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Spatiotemporal pattern formation is dynamic self-organization widely observed in nature and drives various functions. Among these functions, chirality plays a central role. The relationship between dynamic self-organization and chirality has been an open question; therefore, the production of chiral nanomaterials by dynamic self-organization has not been achieved. Here, we show that the confinement of a two-dimensional spatiotemporal micropattern via the electrodeposition of a binary Cu alloy into a nanopore induces mirror symmetry breaking to produce a helical nanostructure of the noble-metal component although it is still not yet possible to control the handedness at this stage. This result suggests that spatiotemporal symmetry breaking functions as a mirror symmetry breaking if cylindrical pores are given as the boundary condition. This study can be a model system of how spatiotemporal symmetry breaking plays a role in mirror symmetry breaking, and it proposes a new approach to producing helical nanomaterials through dynamic selforganization.

S elf-organization drives a wide variety of functions. Among self-organizing phenomena, spatiotemporal pattern formation has been studied from various viewpoints. [START_REF] Yoshida | Self-Oscillating Gels Driven by the Belousov-Zhabotinsky Reaction as Novel Smart Materials[END_REF][START_REF] Kondo | A Reaction-Diffusion Wave on the Skin of the Marine Angelfish Pomacanthus[END_REF][START_REF] Mikhailov | Control of Waves, Patterns and Turbulence in Chemical Systems[END_REF][START_REF] Morita | Stability and Bifurcation of Nonconstant Solutions to a Reaction-Diffusion System with Conservation of Mass[END_REF][START_REF] Asai | Analog Integrated Circuits for the Lotka -Volterra[END_REF][START_REF] Seirin-Lee | A Single Reaction-Diffusion Equation for the Multifarious Eruptions of Urticaria[END_REF] Previous studies have shown that spatiotemporal pattern formation in chemical reactions is governed by nonlinear dynamics. [START_REF] Kondo | A Reaction-Diffusion Wave on the Skin of the Marine Angelfish Pomacanthus[END_REF][START_REF] Kim | Controlling Chemical Turbulence by Global Delayed Feedback: Pattern Formation in Catalytic CO Oxidation on Pt(110)[END_REF][START_REF] Krischer | Waves, and Stationary Patterns in Electrochemical Systems[END_REF] Because pattern formation occurs by spatial coupling of chemical reactions through diffusion in a solution, the characteristic size of spatiotemporal patterns is often governed by the characteristic length of diffusion. [START_REF] Murray | Mathematical Biology II: Spatial Models and Biomedical Applications[END_REF] Although selforganizing phenomena in spatiotemporal pattern formation are attractive from a materials science perspective, the downsizing of spatiotemporal patterns to nanometer or submicrometer scales is generally difficult as long as the spatial coupling is described by chemical diffusion. Another drawback of spatiotemporal pattern formation is that such patterns are often transient. Overcoming these drawbacks enables the production of functional materials based on spatiotemporal symmetry breaking.

Many systems that exhibit spontaneous spatiotemporal pattern formation during electrochemical reactions have been reported. [START_REF] Lev | Standing and Propagating Wave Oscillations in the Anodic Dissolution of Nickle[END_REF][START_REF] Fukushima | Observation of Synchronized Spatiotemporal Reaction Waves in Coupled Electrochemical Oscillations of an NDR Type[END_REF][START_REF] Zhao | Spatiotemporal Pattern Formation in the Oscillatory Electro-Oxidation of Sulfide on a Platinum Disk[END_REF][START_REF] Fukushima | Bifurcation Analysis of Bistability between Spatially Uniform and Non-Uniform Electrochemical Oscillations[END_REF][START_REF] Fukushima | Selection Principle for Various Modes of Spatially Nonuniform Electrochemical Oscillations[END_REF][START_REF] Kiss | Engineering Complex Dynamical Structures: Sequential Patterns and Desynchronization[END_REF][START_REF] Patzauer | Self-Organized Multifrequency Clusters in an Oscillating Electrochemical System with Strong Nonlinear Coupling[END_REF][START_REF] Yasuda | Unexpected Downstream Mode of Spatiotemporal Rotating Waves Found in the Model of H2O2 Reduction on a Platinum Ring-Shaped Electrode under Mild Convection[END_REF] Of these, electrodeposition is interesting for the following reasons. First, records of spatiotemporal patterns are encoded as characteristic morphologies of deposits. Second, a wide variety of combinations (alloys) can be chosen to attain desired functions. However, the size of the spatiotemporal pattern formed in the electrodeposition of metals and alloys reported thus far is still relatively large. [START_REF] Krastev | Pattern Formation during the Electrodeposition of a Silver-Antimony Alloy[END_REF][START_REF] Dobrovolska | Composition and Structure of Silver-Indium Alloy Coatings Electrodeposited from Cyanide Electrolytes[END_REF][START_REF] Krastev | Structure and Properties of Electrodeposited Silver-Bismuth Alloys[END_REF] Here, we demonstrate that spatiotemporal micropattern formation in binary alloys can overcome the aforementioned drawbacks. We first report that electrodeposition of Pd-Cu onto a flat electrode leads to two-dimensional (2D) spiral micropattern formation at the few-micrometer scale. The confinement of the spatiotemporal micropattern within the pores of an anodic aluminum oxide (AAO) membrane is subsequently investigated. The results show that the noblemetal component of the nanorods electrochemically deposited in the pores of AAO spontaneously organizes in a helical manner, though it is still not yet possible to control the handedness at this stage. Although a chiral molecule is widely considered responsible for the bottom-up production of helical nano-objects, [START_REF] Oda | Tuning Bilayer Twist Using Chiral Couterions[END_REF] we show that spatiotemporal symmetry breaking in the electrodeposition of binary alloys is the origin of mirror symmetry breaking in the formation of helical nanomaterials.

Figure 1(a1) shows that a 2D micropattern with spiral waves forms at the electrode surface. The characteristic size (spatial period) of the spiral pattern is surprisingly small: 1-2 μm
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(Figures 1(a1) and S1). It is much smaller than conventional spatiotemporal patterns. [START_REF] Krastev | Pattern Formation during the Electrodeposition of a Silver-Antimony Alloy[END_REF][START_REF] Dobrovolska | Composition and Structure of Silver-Indium Alloy Coatings Electrodeposited from Cyanide Electrolytes[END_REF][START_REF] Krastev | Structure and Properties of Electrodeposited Silver-Bismuth Alloys[END_REF] The cross-sectional view (a2) reveals that the deposit has a multilayer structure with a periodic thickness of ∼300 nm. The electrodeposition was observed in situ; corresponding videos are available in the Supporting Information. The micropattern propagates at a velocity of 0.5-1 μm min -1 . The effect of the HCl concentration on the formation of the 2D micropattern is less pronounced (Figure S1).

Figure 1(a3) depicts a typical scanning transmission electron microscopy (TEM) image and energy-dispersive X-ray spectroscopy (EDS) mapping images of the Pd and Cu components. These images indicate that the Pd-rich and Curich layers form the multilayer. The Pd-rich sublayer is thicker than the Cu-rich one. A cross-sectional image of the growing fronts of the micropattern (Figure S2) shows that the thickness of each biphasic layer is constant except at the growing front. The formation of a 2D spatiotemporal pattern in the electrodeposition of binary alloys was reported. [START_REF] Krastev | Pattern Formation during the Electrodeposition of a Silver-Antimony Alloy[END_REF][START_REF] Dobrovolska | Composition and Structure of Silver-Indium Alloy Coatings Electrodeposited from Cyanide Electrolytes[END_REF][START_REF] Krastev | Structure and Properties of Electrodeposited Silver-Bismuth Alloys[END_REF] The characteristic size of the spatiotemporal patterns in these previous studies is substantially larger than that in the present case. Furthermore, the velocity of pattern propagation was 2 orders of magnitude greater in previous studies. [START_REF] Nagamine | Freezing of Phase Separation in Spatiotemporal Stripe Patterns Formed by Ag and Sb Co-Electrodeposition[END_REF][START_REF] Dobrovolska | Oscillations and Self-Organization Phenomena during Electrodeposition of Silver-Indium Alloys. Experimental Study[END_REF] Cross-sectional SEM images of samples prepared at different potentials are shown in Figure 1(b1-b4). The composition (Pd/Cu atomic ratio) of the deposits was characterized by EDS (Table 1 and Figure S3). Electrodeposition at +200 mV results in a flat deposit of a single Pd-rich phase, whereas that at +100 mV results in a single Cu-rich phase. The atomic ratios of Pd in the Pd-rich and Cu-rich phases are 60-70 and 30-40 at.%, respectively. The electrodeposition at the less noble +100 mV gives the single Cu-rich phase even though Pd is nobler than Cu. This behavior is known as anomalous codeposition of alloys. Anomalous codeposition has often been reported in the electrodeposition of alloys, and previous studies suggested that an intermediate compound consisting of the less noble metal inhibited the electrodeposition of the other noble metals. [START_REF] Sasaki | Electrodeposition of Iron-Group Metals and Binary Alloys from Sulfate Baths. II. Modeling[END_REF][START_REF] Hessami | Mathematical Model for Anomalous Codeposition of Nickel-Iron on a Rotating Disk Electrode[END_REF] In the present case, a Cu-related species acts as the inhibitor that can play a role in spatiotemporal micropattern formation. When the cathodic overpotential is increased further, deposition of the Pd-rich phase restarts and phase separation begins (+25 mV). Although clear spatiotemporal patterns are not observed at this potential, the Pd-rich phase tends to form a wave-like micropattern at the surface (Figure S3). Therefore, a close relationship is expected between the anomalous codeposition and the formation of a 2D spatiotemporal micropattern.

To clarify the nature of the intermediate, a quartz crystal microbalance (QCM) was used in conjunction with linearsweep voltammetry (LSV) (Figure 1(c1-c4)). In the solution containing both PdCl 4 2-and Cu 2+ ions, when the scan rate of the potential is 10 mV s -1 , there are three potentials (i)-(iii) at which the cathodic current density starts to increase. Notably, the Pd 2+ exists as a chloride complex. [START_REF] Polotnyanko | Thermodynamic Properties of Pd Chloride Complexes and the Pd2+(Aq) Ion in Aqueous Solutions[END_REF] The same trend of three cathodic responses is also detected by the QCM. When the scan rate is lowered to 0.5 mV s -1 , however, the LSV behavior does not follow the trend of the QCM after cathodic response (ii), indicating that electrochemical reactions that do not affect the mass of the electrode occur in this potential range. Hydrogen evolution, hydrogen absorption to form Pd-H, and the reduction of Cu 2+ to CuCl 2 -are candidate reactions. Based on the results in Table 1, cathodic responses (i), (ii), and (iii) are assigned to the deposition of (i) pure Pd, (ii) Pd-Cu alloy (the composition changes from Pd-rich to Cu-rich with increasing overpotential), and (iii) the separated Pd-rich and Cu-rich phases. Figure 1 . Three cathodic responses are detected in the linear-sweep voltammogram. A mass change is also detected in cathodic response (iv), suggesting that this cathodic response is due to the deposition of metallic Pd. However, cathodic responses (v) and (vi) do not induce a mass change of the electrode; therefore, these responses correspond to hydrogen absorption (i.e., Pd-H formation) and subsequent hydrogen evolution reactions.

In the LSVs for a solution containing only Cu 2+ (Figure 1(c4)), two cathodic responses are detected, labeled as (vii) and (viii). For cathodic response (vii), the electrochemical behavior coincides with the QCM data. The mass of the electrode decreases at cathodic response (viii), whereas the cathodic current density increases. This behavior is explained by the formation of CuCl(s) as an intermediate. Specifically, cathodic response (vii) corresponds to the reduction of Cu 2+ to Cu + . Because the solution contains an appropriate concentration of Cl -, CuCl(s) can form stably at the electrode surface. Cathodic response (viii) corresponds to the further reduction of CuCl(s) to Cu. Note that an equilibrium exists between CuCl(s) and CuCl 2 -; therefore, CuCl(s) can partially dissolve into the solution spontaneously. [START_REF] Fritz | Chloride Complexes of CuCI in Aqueous Solution[END_REF][START_REF] Abrantes | Voltammetric Studies on Copper Deposition/Dissolution Reactions in Aqueous Chloride Solutions[END_REF] Thus, CuCl(s) functions as an intermediate that inhibits the deposition of Pd.

At -300 mV, where the pattern formation occurred, both Pd and Cu are deposited under the diffusion-limited condition, which is observed in the QCM data (Figure 1(c2)) as saturation of the mass-change rate. Under this condition, Pd can deposit at local sites where the coverage of CuCl(s) (θ CuCl ) is low, whereas Cu can deposit uniformly at the surface. This inhomogeneous behavior causes phase separation into the Pdrich and Cu-rich phases.

We previously reported that a 3D helical spatiotemporal pattern spontaneously forms when the formation of a 2D spatiotemporal pattern is confined within a nanometer-scale interface. [START_REF] Yasuda | Spontaneous Symmetry Breaking of Nanoscale Spatiotemporal Pattern as the Origin of Helical Nanopore Etching in Silicon[END_REF] Given this insight, the electrodeposition of Pd-Cu in cylindrical pores is a topic of interest. Such cylindrical pores prevent spatial coupling parallel to the electrode surface; however, the formation of an unknown pattern is expected along the pores. We used AAO with one surface coated with a thin Au layer that functions as the working electrode. [START_REF] Mohanty | Electrodeposition: A Versatile and Inexpensive Tool for the Synthesis of Nanoparticles, Nanorods, Nanowires, and Nanoclusters of Metals[END_REF] When the electrodeposition of Pd-Cu is conducted at -300 mV, nanorods of Pd-Cu alloy are obtained. After selective etching of the Cu-rich phase in 30%(v/v) HNO 3 , helical deposits composed of the Pd-rich phase are observed along the nanopores (Figure 2(a)). Because the minimum dimension (i.e., the width of the string forming the helix) is ∼100 nm, we hereafter refer to it as a "nanohelix". After removal of the AAO, most of the deposits are confirmed to be helical (Figure 2(b) and (c)). However, a non-negligible number of deposits form a zigzag shape (Figure 2(d)). We counted the number of righthanded and left-handed helices, and the result was approximately 50:50 (racemic). As shown in Figure 2(e), the sample is not a single crystal but a polycrystal, suggesting that the origin of the helical deposit is not symmetry breaking by, for example, screw dislocations, where chirality can affect the bulk morphology only in a single crystal. The atomic ratios of Pd in the Pd-rich and Cu-rich phases are 60-70 and 30-40 at.%, respectively.

The formation of noble-metal nanohelices in the Cu binary alloy can be driven not only by Pd but also by other noble metals. Therefore, we used Pt and Au as the noble metal for the binary alloy. After electrodeposition onto a flat Au electrode, spatiotemporal micropatterns are observed (Figure S4). Figure 2(f) and (g) show typical helices and zigzag deposits obtained in these electrodeposited binary alloys. Liu et al. have reported the formation of nanohelices in Pd-Cu; [START_REF] Liu | Wet-Chemical Synthesis of Palladium Nanosprings[END_REF] however, the production of nanohelices was limited to Pd because the underlying formation mechanism was unclear.

As observed in the high-magnification video, the core of the spiral pattern is always in the Cu-rich region, suggesting that the electrodeposition reaction does not oscillate at the core of the spiral pattern. We did not observe current and/or potential oscillations in this Pd-Cu electrodeposition system (Figure S5). In addition, we did not observe target patterns, which are typically observed in oscillatory systems. [START_REF] Barkley | Spiral-Wave Dynamics in a Simple Model of Excitable Media: The Transition from Simple to Compound Rotation[END_REF][START_REF] Steinbock | Electric-Field-Induced Drift and Deformation of Spiral Waves in an Excitable Medium[END_REF] These results and the proposed mechanism discussed later suggest that the system is not an oscillatory system but an excitable medium. In this excitable medium, the rest-state and excited-state correspond to the surface with the Cu-rich and Pd-rich phases, respectively. This system exhibits two unique characters. First, the characteristic size of the periodic pattern is smaller than any previously reported. Second, the velocity of pattern propagation is orders of magnitude lower. In previous reports, the potential at the electric double layer or concentration of a chemical functioned as an activator. Spatial coupling through a solution is governed by the Laplace equation for the potential and by the diffusion equation for the concentration of a chemical. The propagation rates of these processes are high; therefore, the characteristic size of the periodic pattern tends to be large and the velocity of the pattern propagation tends to be high.

Before discussing the mechanism of 2D spatiotemporal pattern formation, we summarize two important processes. First, the Cu-rich phase is deposited through CuCl(s) as an intermediate. [START_REF] Chierchie | Voltammetric study of the underpotential deposition of copper on polycrystalline and single crystal palladium surfaces[END_REF] Second, Cu 2+ cations are directly reduced to metallic Cu on Pd because of the underpotential alloy formation; therefore, the Pd-rich phase tends to enhance direct Cu deposition and decrease θ CuCl . With these processes in mind, we here explain the autocatalytic process of Pd-Cu electrodeposition. When the surface is covered with the Curich phase with a high θ CuCl , the activity of Pd in the alloy (a Pd ) is low, as is the partial current density for the PdCl 4 2reduction (i Pd ). When a Pd locally increases by fluctuation, the area where Pd is exposed increases. The increase of a Pd promotes the direct reduction of Cu 2+ to metallic Cu, which causes the decrease in θ CuCl . Because CuCl(s) inhibits the reduction of PdCl 4 2-, the decrease in θ CuCl further increases i Pd and then a Pd . This positive feedback is the autocatalytic process of Pd-Cu electrodeposition. Once the autocatalytic increase in a Pd and decrease in a Cu occur, the electrode potentials for the deposition of Pd and Cu (E Pd 2+ /Pd and E Cu 2+ /Cu ) start to shift according to a Pd and a Cu , respectively. This effect diffuses, as explained in the Supporting Information and Figure S6. Note that the term "diffision" does not stand for the mass diffusion (e.g., atomic or chemical diffusion) but for the spread of a Pd and a Cu . The direct deposition of Cu with the accompanying alloying occurs not only on Pd but also on Pt and Au, [START_REF] Omar | Underpotential Deposition of Copper on Au(III) Single-Crystal Surfaces: A Voltammetric and Rotating Ring Disk Electrode Study[END_REF][START_REF] Alonso | Influence of Organic Adsorbates on the Under-and Overpotential Deposition of Copper on Gold Electrodes[END_REF] suggesting that the autocatalytic process is applicable to their Cu alloys.

Once the positive feedback becomes relevant, the negative feedback starts to have an effect with a slight time difference. When the autocatalysis by a Pd starts, PdCl 4 2-is consumed rapidly because the deposition is expected to be diffusionlimited (Figure 1(c3)). The fast reduction results in the depletion of PdCl 4 2-; therefore, a Pd starts to decrease. According to the phase diagram of the Pd-Cu binary alloy (Figure S7), the Pd-rich deposit near room temperature is a mixture of a Pd-Cu solid solution (Cu, Pd) and PdCu regular phase, whereas the Cu-rich deposit is a mixture of a PdCu regular phase and Cu 3 Pd regular phase. No other phases are expected under the experimental conditions. Therefore, once the depletion of PdCl 4 2-occurs, a Pd starts to decrease; the depositing phase then changes from the mixture of a Pd-Cu solid solution and PdCu regular phase to the mixture of a PdCu regular phase and Cu 3 Pd regular phase. Under this explanation, the concentration of PdCl 4 2-functions as a negative feedback species.

Figure 3(a) describes the proposed mechanism of formation of the 2D pattern. First, we note that the diffusion of metal ions is much faster than the pattern propagation in the present system; therefore, spatial coupling through the diffusion of ions is neglected. Although the autocatalysis of a Pd occurs at the growing tip of the Pd-rich phase, the concentration of PdCl 4 2is not depleted because there is a spherical diffusion layer in front of the tip. The autocatalytic increase of a Pd diffuses along the surface, resulting in the 2D growth of the Pd-rich phase. Once the 2D growth of the Pd-rich phase occurs, the top surface of the newly formed Pd-rich phase is not covered with the Cu-rich phase; therefore, the linear diffusion of PdCl 4 2-is expected to occur on the top surface of the Pd-rich phase. The linear diffusion cannot supply sufficient PdCl 4 2-to maintain autocatalysis; a Pd then starts to decrease at the top surface of the newly formed Pd-rich phase. Consequently, autocatalysis restarts in the opposite direction (a Pd decreases drastically) and the Cu-rich phase starts to cover the top surface of the newly formed Pd-rich phase. Because the surface of the Cu-rich phase is covered with CuCl(s), the concentration of PdCl 4 2-gradually recovers; therefore, the autocatalytic a Pd increase restarts once the growing tip of the Pd-rich phase reaches the site where the concentration of PdCl 4 2-recovers well. As a result, the Cu-rich phase spontaneously chases after the Pd-rich phase. Note that, although a Cu depends upon the depositing phases, the deposition of metallic Cu occurs on the whole electrode surface; therefore, the concentration profile of Cu 2+ is less important for pattern formation. However, columnar deposits were obtained when the concentration of Cu 2+ was too low, such as 10 mM (Figure S8).

According to the previous discussion, the rate of spatiotemporal pattern propagation is determined by the diffusion of a Pd . Notably, the distribution of a Pd in the alloy is fixed once the electrodeposition ceases; thus, the diffusion of a Pd occurs when the deposition reaction proceeds and the diffusion rate depends on the growth rate of the deposit. The growth rate of electrochemically deposited metals and alloys is smaller than the diffusion rate of chemicals in a solution; therefore, the downsizing of a spatiotemporal pattern is achieved in the present study. In addition, the diffusion of activity during the electrodeposition of alloys does not induce nonlocal and global couplings, which are critical for conventional spatiotemporal pattern formation in electrochemical systems. [START_REF] Krischer | Waves, and Stationary Patterns in Electrochemical Systems[END_REF] As previously mentioned, spatiotemporal pattern formation has been reported in the electrodeposition of various alloy systems, including Ag-Sb, Ag-In, and Ag-Sn. [START_REF] Krastev | Pattern Formation during the Electrodeposition of a Silver-Antimony Alloy[END_REF][START_REF] Dobrovolska | Composition and Structure of Silver-Indium Alloy Coatings Electrodeposited from Cyanide Electrolytes[END_REF][START_REF] Krastev | Structure and Properties of Electrodeposited Silver-Bismuth Alloys[END_REF] According to their binary phase diagrams, these metals do not form a solid solution; thus, they do not mix well with each other. Such alloys do not allow a gradual change of the activities of both metals. However, Pd-Cu, Au-Cu, and Pt-Cu form solid solutions and therefore mix well with each other. In such cases, the diffusion of the activities of metals (Figure S6) is expected, resulting in downsizing of the corresponding spatiotemporal patterns.

The spatiotemporal micropattern on the flat electrode exhibits a characteristic size of 1-2 μm. The pore size of AAO is one-tenth the original pattern size; therefore, two major effects are expected. First, a spatiotemporal wave should only exist within a pore. Second, the propagation of the spatiotemporal micropattern parallel to the infinite flat substrate should be inhibited, whereas that along the pore should be allowed. The helical and zigzag deposition in the binary Cu alloys is regarded as a 3D propagating spatiotemporal pattern in a pore (Figure 3(b) and (c) and Figure S9(a)). Although the selection rules for the handedness as well as the helices or zigzags remain unclear, some insights obtained in the present study from the viewpoint of nonlinear dynamics are given in the Supporting Information.

The present study provided two important insights into spatiotemporal pattern formation in electrochemical reactions. First, the activity of the metal in alloys can function as an activator, enabling the downsizing of 2D spatiotemporal patterns. Second, when a spatiotemporal micropattern is confined in a nanopore whose diameter is smaller than the characteristic size of the spatial micropattern, symmetry breaking occurs along the cylindrical pore. These effects lead to both mirror symmetry breaking and the formation of a sophisticated helical nano-object. Indeed, we achieved nanohelical electrodeposition not only in the Pd-Cu binary system but also in Au-Cu and Pt-Cu binary systems for the first time. These two insights are interesting because they are clues to understanding the interface between chiral chemistry and nonlinear dynamics of self-organization. We believe the present

Figure 1 .

 1 Figure 1. Characterization of the obtained deposits. (a1) Top and (a2) cross-sectional SEM images of the electrodeposit obtained at -300 mV vs. Ag|AgCl sat. KCl in 25 mM PdCl 2 + 20 mM CuCl 2 + 0.3 M HCl solution. (a3) Cross-sectional TEM image and EDS mapping images of the electrodeposit obtained at -300 mV in 25 mM PdCl 2 + 20 mM CuCl 2 + 0.1 M HCl solution. The cross-section was exposed by FIB. (a4) Schematic of the cross-section of the Pd-Cu electrodeposits. (b) Cross-sectional SEM images of deposits obtained at different potentials in 25 mM PdCl 2 + 20 mM CuCl 2 + 0.1 M HCl solution. Note that a multilayered structure forms only at a potential of -300 mV. (c) Simultaneous linearsweep voltammetry and QCM. Voltammograms in (c1) and (c2) were measured with the sample in 25 mM PdCl 2 + 20 mM CuCl 2 + 0.1 M HCl solution; the scan rate was (c1) 10 mV s -1 and (c2) 0.5 mV s -1 . Red and blue curves indicate the current density and QCM responses, respectively. Voltammograms in (c3) were measured with the sample in 25 mM PdCl 2 + 0.1 M HCl solution at a scan rate of 10 mV s -1 , whereas those in (c4) were measured with the sample in 20 mM CuCl 2 + 0.1 M HCl solution at a scan rate of 10 mV s -1 .

  (c3) depicts the results for a solution containing only PdCl 4 2-

Figure 2 .

 2 Figure 2. Characterization of Pd-Cu deposited in the pores of an AAO membrane. (a, b) SEM images of Pd-Cu deposited in the pores of an AAO membrane, after the Cu-rich phase was etched. The electrodeposits have a (c) helical or (d) zigzag shape. (e) TEM image of a nanohelix and its SAED pattern indicating its polycrystallinity. SEM images of (f) Pt-Cu and (g) Au-Cu deposits fabricated in the pores of an AAO membrane. Note that the Cu-rich phase was not etched for these samples.

Figure 3 .

 3 Figure 3. Schematic of propagation in a micropattern on a flat electrode and in the pores of an AAO membrane. (a) Schematic explaining the propagation process of a micropattern, taking the ion fluxes of PdCl 4 2-and Cu 2+ into consideration. Note that the experimental results suggest that the reduction of Cu 2+ occurs both on the Cu-rich and Pd-rich phases, whereas the reduction of PdCl 4 2-tends to occur not on the Cu-rich phase but on the Pd-rich phase. Dashed lines show the diffusion layer of the metal ions. (b) Schematic showing that the traveling waves in the pores of an AAO membrane correspond to those observed on a flat electrode. (c) Top-view illustrations of the helical propagation of a pattern in a pore of an AAO membrane.

Table 1 .

 1 Composition of the Deposits Obtained at Different Potentials in 25 mM PdCl 2 + 20 mM CuCl 2 + 0.1 M HCl Solution (the Inequality Sign Indicates Which of the Phases Is Present in Greater Abundance) a

	Applied potential	
	(mV vs. Ag|AgCl sat. KCl)	Phases composing the deposits
	+200	Pd-rich phase
	+100	Cu-rich phase
	+25	Pd-rich phase < Cu-rich phase
	-100	Pd-rich phase > Cu-rich phase
	a	
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