Ag-abundant nanoparticles with considerable size dispersions. As tapp increased, the banding patterns were gradually painted out to form an almost continuous broad band, even after discontinuation of the applied voltage. However, immersion of the gel column in deionized water for 3 h suppressed this uniformization. The observed banding properties are substantially different from those of classic Liesegang bands and have the potential to be used for the preparation of heterogeneous Ag-related catalysts, which could be expected to stimulate further theoretical and experimental studies.
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