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Self-organized formation of ordered micro- and nanostructures Al e
of metals and semiconductors at solid surfaces has been attracting T ke
keen attention in view of nanotechnoloy¥.Recent studies on P
nonequilibrium, nonlinear chemical dynamics have proved a large
possibility of self-organized formation of a variety of ordered
structures such as stripes, dot arrays, and target and spiral
patterns;~” but the only patterns ever reported are two-dimensional
(2-D) and horizontal, apart from dendrite®rmed in diffusion-
limited metal deposition. The formation of organized “vertical”
structures and further organized 3-D structures will need novel I 4 .
strategies. Electrochemical systems have an advantage in that they:g,re 7. (A) Optical microscopic (OM) image of highly ordered 2-D
can provide spatially nonlocal and global couplfig.In this latticeworks of tin (Sn), produced by oscillation-induced electrodeposition.
communication, we report that strikingly well-ordered metal lat- (B) Schematic illustration of the latticework structure.
ticeworks, standing perpendicular to the substrate, are formed spon-
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taneously in oscillatory electrodeposition through cooperation of g"“‘: A ®
various processes with long-range spatiotemporal synchronization. .3 f | ‘lef‘ | . <10i
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The principle is unique, is never realized by other methods, and ¥ / / ,/ <igi= <101> <10 o
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opens a new, promising way for nanostructuring. g, 0 @ 0 I -
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Figure 1 shows (A) an optical microscopic (OM) image of the
latticeworks of deposited tin (Sn), together with (B) a schematic
illustration of the deposit structure. Deposition experiments were
carried out in 0.2 M Sn(ll}t 4.0 M NaOH, with a polycrystalline
Sn disk being used as the working electrode. When the electrode
potential E) was scanned from positive to negative, a Sn-depositing
cathodic current started to flow at aboul.1 V vs Ag/AgCl (sat.

KCI) and reached the (potential-independent) diffusion-limited
current at about-1.2 V. A potential oscillation appeared when the
current densityjt,), regulated externally with a potentio-galvanostat,

@)

. . .. . Time
exceeded the d'ﬁus'on'“m'ted. current densifyi(= —18 mA Figure 2. (A) Potential oscillation observed for Sn electrodeposition at a
cm~?), where the current density was calculated for the apparent constant externally applied current densjty = —36 mA cnt2. (B)

flat-surface area of the electrode. The Sn latticeworks of Figure 1 Schematic illustration of crystal faces and directions of tetragonaftin (

were obtained under oscillating electrodeposition at congtant Sn) relevant to the present work. Pictures marked by OM and SEM show
—36 mA cnt2. optical microscopic (OM) and scanning electron microscopic (SEM) images
) . ) of Sn deposits, respectively. The numbers (1), (2), (3), and (4) on the pictures

How is such a highly ordered latticework of Sn produced? To indicate that they were taken at a stage of the potential oscillation marked
answer the question, we inspected growth processes for the Srby the same number in (A).
latticework during the potential oscillation under in situ conditions
with the use of an optical digital microscope (VH-5000, Keyence) tips. The cuboid crystals are made of tetragonal gk$() and are
and a video camera. In addition, we also inspected pieces of thesurrounded with the (110) and (011) faces and equivalents, where
Sn latticeworks with a high-resolution scanning electron microscope the (011) face is the closest-packed, thermodynamically stable face.
(SEM, Hitachi S-5000) by pulling out the electrode from the At stage (2), on the other hand, just after théas shifted toward
electrolyte at various stages of the potential oscillation. Pictures in the positive, sharp needles grow from three corners of the cuboid
Figure 2, marked by OM and SEM, show results of such crystals in thellO1direction and equivalents. The angle between
experiments. The numbers (1), (2), (3), and (4) on the pictures the [101Cand3-101directions in crystal model fg8-Sn is 57.2,
indicate that they were taken at a stage of potential oscillation in good agreement with the observed angle between the corre-
marked by the same number in Figure 2A. Figure 2B schematically sponding two needles in the OM images. The sharp needles have
shows crystal faces and directions of tetragonald#$£), important a number of small branches in thEO1direction and equivalents,
in later discussion. as schematically shown in Figure 2B. At stage (3), whereEhe

On the basis of Figure 2, a correlation between the potential remains on the positive side of the potential oscillation, new cuboid
oscillation and the Sn-latticework growth can be explained as crystals grow at the tips of the sharp needles. Then, when the new
follows. At stage (1), just after the electrode potentiltfas shifted cuboid crystals grow enough, tEeshifts back toward the negative,
toward the negative, the Sn latticework has cuboid crystals at its and stage (4) is reached. Stage (4) is equivalent to stage (1) except
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) from a well-ordered periodic latticework structure of Sn crystal,
produced by long-range self-organization under the potential
oscillation.

At stage (3), there is another important factor thatEhe near
the redox potential for oxidation of Sn to Sn oxide1(2 V vs
Ag/AgCI), as is seen from a Pourbaix diagrahThus, the Sn sur-
face is soon oxidized and passivated. The surface oxidation of Sn
may involve an autocatalytic mechanism, because it produces
electrically polar bonds, Sh—0°~, at the surface and the resultant
Figure 3. Schematic drawings of Sn crystallites formed in the course of SMP* atoms induce positive polarization of adjacent surface Sn
the potential oscillation for explaining the mechanisms of the potential atoms, which in turn causes an easier attack of negatively charged
oscillation and latticework formation. species OH on them. A similar autocatalytic oxidation mechanism
was previously reportééifor H,O, reduction on Pt. Interestingly,
the mechanism worked most effectively at the closest-packed sur-
face such as Pt(111). We can thus expect that the Sn-surface oxi-
dation proceeds effectively on the closest-packed (110) and (011)

done under a galvanostatic (constant current-density) condition with faces or equwalents. This implies tha.lt’ as soon as the cuboids are
covered with these faces, they are instantaneously covered with

jex > Jairr. At stage (1), the (110) and (011) faces and equivalents . . . ;

of 3-Sn are covered with thin layers of Sn oxide or hydroxide and .Sn. oxides. The oxidation leads to a decrgas:é_,ﬂmnd an increase

passivated, as explained later. This implies that the effective area'" Jeff un_der th_e (_:onstant externally applled_current, which causes

of the active electrode surfac&) for Sn deposition becomes a negative shift irE. Thus, the electrochemical system moves to

small, and thus, thE shifts to the negative until hydrogen evolution stage (4). L .

occurs (Figure 2A) to maintain thie, At such a large negative The above arguments clearly indicate that the formation of well-
e

potential, the potential-regulated rate of electrodeposition of Sn ordered latticeworks of Sn anses from cooperation of various
becomes very high; hence, this reaction becomes diffusion limited. processes, such as needle formation by autocatalytic crystal growth,

Under the diffusion-limited condition, autocatalytic crystal cuboid formation under a reaction-limited condition, and autocata-

growth, which is known as a mechanism for MulkinSekerka in- Rl]t'i Oﬁ'q;t'on at closest-packedt_SltJrfaces. Jhe |mphorta_nt zomtés
stability ! starts (Figure 3A). Namely, under the diffusion-controlled ar all e processes are spafiofemporally syncnronized under

condition, a spherical diffusion layer is formed at a peaked part of _nonequilibriL_Jm, nonlingar 6|eCtrOChemical dynamics. This principle
the electrode surface. This leads to a high current density at the's qune. unique and is never realllzed by oth.erl methogls. The
peaked part, compared with that at the flat parts, and thus to a highm%hamsm will_generally be applicable to similar oscillatory
) , i : _ 5

growth rate for Sn at the former part. This implies that a peaked oclepo\fvltlon oft?:etals prt?]d:'i'r?g dendrlttes, SEC: asezeb, an
part grows rapidly, resulting in formation of sharp needles, as really u. YVe can tnus say fhat Ihe present work nas opened a new,
observed at stage (2). The cuboid crystal of Sn, surrounded with promising way toward th_e formation of highly ordered 3-D micro-
the (110) and (011) faces and equivalents, has four equivalentOr nanostructures at solid surfaces. )
peaked corners in tha 01 direction and equivalents (Figure 2B). Acknowledgment. We thank the Core Research for Evolutlor\al
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