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研究成果の概要（和文）：次世代二次電池用の金属負極開発を目的に充電時に発生するデンドライ
トの抑制について取り組んだ。多孔質電極を用いて金属電析を行うと、疎水性多孔質シリコンの
ときに金属電析が細孔内で著しく促進されることを見出した。統計力学を用いた理論解析により、
細孔の孔壁が疎水性の場合に孔壁近傍の金属イオン濃度がバルクの溶液に比べて著しく上昇する
ことを明らかにした。多孔質シリコンを電極とした場合、拡散律速の限界電流以上の電流密度で
あっても高い電流効率を維持したまま電析が進行し、平板電極に比べてデンドライト成長が著し
く抑制されることが示された。 
 
研究成果の概要（英文）： Suppression of dendrite growth in rechargeable batteries was studied. We have 
found that hydrophobic porous electrodes such as porous silicon lead to an extreme enhancement of 
electrodeposition within the porous structures. With an aid of the statistical-mechanical theory, it has been 
revealed that the surface concentration of metal ions was greatly enriched when the surface shows 
hydrophobic property. The growth of dendrites in electrodeposition was strongly suppressed when using 
porous silicon as a host matrix. This result originates from a high current efficiency even when applying a 
current density much higher than the limiting current. 
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１．研究開始当初の背景 
金属̶空気電池はリチウムイオン電池を遥か
に凌ぐ理論エネルギー密度が期待できるこ
とから、ポストリチウムイオン電池として、
その二次電池化に注目が集まっている。金属
̶空気電池の二次電池化には、正極となる空
気極の構造制御、空気極に担持する酸素還元
触媒の開発、充電時に負極で発生するデンド
ライトの抑制などが必要である。正極に関わ
る研究は比較的多く検討されているものの、
負極、特にデンドライト抑制に関わる研究は、
近年著しく減少している。この減少の原因は、
デンドライト抑制が TRY	
 &	
 ERROR による現象

論的研究であることが多く、デンドライト生
成機構の数理的理解（モデル化）に基づいて
抑制する戦略がとられていないためである。
そのため実用化に供しうるデンドライト抑
制がなされていないのが現状である。 
	
 デンドライトは自己組織化的に形成する
微細構造の一つであり、ポジティブフィード
バックとネガティブフィードバックの二つ
の因子の反応拡散方程式を連立することで
その成長ダイナミクスを記述することがで
きる。反応拡散方程式は、反応項と物質移動
項の足し合わせで記述される。添加剤などに
よるデンドライト抑制は反応項の制御に相
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当し、金属の種類によって大きく変化しうる。
一方、物質移動項の制御によるデンドライト
抑制に関する研究は殆ど報告されていない。 
 
２．研究の目的 
亜鉛̶空気電池を想定し、亜鉛の電析でみら
れるデンドライト生成機構を非線形科学の
観点から理解することを目指す。その知見を
もとに、本研究期間内に新奇なデンドライト
抑制手法を提案する。 
	
 デンドライトの成長ダイナミクスを反応
拡散方程式で記述することを念頭に、物質移
動項の制御によるデンドライト抑制に取り
組んだ。 
 
３．研究の方法 
本研究ではナノ細孔内に特有の物質移動を
実験的に捉え、それを理論解析により実証す
ること、また実際の電池開発に有用な亜鉛の
電析においてデンドライトを抑制できるこ
とを示す。	
 
	
 ナノ細孔電極にはシリコンの陽極酸化で
形成する多孔質シリコンを用いた。溶媒と孔
壁の親和性が及ぼす非線形性の影響を調べ
るために、プロピオール酸およびプロピオー
ル酸メチルをシランカップリングにより多
孔質シリコンに修飾したものを電極として
用いた。白金の電析を行い、析出後の多孔質
シリコン断面を SEM および EDX で分析した。
析出挙動を水の精密な分子モデルを用いて、
分子性液体の角度依存性積分方程式論によ
り解析した。	
 
	
 一方、バルクの金属イオン濃度の影響を調
べるためにバルク中に存在する白金錯イオ
ンの濃度を 1	
 mM ずつ段階的に上昇させ、多
孔質シリコン電極内における析出挙動を調
べた。この結果も分子性液体の積分方程式論
により解析を行った。	
 
	
 白金で得られた知見をもとに亜鉛の電析
反応について検討した。多孔質シリコン電極
内における亜鉛の析出挙動を SEM により分析
した。また析出した亜鉛の電流効率を ICP 発
光分光分析法により調べ、デンドライトの抑
制について可能性を検討した。	
 
	
 
４．研究成果	
 
	
 多孔質シリコン電極にプロピオール酸お
よびプロピオール酸メチルを修飾し、孔壁の
溶媒和特性が白金の電析挙動に与える影響
を調べた。電析条件は一定としているにも関
わらず、析出挙動に明確な差がみられた。よ
り具体的には、親水性の場合は多孔質シリコ
ンの最表面で膜状に白金が析出し、細孔内で
は析出が確認できなかったのに対して、疎水
性多孔質シリコン電極では細孔内に均一に
白金が析出した。この析出挙動の差の原因を
調べるために分子性液体の角度依存性積分

方程式論による解析を行った。親水性孔壁近
傍では白金錯イオンが急激な低下を示すの
に対して、疎水性孔壁近傍ではバルクの白金
錯イオン濃度よりも高い濃度が期待される
ことが明らかになった（図１）。また、理論
解析の結果から、白金錯イオンの直径が大き
くなるにつれて孔壁表面への白金錯イオン
の濃縮が劇的に増大することが予想された。
実際に実験において白金錯イオンを[PtCl4]

2-

から[PtBr4]
2-に置き換えたところ、多孔質シ

リコン内に析出する白金ナノ粒子の数密度
が著しい上昇をみせた。	
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molecules do not want to accommodate a solute which cannot par-
ticipate in the hydrogen bonding. The number of water molecules
surrounding such a hydrophobic solute NC is an important quan-

tity. NC for the solute in contact with the surface is half of NC for
the solute in the bulk. Therefore, the solutes are strongly excluded
from water to the surface, which forms those with smaller NC.

Figure 5. Remarkable effect of anion size on surface-induced hydration structure of anions: Normalized number-density profile of anions g(h) near an extended hydrophobic
surface for the three different values of d!, 0.60 nm (a), 0.65 nm (b), and 0.70 nm (c). The anions in (a) and (c) correspond to [PtCl4]2! and [PtBr4]2!, respectively. The profile
exceeding 1 near the surface indicates the enrichment of anion concentration. Our experience in analyses on confined electrolyte solutions has shown the following [15]. Let
us consider the solution confined between two extended surfaces. When the surface separation H is large, the solution around the center is very much like that in the bulk and
g(h) near each of the surfaces is close to g(h) near a single surface. As H becomes smaller, the solution for all h is more influenced not only by the nearest surface but also by
the other surface. When H becomes smaller than a few times of the diameter of a water molecule, g(h) for all h exhibits an upward shift and the anion-size effect becomes
larger. The upward shift and the enhancement of anion-size effect are more appreciable when H is smaller or the surface is concave and its curvature is larger (see ‘Entropic
enrichment originating from packing force’ in Supplementary content). By the interplay of these physical factors, the enrichment of anion concentration and the anion-size
effect become remarkable when the solution is confined within a pore having the size of a nanometer.

Figure 6. Substantially large increase in the density of platinum nanoparticles in the case where [PtBr4]2! is used as platinum source: Cross-sectional STEM images of the
hydrophobic porous silicon after the electrodeposition of platinum. The samples of (a, b) and (c, d) are deposited in deposition baths containing [PtCl4]2! and [PtBr4]2!,
respectively. The images (b, d) are magnified images of (a, c). The scale bars in (a, c) and (b, d) indicate 30 and 10 nm, respectively.

K. Fukami et al. / Chemical Physics Letters 542 (2012) 99–105 103

	
 

図１	
 疎水性孔壁近傍における白金錯イオ
ンの密度分布。図の(a),	
 (b),	
 (c)はそれぞ
れ錯イオンの直径を 0.60	
 nm,	
 0.65	
 nm,	
 0.70	
 
nm と想定して理論解析した結果を示す。どの
イオン径においても孔壁表面への濃縮が確
認できる。また、表面への濃縮度はイオン径
が大きくなる程高いことが分かる。	
 
	
 
	
 バルクの溶液に存在する白金錯イオンの
濃度を段階的に上昇させていくと 9	
 mM と 10	
 
mM で劇的に析出挙動が変化することを見出
した（図２）。バルクの白金錯イオン濃度に
対して不連続に析出挙動が変化することは
非線形的な影響が存在することを示してい
る。分子性液体の積分方程式論によりナノ細
孔内の液体の状態を詳しく理論解析したと
ころ、バルク中の白金錯イオン濃度が閾値濃
度で相転移挙動を示すことが分かった。この
相転移現象は孔壁表面に誘起されるもので
あり、壁と壁に挟まれた制限空間でより容易
に発現したことが分かった。この相転移現象
は、バルク中の金属イオン濃度のみでなく、
孔壁表面を段階的に疎水的に処理していく
（段階的に水との接触角を上げていく）こと
でも発現することを実験と理論の両面から
明らかにした（図３）。	
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FIG. 1. Cross-sectional SEM images of the porous silicon electrodes after electrochemical deposition of platinum. The electrochemical deposition was carried
out in the [PtCl4]2− and [PtBr4]2− baths for (a)–(d) and (e)–(h), respectively. Concentrations of platinum ions were (a) 0.001 M, (b) 0.009 M, (c) 0.010 M and
(d) 0.100 M for [PtCl4]2−, and (e) 0.002 M, (f) 0.004 M, (g) 0.005 M and (h) 0.100 M for [PtBr4]2−. The drastic change in the electrodeposition within the
porous layer can be appreciated from (b) and (c) for [PtCl4]2− and from (f) and (g) for [PtBr4]2−. White bars in the figures indicate 0.5 µm.

excluded from the bulk to a hydrophobic surface to a stronger
extent. The effect of ion size on the deposition behavior is re-
visited in the present study. Figures 1(e)–1(h) depict the depo-
sition behavior observed after the electrochemical deposition
using [PtBr4]2−. There also exists a threshold in the concen-
tration of [PtBr4]2− between 0.004 M and 0.005 M which is
considerably lower than in the case of [PtCl4]2− (Figs. 1(f)
and 1(g)).

B. Effect of affinity of pore wall surface with water

The surface-induced structure of platinum complex ions
is dependent upon the affinity of the pore wall surface with
water. In this experiment, the concentration of [PtCl4]2− was
kept constant at 0.1 M, but the affinity was controlled by mod-
ifying the surface in mixture n-hexane solutions of methyl
propiolate and propiolic acid with various molar ratios. The
total concentration of methyl propiolate and propiolic acid
was kept constant at 0.2 M. When the porous electrode mod-
ified with 0.13 M methyl propiolate and 0.07 M propiolic
acid was used, no platinum deposited was observed in the
porous layer as shown in Figure 2(a). Platinum can be ob-
served on the top surface of the porous layer (or slightly inside
the porous layer from the top). This electrode had the contact
angle of 83◦ with ultra pure water before the electrochemical
deposition (Figure 2(c)). Interestingly, the deposition behav-
ior showed a drastic change when the electrode was modified
with 0.14 M methyl propiolate and 0.06 M propiolic acid. Be-
cause the relative concentration of propiolic acid was slightly
higher, the contact angle exhibited only a minor increase from
83◦ to 86◦ as shown in Figure 2(d). The deposition behavior
for 86◦ becomes markedly different (i.e., an abrupt change is
displayed) from that for 83◦. The electrochemical deposition
within the porous layer was promoted far more strongly when
the porous electrode with the contact angle of 86◦ was used
(Figure 2(b)). The very small increase in the contact angle or
in the surface hydrophobicity is effective enough to induce
such a drastic change in the deposition behavior. Again, there
exists a threshold degree of the affinity of the pore wall sur-
face with water.

C. Effect of depth of nanopores

We investigate the effect of pore depth on the electro-
chemical deposition behavior for the hydrophobic surface. If
supply of the ions was made through mass transfer, the depo-
sition behavior would be influenced by the pore depth. The
pore depth (or equivalently, the thickness of the porous layer)
can be tuned by changing the anodization time for prepar-
ing the porous silicon electrodes. Although the porous-layer
thickness (i.e., the pore depth) of ∼2 µm in the experiment
described above could be sufficiently large, a silicon electrode
with even much deeper pores (the thickness reaches ∼5 µm)
was also tested in the [PtCl4]2− or [PtBr4]2− bath. The con-
centration of the platinum complex ions was 0.1 M. As shown
in Figure 3, for both of [PtCl4]2− and [PtBr4]2−, platinum
is uniformly deposited and distributed within the pores as in
the case of shallow pores. Surprisingly, no voids are found
in the deposit. The amount of platinum deposited on the top
surface is smaller for [PtBr4]2− than for [PtCl4]2−, which is

FIG. 2. Cross-sectional SEM images (a) and (b) of the porous silicon elec-
trodes modified with both propiolic acid and methyl propiolate under differ-
ent molar ratios. Images shown in (c) and (d) are snapshots of contact angle
measurements. Concentrations of propiolic acid and methyl propiolate were
0.07 M and 0.13 M, respectively, for (a) and (c), while they were 0.06 M
and 0.14 M, respectively, for (b) and (d). The electrodes shown in (a) and
(c) were only slightly more hydrophilic than those shown in (b) and (d). The
cross-sectional images were taken after electrochemical deposition of plat-
inum. White bars in the figures (a) and (b) indicate 0.5 µm.
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図２	
 バルク溶液中の白金錯イオン濃度を 1	
 
mM ずつ段階的に上昇させた際にみられた非
線形的な析出挙動の変化。	
 (a),	
 (b),	
 (c),	
 
(d)はそれぞれ[PtCl4]2-の濃度が	
 1	
 mM,	
 9	
 mM,	
 
10	
 mM,	
 100	
 mM のときの断面 SEM 像を示す。
通電量は一定とした。	
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FIG. 5. Relation between gL−(d−/2) (a) and (c) or HL−(0) (b) and (d) and
C (the concentration of anions, platinum complex ions) near an extended hy-
drophobic surface for d− = 0.60 nm (a) and (b) and d− = 0.70 nm (c) and
(d). d− = 0.60 nm and d− = 0.70 nm correspond to [PtCl4]2− and [PtBr4]2−,
respectively. Both gL−(d−/2) and HL−(0) diverge at C*∼0.0255 M for d−
= 0.60 nm and at C*∼0.0095 M for d− = 0.70 nm. Beyond C* (in the region
indicated by “no solutions”), the theory possesses no solutions.

A. Threshold for concentration of platinum complex
ions (anion concentration) in bridging transition

The spinodal concentration for the partial-wetting transi-
tion is C*∼0.0255 M for [PtCl4]2− and at C*∼0.0095 M for
[PtBr4]2−. The pore diameter of our porous silicon is ∼3 nm
on the average. The spinodal concentration for the bridging
transition within such a narrow pore, C**, should be consid-
erably lower than C*. The anion concentration at which the
bridging transition occurs, C◦, is even lower than C**. The
threshold values observed in our experiments, ∼0.0095 M for
[PtCl4]2− and ∼0.0045 M for [PtBr4]2−, correspond to C◦.
Thus, the theoretical results are in agreement with the experi-
mental observations in a semi-quantitative sense.

B. Threshold for affinity of pore-wall surface
with water (strength of surface hydrophobicity)
in bridging transition

By fixing C at 0.0260 M for d− = 0.60 nm ([PtCl4]2−; C
> C*), we analyze the effect of QL (this is a negative quan-
tity) on gL−(d−/2) or HL−(0). The essential matter is to set
C at a value higher than C*. QL is a measure of the hy-
drophobicity of the surface. As QL becomes closer to zero,
the surface hydrophobicity becomes stronger. We gradually
increase QL from the initial value, −100e. Figure 6 shows
the plot of gL−(d−/2) or HL−(0) against QL. Both gL−(d−/2)
and HL−(0) continue to increase until QL∼−50e though the
increases are not divergent. For QL > −50e, the ADIET pos-
sesses no solutions. This result is indicative that the partial-
wetting transition occurs beyond threshold strength of the sur-
face hydrophobicity, which is qualitatively consistent with the
experimental result.

FIG. 6. Relation between gL−(d−/2) (a) or HL−(0) (b) and QL/e (e is the
elementary electric charge) near an extended surface for d− = 0.60 nm cor-
responding to [PtCl4]2−. |QL/e| is a measure of strength of hydrophobicity of
the surface: Smaller |QL/e| implies weaker hydrophobicity. Both gL−(d−/2)
and HL−(0) continue to increase, but beyond QL/e ∼ −50 (in the region in-
dicated by “no solutions”), the theory possesses no solutions.

C. Properties of the second phase

The second phase appearing in the present system com-
prises the anions, water molecules, and cations. The anion
concentration in the second phase should be orders of mag-
nitude higher than C. Water molecules and cations are re-
quired for screening the electrostatic repulsive interactions
among the anions. In fact, near the spinodal concentration C*,
gLS(dS/2) and gL+(ξ ) (ξ∼d−+d+/2) also exhibit rather abrupt
increases. The peaks of gL−(d−/2) and gL+(d−+d+/2) are in-
dicative that the cations preferentially come into contact with
the anions. The abrupt increase in gL−(d−/2) is more strik-
ing for [PtBr4]2− than for [PtCl4]2−, implying that the anion
concentration in the second phase is substantially higher for
[PtBr4]2−. This result is in marked contrast with the case of
water containing a nonpolar solute near a hydrophobic sur-
face: In this case, the partial wetting of the surface by the
solute accompanies the partial drying of the surface by wa-
ter; and the second phase is formed by the solute molecules
almost exclusively.23, 25, 26

The ion concentration in the second phase filling a nar-
row pore should be much higher than that formed at a single
surface. Only if the pores are filled with the second phase,
the electrodeposition is drastically accelerated because it is
completely free from the diffusion-limited condition. Filling
a pore with the second phase takes place as long as its diam-
eter is sufficiently small regardless of its depth, which was
proved by our experimental result illustrated in Figure 3.

D. Irrelevance to mass-transfer effect

The mass-transfer efficiency is not necessarily propor-
tional to the anion concentration especially in nanospace.
However, even such nonlinear behavior is not relevant to the
transition phenomena by which the second phase abruptly ap-
pears and completely fills the whole space within nanopores.
The phenomena arise from the long-range nature of the
surface-anion correlation length. The mass transfer, whose
driving force is the concentration gradient of the anions,
is incapable of reproducing such transition phenomena. It
is shown in our experiments that the whole space within
nanopores is abruptly filled with the second phase even when
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図３	
 孔壁表面の疎水性を段階的に上げた
ときの孔壁近傍の白金錯イオンの密度(a)と
そのフーリエ級数展開したときの波数ベク
トルが 0のときの値を示す。疎水性が閾値に
達すると相転移（No	
 solutions）することが
分かる。	
 

	
 

	
 これらの知見をもとに亜鉛のデンドライ
ト抑制について検討した。まず、平板のシリ
コンおよび亜鉛の電極を用いて拡散限界電
流を測定した。拡散限界電流は 9	
 mAcm-2であ
ることが分かった。実際に拡散限界よりも高
い電流密度（12.8	
 mAcm-2）で電析を行ったと
ころ、亜鉛のデンドライト成長が確認された。
一方、拡散限界電流密度以下ではコンパクト
な膜状の亜鉛の析出が確認できた。次に、多
孔質シリコンを電極として拡散限界を遥か
に超える電流密度（12.8	
 mAcm-2）で亜鉛の電
析を行った。図４に示すように、亜鉛は多孔
質シリコンの内部に優先的に析出し、多孔質
層の最表面においてデンドライトの形成は
確認できなかった。また、多孔質シリコンの
厚さをより厚くし、亜鉛の電析を同じ電気量
行ったところ、多孔質層内部により多くの亜
鉛が析出し、多孔質層の最表面に析出する亜
鉛の量が劇的に減少することが明らかにな
った。デンドライトの抑制メカニズムを明ら
かにするために ICP 発光分光分析により多孔
質シリコン内に析出した亜鉛の電流効率と、
平板電極に析出した際の電流効率を比較し
た。多孔質シリコン電極の場合、平板電極で
電流効率が低下し始めた後も比較的高い効
率を維持することが分かった（図５）。この
ことから多孔質シリコン内における亜鉛電
析の高い電流効率がデンドライト抑制に寄
与していることが明らかになった。	
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Figure 1. (a) Current density vs. potential curves measured on a zinc plate
(black and solid curve), flat silicon wafer (red and dotted curve) and porous
silicon (blue and broken curve) at a scan rate of 10 mV s−1 in 0.1 M ZnSO4
+ 0.5 M Na2SO4 aqueous solution. Images in (b, c) show the surface after
zinc electrodeposition on zinc plates at −6.4 mA cm−2 for 2 min and at
−12.8 mA cm−2 for 1 min.

deposition was evaluated prior to the electrodeposition experiments,
and we found that the contribution of displacement deposition to the
increase in the electrode weight is very low (0.9%). We have confirmed
that no nucleation and growth of zinc within the pores were observed
in the present case. In addition, the i-E curve measured on porous sil-
icon shows relatively similar to the others in low overpotential region
(−1.1 V to −1.3 V). Therefore, chemical contribution to the elec-
trodeposition seems to be very small. Zinc electrodeposition within
the nanopores cannot be explained by simply considering chemical
effects such as the reactivity of hydrogen-terminated porous silicon.

Figure 3 shows current efficiencies measured on the flat and porous
silicon. For 5 s of deposition, both the flat and porous silicon show
high efficiencies. Since |i| > |idiff|, the potential shift occurs after 7 s
of deposition on the flat silicon as observed in Figure 2g. After this
potential shift, the efficiency starts to decrease on the flat silicon. By
contrast, the current efficiency on the porous silicon stays higher than
that on the flat silicon. The difference in current efficiency between
these electrodes becomes remarkable with prolonging the deposition
time. As observed in Figure 2g, the potential shift is observed after
12 s of deposition (green curve). The efficiency measured on the
porous silicon decreases after the potential shift. In Figure 2g, the
potential shift is delayed from 12 s to 20 s when the thickness of the
porous layer is changed from 2 µm to 3 µm. We think that this delay
in the potential shift is simply due to the increase in the volume for
the filling with zinc deposits.

Metal dendrites grow under diffusion-limited condition. This
means that the suppression of dendrites in electrodeposition conflicts
with the deposition at |i| > |idiff|. This is only the case that the sup-
ply of metal ions is described by the diffusion equation. If supply of
metal ions is achieved by another process, there exists a possibility
to suppress them. The effect of hydration property of pore wall has
been investigated in detail by modifying porous silicon with two dif-
ferent organic molecules to make the porous silicon hydrophobic and
hydrophilic.9 We found that platinum electrodeposition within con-
fined nanopores shows a drastic acceleration of the deposition when
using the hydrophobic nanopores and larger platinum ions. In princi-
ple, smaller pore diameter results in an inhibition of diffusion, which
leads to a low efficiency of reactions in nanopores. Our theoretical
analyses revealed that the surface-induced hydration structure in con-

Figure 2. Images in (a, b, c, d) show the surfaces after the electrodeposition
on a zinc plate (a), flat silicon wafer (b), shallower porous silicon with 2 µm
depth (c) and deeper porous silicon with 3 µm depth (d). The images in (e, f)
show cross-sectional views of the samples shown in (c, d). Time developments
in potential using the substrates are shown in (g). Curves in black, red, green
and blue indicate the results measured on the zinc plate, flat silicon, shallower
porous silicon and deeper porous silicon, respectively.

Figure 3. Current efficiencies measured after the electrodeposition on a flat
silicon (red) and porous silicon (black).

	
 

図４	
 亜鉛の析出状態を示す SEM 像。(a)亜
鉛板上,	
 (b)シリコン平板上,	
 (c)多孔質シリ
コン（膜厚 2	
 µm）,	
 (d)多孔質シリコン（膜
厚 3	
 mm）を用いた際の表面における亜鉛の析
出状態をそれぞれ示している。(e)と(f)は
(c)と(d)の試料の断面 SEM 像を示す。最表面
に析出する亜鉛の量が多孔質シリコンの厚
さの増大とともに劇的に減少していること
が分かる。	
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in the present case. In addition, the i-E curve measured on porous sil-
icon shows relatively similar to the others in low overpotential region
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trodeposition seems to be very small. Zinc electrodeposition within
the nanopores cannot be explained by simply considering chemical
effects such as the reactivity of hydrogen-terminated porous silicon.
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high efficiencies. Since |i| > |idiff|, the potential shift occurs after 7 s
of deposition on the flat silicon as observed in Figure 2g. After this
potential shift, the efficiency starts to decrease on the flat silicon. By
contrast, the current efficiency on the porous silicon stays higher than
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in the potential shift is simply due to the increase in the volume for
the filling with zinc deposits.
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means that the suppression of dendrites in electrodeposition conflicts
with the deposition at |i| > |idiff|. This is only the case that the sup-
ply of metal ions is described by the diffusion equation. If supply of
metal ions is achieved by another process, there exists a possibility
to suppress them. The effect of hydration property of pore wall has
been investigated in detail by modifying porous silicon with two dif-
ferent organic molecules to make the porous silicon hydrophobic and
hydrophilic.9 We found that platinum electrodeposition within con-
fined nanopores shows a drastic acceleration of the deposition when
using the hydrophobic nanopores and larger platinum ions. In princi-
ple, smaller pore diameter results in an inhibition of diffusion, which
leads to a low efficiency of reactions in nanopores. Our theoretical
analyses revealed that the surface-induced hydration structure in con-

Figure 2. Images in (a, b, c, d) show the surfaces after the electrodeposition
on a zinc plate (a), flat silicon wafer (b), shallower porous silicon with 2 µm
depth (c) and deeper porous silicon with 3 µm depth (d). The images in (e, f)
show cross-sectional views of the samples shown in (c, d). Time developments
in potential using the substrates are shown in (g). Curves in black, red, green
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porous silicon and deeper porous silicon, respectively.

Figure 3. Current efficiencies measured after the electrodeposition on a flat
silicon (red) and porous silicon (black).

	
 

図５	
 シリコン平板上（△）と多孔質シリコ
ン上（○）の電流効率の測定結果。各電解時
間までに析出した亜鉛の ICP 発光分光分析か
ら算出した。シリコン平板上で電流効率が低
下し始めた後も、多孔質シリコン電極では比
較的高い電流効率を維持している。	
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