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研究成果の概要（和文）：ナノポーラス電極を用い、金属電析を細孔内で高効率に進行させることによってデンドライ
ト状析出を添加剤なしで抑制することに成功した。ナノポーラス電極によりデンドライト状析出を抑制するためには、
細孔内に金属イオンを十分に供給する必要があることに加えて、放電反応には直接関与しない共存イオン種の適切な選
択が必要であることを明らかにした。具体的には、共存するカチオンとしてテトラエチルアンモニウムイオンなどのイ
オン径が大きく電荷密度の低いものを用いることで細孔内への金属イオンの供給が更に促進されることを見出した。

研究成果の概要（英文）：The suppression of dendritic growth observed in electrodeposition has been 
achieved not by using additives but by using nanoporous electrodes as host matrices. In order to suppress 
dendritic growth using nanoporous electrodes, it is obvious that metal ions must be supplied effectively. 
In addition, coexisting ions must be selected appropriately. In particular, cations with a large ionic 
diameter and thus low charge density are preferable. Low charge density cations, e.x. tetraethylammonium 
cations, enhance the supply of metal anions such as [PtCl4]2-.

研究分野： 電気化学

キーワード： ポーラス電極　電析　デンドライト
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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二
次電池化に注目が集まっている。金属負極を
利用するにあたり充電時に発生する金属デ
ンドライトの抑制は重要課題の一つである。
非線形ダイナミクスの観点からは、デンドラ
イトは拡散が支配的になる条件下で成長す
る自己組織化パターンといえる。その物理機
構を考えると、充電の電子移動反応と金属イ
オンの拡散による供給が共役する状況にお
いては、デンドライト抑制は不可能といえる。
物理機構に基づくデンドライト抑制が困難
と考えられ、化学機構（添加剤や界面活性剤
の吸着など）によるデンドライト抑制が検討
されてきた。ところが、化学機構によるデン
ドライト抑制は特定の金属に対してのみ効
果を発揮する場合が多い。負極として利用が
見込まれる金属の候補は多数あり、それら全
てにおいてデンドライト抑制を可能にする
ためには物理機構に基づくデンドライト抑
制が再び求められていた。 
 
２．研究の目的 
代表研究者らは、孔壁および金属イオンと溶
媒分子の親和性に基づくメカニズムによって
物質供給が進行することを既に報告していた。
ナノ細孔電極を用い、溶媒と電析する金属イ
オンを適切に選択することでナノ細孔内に
おける電析が拡散律速に達し難い系を設計
できるはずと着想し、ナノポーラス電極の表
面性状や、細孔内の溶液の状態を制御するこ
とによって充電中に発生するデンドライト
析出を物理的に抑制することを目指した。 
 
３．研究の方法 
比抵抗が 3-5 Ω cmの p型シリコン（100）を
フッ酸溶液中で陽極酸化することでミクロ
ポーラスシリコンを作製した。ミクロポーラ
スシリコンを用い、塩化カリウム，塩化テト
ラメチルアンモニウム，塩化テトラエチルア
ンモニウムを 0.5 M含む水溶液に種々の濃度
の K2PtCl4 を含む電解液を用いて白金の置換
析出を行った。 
	 実験結果を理論的に解析するために、分子
性流体の積分方程式論を本電気化学系に適
応させた。水分子は双極子と四極子を埋め込
んだ剛体球として、白金錯イオンは 2価のア
ニオン剛体球としてモデル化した。表面近傍
における白金錯イオンの数密度分布等から
細孔内における電解液の状態について考察
した。 
	 
４．研究成果	 
カリウムイオンやアンモニウムカチオンな
どのイオンは一般的に電気化学的観点から
は不活性な溶質である。白金の置換析出にお
いても、それらのイオンは通常析出反応に寄
与しないことが知られている。しかし、ナノ

細孔内におけるイオンの数密度分布は平板
電極におけるそれとは全く異なることを報
告してきた。この知見に基づき、共存するカ
リウムイオンやアンモニウムイオンも細孔
内とバルク溶液中で異なる数密度分布を示
すと考えられる。また、その結果として細孔
内における白金析出挙動も共存イオンによ
って変化することが予想される。Figure 1 に
は、カリウムイオン、テトラメチルアンモニ
ウムイオン、テトラエチルアンモニウムイオ
ンをそれぞれ共存カチオンとして含む白金
電解液を用いて、ミクロポーラスシリコン内
に白金を電析した試料の断面 SEM像を示す。
カリウムイオンが共存する電解液では、細孔
内での白金の析出には最低でも 10 mM の
[PtCl4]2−が必要であることが分かる。一方、
イオン半径の大きなテトラメチルアンモニ
ウムイオンを共存させると、細孔内での白金
析出に必要な閾値濃度が 8 mMに低下した。
更にイオン半径の大きなテトラエチルアン
モニウムイオンの共存下では閾値濃度が 7 
mM へと更に低下した。この結果は、細孔内
における白金析出に必要な局所[PtCl4]2−濃度
が共存するカチオンによって異なることを
示唆している。イオン半径が大きく、電荷密
度の低いカチオンが共存すると細孔内での	 074701-3 Koda et al. J. Chem. Phys. 141, 074701 (2014)

the as-prepared porous silicon used in the present study, such
treatment is not necessary because its surface is terminated
by Si–H bonds and inherently hydrophobic. The as-prepared
porous silicon can spontaneously be oxidized in aqueous so-
lution containing [PtCl4]2−. This spontaneous oxidation oc-
curs together with the deposition of platinum on the sili-
con surface. Such deposition is categorized as displacement
deposition.27 The redox reactions can be written as follows:
[PtCl4]2− + 2e− → Pt + 4Cl− and Si + 2H2O + 4h+ → SiO2
+ 4H+. Under the condition where a nanopore is filled with
the second phase due to the surface-induced phase transition,
the displacement deposition occurs drastically on the porous
silicon wall, and platinum nanoparticles whose diameters are
determined by the nanopore diameter are spontaneously pro-
duced without an external bias. Platinum is deposited within
nanopores by this displacement deposition scheme in our ex-
periment of the present study.

The oxidation of silicon during the displacement depo-
sition should lead to only a slight change in the surface hy-
drophobicity. This is because the oxidation of silicon starts
not from that of “Si–H” to “Si–OH” but from the backbond
oxidation yielding “Si–O–Si”:28 Most of the Si–H bonds still
remain on the surface, leading to the persistence of the surface
hydrophobicity during our deposition experiment.

B. Effect of coexisting cations on displacement
deposition of platinum in porous silicon

Figure 1 shows cross-sectional SEM images of
nanoporous silicon after the displacement deposition of
platinum under a prescribed concentration of [PtCl4]2− in
the bulk with the three species of coexisting cations. At C
= 0.006 M (C is the concentration of [PtCl4]2− in the bulk),
the deposition does not proceed at all within the nanoporous
layer in all the K+, (CH3)4N+, and (C2H5)4N+ solutions as
observed in Figs. 1(a)–1(c). At C = 0.007 M (Figs. 1(d)–1(f)),
platinum is successfully deposited within nanopores only
in (C2H5)4N+ solution. At C = 0.008 M (Figs. 1(g)–1(i))
and 0.009 M (Figs. 1(j)–1(l)), the platinum deposition is
achieved within the nanoporous layer in (CH3)4N+ and
(C2H5)4N+ solutions but not in K+ solution. At C = 0.010 M
(Figs. 1(m)–1(o)), the platinum deposition is successful in
all the K+, (CH3)4N+, and (C2H5)4N+ solutions.

Taken together, the platinum deposition in nanoporous
silicon is suddenly accelerated at a threshold concentration
Cex in each of the three different solutions. The values of
Cex for K+, (CH3)4N+, and (C2H5)4N+ solutions are, respec-
tively, in the rages 0.009−0.010 M, 0.007−0.008 M, and
0.006−0.007 M. The threshold concentration is dependent
upon the cation species which coexists with [PtCl4]2−.

C. Electrochemical behavior in platinum deposition
analyzed using prevailing view

We measured the relation between current density and
electrode potential for a flat silicon electrode, that is, the
so-called i-E curve. The measurement serves as one of the
typical methods to evaluate the electrochemical behavior.
Figure 2 shows i-E curves measured for the flat silicon elec-

FIG. 1. Cross-sectional SEM images of porous silicon after platinum dis-
placement deposition. Samples on the left column (a, d, g, j, and m), middle
column (b, e, h, k, and n), and right column (c, f, i, l, and o) were prepared,
respectively, in 0.5 M of KCl, (CH3)4NCl, and (C2H5)4NCl solutions con-
taining [PtCl4]2− at the five different concentrations: 0.006 M (a, b, and c),
0.007 M (d, e, and f), 0.008 M (g, h, and i), 0.009 M (j, k, and l), and 0.010
M (m, n, and o). The scale bar indicates 500 nm.

trode in K+, (CH3)4N+, and (C2H5)4N+ solutions containing
[PtCl4]2− at C = 0.008 M. We emphasize that the experi-
ment described in Sec. II was performed not for a flat sur-
face but for nanopores. In Fig. 2, all the curves are essentially

FIG. 2. Current density versus potential curves measured for a flat sili-
con electrode in aqueous solutions containing 0.5 M of KCl (solid line),
(CH3)4NCl (dotted line), and (C2H5)4NCl (dashed line). The concentration
of [PtCl4]2− was 0.008 M. Scan rate was 10 mV/s. Although all the curves
are almost perfectly overlapped, the platinum deposition within nanopores
behaved quite differently (see Figs. 1(g)–1(i)).
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Figure 1. Cross-sectional SEM images of porous 
silicon after platinum displacement deposition. 
Samples on the left column, middle column and 
right column were prepared in 0.5 M of KCl, 
(CH3)4NCl, and (C2H5)4NCl solutions containing 
[PtCl4]2− at the five different concentrations: 
0.006 M (a, b, and c), 0.007 M (d, e, and f), 0.008 
M (g, h, and i), 0.009 M (j, k, and l), and 0.010 M 
(m, n, and o), respectively. The scale bar indicates 
500 nm. 



局所[PtCl4]2−濃度が上昇しているものと推測
される。	 
	 より詳細な分子論てき描像をあきらかに
するために分子性流体の積分方程式を用い、
疎水性表面（ポーラスシリコンの孔壁表面）
近傍の各種イオンの数密度分布を解析した。
カリウムイオンの存在下では、Figure 2 に示
すように最表面に[PtCl4]2−が高密度で存在し、
その一層沖合にカリウムイオンが比較的高
い密度で存在することが分かった。テトラエ
チルアンモニウムイオンのようにカチオン
のサイズが大きい場合、Figure 3 に示すよう
に、最表面において[PtCl4]2−も共存カチオン
も高い密度で存在しうることが明らかとな
った。 
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the solution is confined within a pore having the size of a
nanometer.

E. Analysis on partial-wetting transition

In order to investigate the partial-wetting
transition19, 20, 24, 29 in the present system, we monitor
the two quantities, HLj(0) (j = +, −). HLj(k) is the Fourier
transform of hLj(r):

HLj (k) = 4π

∫ ∞

0
r2hLj (r){sin(kr)/(kr)}dr. (4a)

HLj(0) expressed by

HLj (0) = 4π

∫ ∞

0
r2hLj (r)dr (4b)

gives a signal of the transition phenomenon as described
above. Divergence of HLj(0) at the spinodal concentration C∗

implies that the surface-cation or surface-anion correlation
becomes quite intense and long ranged (i.e., not of a micro-
scopic scale).

F. Partial-wetting transition: Effect of cation size

The theoretical analysis is made for the partial-wetting
transition near a single, extended hydrophobic surface. For
d+/dS = 1.08, Fig. 3(a) or 3(b) shows the plot of HL+(0) or
HL−(0) against the concentration of [PtCl4]2− in the bulk de-
noted by C. It is found that HL+(0) and HL−(0) simultaneously
exhibit the divergent behavior at the spinodal concentration

FIG. 3. (a) HL+(0) plotted against C. (b) HL−(0) plotted against C. C is the
concentration of X2PtCl4 in the bulk, and d+/dS = 1.08 (d+ denotes the diam-
eter of X+). The definition of HLj(0) (j = +, −) is given by Eq. (4b). Beyond
the spinodal concentration indicated by the broken line, the angle-dependent
integral equation theory possesses no solutions.

C∗. This is true even for d+/dS = 1.08. As observed in the
figure, they tend to diverge at C∗ ∼ 0.0254 M. This behavior
is a signal of the partial-wetting transition, a sudden growth
of the enriched layer from a microscopic scale to a submicro-
scopic one. C∗ is the spinodal point (the spinodal concentra-
tion) explained above. The divergence of HL−(0) is followed
by that of HL+(0). As C approaches C∗, the normalized den-
sity profiles of cations and anions in the vicinity of the sur-
face (gL+(ξ ) and gL−(ξ ), respectively; ξ is the distance from
the surface in the surface-normal direction) make the changes
illustrated in Fig. 4. Near C∗, gL+(ξ ) (ξ ∼ d− + d + /2) as
well as gL−(0) exhibits an abrupt increase but gL+(0) remains
almost zero. This result is indicative that the cations prefer-
entially come into contact with the anions in contact with the
surface.

Similar plots for d+/dS = 1.80 and d+/dS = 2.00, respec-
tively, are shown in Figs. 5 through 8. HL+(0) and HL−(0)
simultaneously exhibit the divergent behavior at C = C∗. The
simultaneous divergent behavior occurs at lower C∗ as d+ in-
creases. The spinodal concentration C∗ varies as follows: C∗

∼ 0.00825 M and ∼0.00258 M for d+/dS = 1.80 and 2.00, re-
spectively. Near C∗, gL+(0) and gL−(0) exhibit simultaneous,

FIG. 4. Normalized density profiles of cations (a) and anions (b) in the vicin-
ity of the surface (gL+(ξ ) and gL−(ξ ), respectively; ξ is the distance from
the surface in the surface-normal direction). Black: C = 0.0245 M, blue:
C = 0.0251 M, and red: C = 0.0254 M. C is the concentration of X2PtCl4
in the bulk, and d+/dS = 1.08 (d+ denotes the diameter of X+). The con-
tact values, gL+(d+/2), in the three bulk concentrations are all zero and the
contact position is at (ξ−dS/2)/dS = 0.04. The contact values, gL−(d−/2) (d−
= 2.16dS denotes the diameter of [PtCl4]2−), in the three bulk concentra-
tions are 630.4, 1002, and 1606, respectively, and the contact position is at
(ξ−dS/2)/dS = 0.58.
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Figure 2. Normalized density profiles of cations 
(a) and anions (b) in the vicinity of the surface 
(gL+(ξ) and gL–(ξ), respectively; ξ is the distance 
from the surface in the surface-normal direction). 
Black: C = 0.0245 M, blue: C = 0.0251 M, and 
red: C = 0.0254 M. C is the concentration of 
X2PtCl4 in the bulk, and d+/dS = 1.08 (d+ denotes 
the diameter of X+). The contact values, gL+(d+/2), 
in the three bulk concentrations are all zero and 
the contact position is at (ξ −dS/2)/dS = 0.04. The 
contact values, gL−(d−/2) (d− = 2.16dS denotes the 
diameter of [PtCl4]2−), in the three bulk 
concentrations are 630.4, 1002, and 1606, 
respectively, and the contact position is at (ξ −dS 
/2)/dS = 0.58. 
	 
	 更に詳しく理論解析を行ったところ、細孔
内の[PtCl4]2−が極めて高い局所濃度で安定す

る相転移的挙動を示すことが分かり、その閾
値となるバルクの[PtCl4]2−濃度は共存するカ
チオン種によって変化することが分かった。
Figure 1 で実験的に見出したように、理論解
析によってもイオンサイズが大きく電荷密
度の低いカチオンの方が、より低濃度で
[PtCl4]2−の相転移的挙動を示すことが明らか
となり、Figure 1 の実験結果を良く説明しう
る解析結果が得られた。	 
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FIG. 5. (a) HL+(0) plotted against C. (b) HL− (0) plotted against C. C is
the concentration of X2PtCl4 in the bulk, and d+/dS = 1.80 (d+ denotes the
diameter of X+). The definition of HLj(0) (j = +, −) is given by Eq. (4b).
Beyond the spinodal concentration indicated by the broken line, the angle-
dependent integral equation theory possesses no solutions.

abrupt increases. This result suggests that the cations as well
as the anions are in contact with the surface.

We remark that cares must be taken in drawing Figs. 3, 5,
and 7. Since the basic equations of the ADIET are solved not
analytically but numerically, quite a robust numerical solution
algorithm like ours is necessitated with very severe conver-
gence criterion when C approaches C∗. The abrupt increases
in HL+(0) and HL−(0) toward infinitely large values can then
be traced out. As observed in the figures, it can be concluded
that the ADIET possesses no solutions beyond C∗ indicated
by the broken line.

When the ADIET combined with the molecular model
for water is employed, it is difficult to directly analyze the
bridging transition because of the mathematical complexity.
However, the analysis of the partial-wetting transition pro-
vides useful information on the bridging transition as well.
We have investigated both of the two types of transitions in
detail for the same system consisting of simple-liquid mod-
els, and the connection between them is rather straightfor-
ward. The pore diameter of our porous silicon is ∼3 nm on
the average. The spinodal concentration for the bridging tran-
sition within such a narrow pore, C∗∗*, should be consider-
ably lower than C∗. The salt concentration at which the bridg-
ing transition actually occurs, C+++, is even lower than C∗∗*.
The threshold value observed in our experiment for X+ with
d+/dS = 1.08, K+, which is in the rage from 0.009 M to
0.010 M corresponds to C+++. Thus, the theoretical results
for X+ with d+/dS = 1.08 are in agreement with the experi-
mental observations in a semi-quantitative sense. This type of

FIG. 6. Normalized density profiles of cations (a) and anions (b) in the vicin-
ity of the surface (gL+(ξ ) and gL−(ξ ), respectively; ξ is the distance from
the surface in the surface-normal direction). Black: C = 0.00681 M, blue: C
= 0.00794 M, and red: C = 0.00824 M. C is the concentration of X2PtCl4 in
the bulk, and d+/dS = 1.80 (d+ denotes the diameter of X+). The contact val-
ues, gL+(d+/2), in the three bulk concentrations are 172.7, 194.2, and 212.7,
respectively, and the contact position is at (ξ−dS/2)/dS = 0.40. The contact
values, gL−(d−/2) (d− = 2.16dS denotes the diameter of [PtCl4]2−), in the
three bulk concentrations are 36.56, 53.42, and 65.50, respectively, and the
contact position is at (ξ−dS/2)/dS = 0.58.

argument does not hold in the cases of X+ with d+/dS = 1.80
and 2.00 as described in the first paragraph of Sec. V C.

V. COMPARISON BETWEEN EXPERIMENTAL AND
THEORETICAL RESULTS

A. Real system treated in experiment

In the experiment, one of KCl, (CH3)4NCl, and
(C2H5)4NCl is dissolved in water at the fixed concentration
0.5 M. K2PtCl4 is also dissolved and its concentration C in
the bulk is gradually increased as an important parameter.
The result manifests that the pores are abruptly filled with the
second phase, in which the concentration of [PtCl4]2− is re-
markably enriched, at C = Cex (the superscript “ex” denotes
“experimental”). The values of Cex for KCl, (CH3)3NCl, and
(C2H5)3NCl are, respectively, in the rages from 0.009 M to
0.010 M, from 0.007 M to 0.008 M, and from 0.006 M to
0.007 M.

As explained above, (C2H5)4N+ and (CH3)4N+ are even
more hydrophobic than [PtCl4]2−. (C2H5)4N+, for example, is
smaller than [PtCl4]2− but the former carries only the charge

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
130.54.110.72 On: Tue, 03 Feb 2015 03:59:34

	 
Figure 3. Normalized density profiles of cations 
(a) and anions (b) in the vicinity of the surface 
(gL+(ξ) and gL−(ξ), respectively; ξ is the distance 
from the surface in the surface-normal direction). 
Black: C = 0.00681 M, blue: C = 0.00794 M, and 
red: C = 0.00824 M. C is the concentration of 
X2PtCl4 in the bulk, and d+/dS = 1.80 (d+ denotes 
the diameter of X+). The contact values, gL+ (d+/2), 
in the three bulk concentrations are 172.7, 194.2, 
and 212.7, respectively, and the contact position 
is at (ξ−dS/2)/dS = 0.40. The contact values, 
gL−(d−/2) (d− = 2.16dS denotes the diameter of 
[PtCl4]2−), in the three bulk concentrations are 
36.56, 53.42, and 65.50, respectively, and the 
contact position is at (ξ−dS/2)/dS = 0.58. 
	 

	 ここで得られた結果は、ポーラス電極内に
効率的に金属電析を行うための指針を与え
るものである。白金に限らず様々な金属に適
応可能である知見と考えられ、実際に亜鉛の
電解析出においても、細孔内での電析が優先
されることにより最表面でのデンドライト



析出が添加剤なしで達成しうることも確認
した。	 
	 本研究において、液体論的観点から電気化
学反応そのものを再考することによって、電
解重合プロセスや陽極酸化プロセスによっ
て新奇な高分子薄膜形成やシリコンの表面
形状制御を可能にする派生技術の開発にも
成功した。特に、陽極酸化による配列微細溝
形成に関しては ChemPhysChem 誌の Inside 
coverに採択されるなどの高い評価を得た。	 
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