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General Introduction

1 Porous electrode
The structure which has many pores is called porous structure. Porous struc-
tures can be used as porous electrodes when porous structures are composed
of conductors or semiconductors. Porous electrodes are very important in the
range of technologies. They have extremely larger surface area than flat elec-
trodes. The specific surface area of porous electrodes is associated with the
pore size, porosity and pore depth. Total amount of the product in an electro-
chemical reaction depends on electrode area as well as applied potential and
duration of electrolysis. Therefore the porous electrodes have been used for
conventional electrolytic industries. For instance nitrogen trifluoride is pro-
duced by an electrolytic process using porous electrodes.! Water is electro-
chemically decomposed through porous electrodes.? In addition, they are uti-
lized for various modern electrochemical devices. For example, the graphite
having porous structure is used as a cathode for lithium ion batteries.’ Porous
electrodes that are composed of activated carbons are used for fuel cells and
electric double layer capacitors.* Titanium oxide porous electrodes are uti-
lized for dye-sensitized solar cells.®

A porous electrode is characterized by the porosity, pore diameter, spe-
cific surface area and property of materials. Especially specific surface area
which mainly depends on the pore size and porosity is an important param-
eter of porous electrodes. According to the [IUPAC classification of pore size,
pores are classified as micropore, macropore and mesopore when its average
pore size is under 2 nm, over 50 nm and in between these two values, respec-
tively. The smaller the pore diameter is, the larger the specific surface area

is if the number of pores is the same. Therefore, the specific surface area in



a microporous structure is larger than the specific surface area in a
macroporous structures if the number of pores is the same.

Some methods to prepare porous electrodes have been reported. For in-
stance, some conducting porous electrodes are prepared by sintering, pres-
surizing or using a binder from conductive particles such as conductive ce-
ramics or carbon particles. Gold porous electrodes are prepared by immers-
ing gold-silver alloy in nitric acid.” In a similar way nickel porous electrodes
are prepared by immersing nickel-aluminum alloy in alkali solution.® Pores
are spontaneously formed by anodization on various plates such as gold®,
silver, copper, iron, nickel'®, aluminum!'!, titanium'?> and silicon.!® Porous
electrodes prepared by anodization are utilized for various technologies. Po-
rous titanium oxide is used for photocatalytic electrodes.'> The porous gold
electrodes exhibit high electrochemical activities for glucose oxidation.!* Po-
rous indium-phosphorus is used as an anode for lithium ion batteries.!®> Also,
porous electrodes are utilized for various devices. In particular, one of the
remarkable applications is the utilization as a template to produce nano-

materials by filling metal in the porous electrode.

2 Metal deposition in porous silicon

By dissolving a porous template after filling metal in the template, trans-
ferred metal structures can be obtained. For example, metal rods or wires
whose short axis and long axis correspond to the pore diameter and thickness
of the porous layer, respectively, can be formed in the pores when metal is
deposited only in the columnar pores.!®!” Metals with ordered columnar
structures can be prepared by depositing metal in the pores with continued
deposition to form a film on top of the porous electrode.'®!” The metals with
ordered columnar structures can be used for sensing 4,4’-bipyridine with sur-
face-enhanced Raman scattering'® and polarization control of a vertical cav-
ity surface emitting laser.?® Especially porous silicon has significant ad-

vantages in utilizing as a template. Metal can be electrochemically deposited



in porous silicon without pretreatments since silicon is a semiconductor. Po-
rous silicon is chemically dissolved in alkali solution.'® Thus metal structures
are easily prepared and the template is easily removed, when porous silicon
is utilized as the templates. In addition, the pore wall surface can be covered
with organic molecules.?! The modification with organic molecules change
the property of pore wall surface.?

Control of metal deposition in porous structures is important to prepare
such metal structures. The accumulation of knowledge to control metal dep-
osition in pores is indispensable. The metal deposition in mesoporous silicon
and macroporous silicon has already reported to be controllable. Kobayashi
et al. carried out nickel and copper electrodeposition in macroporous sili-
con.'® Foell et al. achieved metal deposition in macroporous silicon by ad-
justment of potential and current density.> Xu et al. tried nickel deposition
experiments from the viewpoint of comparison with simulation.?* 2> Fukami
et al. focused on the composition of electrolyte.?® Matsumoto et al. deposited
noble metal such as platinum, gold and silver, and they reported that noble
metal deposition in macroporous silicon is affected by the rate of metal dis-
placement deposition.?’” The supply of metal ions into mesopores is strongly
inhibited by the presence of pore walls compared with that into macropores.
Hamadache et al. focused on current density and the kind of metal ions, and
they carried out nickel and iron deposition in mesopores.?® Fukami et al.
made it possible to deposit platinum and copper in the mesopores at ex-
tremely small current density as well as by stabilizing metal ions.!*?

A few studies about metal deposition in microporous silicon has been re-
ported.***> However, the aim of these studies is not the control of metal dep-

3031 and con-

osition but the improvement of electroluminescent efficiency
version efficiency as catalysts.’> Therefore the mechanism of metal deposi-
tion in microporous silicon is not well understood. Generally the reactive
species such as metal ions are supplied to reactive sites by diffusion. How-

ever if the pore diameter is small, the presence of pore walls inhibit the sup-



ply of reactive species. The reactive species such as metal ions are not abun-
dantly supplied into the pores and metal deposition preferentially proceeds
on the pore opening where the supply of metal ions by diffusion is favorable.
The inhibition effect originating from the presence of pore walls is stronger
with decreasing the pore diameter.® Therefore, metal deposition in mi-
cropores has not been fully controlled. In order to achieve the complete fill-
ing, the reactive species has to be sufficiently supplied. The supply of those
ions should be accomplished by means other than diffusion to control metal
deposition in the micropores since the diffusion is determined by the geom-
etry. In other words, supply of chemicals into micropores based on another

mechanism is strongly desired.

3 Properties of solute and solvent near solid surface
It is reported that the properties of liquid such as density, structure and vis-
cosity in a confined space such as micropores are different from that in a
bulk.3**® An aqueous solution in the microscopic space have a ordered struc-
ture by the effect of pore walls according to the force profile along the direc-
tion normal to the pore wall measured with a surface force apparatus.***° In
this case, an aqueous solution have more ordered structure on a hydrophilic
plate such as mica or glass plate than a hydrophobic graphite plate.’® The
properties of solution in microscopic space are different depending on the
kind of solution.?”*° In addition, it was revealed by numerical simulation that
an aqueous solution in micropores has an ice-like structure despite at room
temperature.*! The overlapping of the interaction potentials between a pore
wall and molecule is predominant in micropores due to the presence of the
opposite pore walls. Consequently the properties of liquid in micropores are
different from that in a bulk. Therefore, to control the supply of solute such
as ions into micropores, the properties of solute and solvent such as density
and structure near the solid surface have to be investigated.

The properties of the solute and solvent near a solid surface have been an-

alyzed by some analytical methods. Shen et al. analyzed the structure of an



aqueous solution near hydrophobic quartz modified by octadecyltri-
chlorosilane with sum-frequency generation spectroscopy. A free OH group
which is not bonded to other H,O molecules by hydrogen bonds exits in an
aqueous solution near the hydrophobic quartz.*** The oxygen position of
H,0O molecules near a hydrophilic mica plate was revealed by X-ray reflec-
tivity technique.***° The interaction of hydrogen bonds between H,O mole-
cules and the surface has an influence on the oxygen position of H,O mole-
cules on the mica.* Besides, a gap exists between the hydrophobic surface
of octadecyltriethoxysiloxane (or octadecyltrichlorosilane monolayer) and
H,O molecules.*>*® The gap cannot be found near a hydrophilic surface.** In
addition, the viscosity of water near a hydrophilic surface measured by an
atomic force microscope (AFM) is higher than that of bulk. In contrast the
viscosity near a hydrophobic surface is lower than that of bulk.>

Kimura et al. revealed by force curves near a solid surface that H;O mole-
cules are adsorbed or structured on the hydrophilic solid surface.*’-° The
more hydrophilic the solid surface is, the more significantly the structure
forms.>!->2 This AFM technique can be applied to other molecules as well.*?
Alcohol is affected not only by van der Waals interaction from a solid surface
but also by the hydrogen bond from the surface.’*> Atkin et al. measured
the structure of ionic liquids near a solid surface.’*>® An ionic liquid regu-
larly forms a stronger and layered structure near a quartz and mica plate
compared to a graphite.’® In addition, the layered structure is affected by the
potential of the electrode surface.’”-*8

The structure analysis of solute and solvent near a solid surface was per-
formed not only experimentally but also theoretically. It was reported using
molecular dynamics method that the viscosity and diffusion of water near a
charged surface (hydrophilic) are different from those near an uncharged sur-
face (hydrophobic).> The structure of ionic liquids on a carbon nanotube
was investigated, and it was clarified that the structure of ionic liquids near
the carbon material depends on a kind of ionic liquid.®® In aqueous systems,

the concentration of large size ions such as Cs* and I becomes high near a



carbon material/H,O interface. The concentration is different from small size
ions such as Li* and F.%! It was revealed by an angle-dependent integral
equation theory that large size ions in an aqueous solution are enriched near
an uncharged surface (hydrophobic).®? It was reported by both experi-
mental*? and theoretical®® analyses that the structure of a solute and solvent
near a solid surface is different from the structure in bulk. This structure is
especially affected by the affinity between the solid surface and solvent, in
other words hydrophilic or hydrophobic.

The properties of ions and solute in micropores are mainly determined by
the influence from pore walls due to a confined space. It is necessary to clar-
ify the behavior of ions and solvent in micropores to control metal deposition
in micropores. Therefore, it is necessary to investigate the effect of pore wall

properties on metal deposition in micropores.

4 The outline of the present thesis

The properties of solute and solvent such as density and structure in mi-
cropores are different from those in a bulk, and mainly determined by the
interactions between the solute, solvent and pore walls since the pore diam-
eter is extremely small. This thesis focuses on these interactions. The main
aim of the work is to investigate the effect of the interactions on metal dep-
osition and clarify the properties of ions in micropores. The concentration of
metal ions in micropores is related to the density of deposited metal. There-
fore the deposition behavior such as the density of deposited metal and site
of the deposits is investigated.

In chapter 1, platinum deposition is carried out on two types of mi-
croporous silicon with different hydration properties (hydrophilic or hydro-
phobic). Here, two kinds of platinum complex ions with different hydration
properties are also used. Platinum deposition occurs only in the micropores
having the hydrophobic pore walls. In addition, when the interaction be-

tween the metal ions and H,O molecules is weak, platinum is densely depos-



ited in the micropores. The theoretical analysis based on a statistical-me-
chanical theory for molecular liquids revealed that the concentration of the
metal ions in the immediate vicinity of the surface is higher than that in the
bulk. This originates from the surface-induced hydration structure of the
metal ions which is dependent on the hydration properties.

In chapter 2, platinum deposition is carried out in micropores with several
concentrations of metal ions in the bulk to elucidate this mechanism in detail.
There exists a threshold concentration at which the deposition behavior ex-
hibited a sudden change, leading to drastic acceleration of the platinum dep-
osition in the micropores. According to the statistical-mechanical theory, at
the threshold the micropores are abruptly filled with the second phase in
which the ion concentration is significantly higher than that in the bulk.

In chapters 2, it has been elucidated that the micropores are filled with the
second phase. In chapter 3, effects of cation species coexisting with the metal
complex anions in electrolyte are examined, and the effect of the cations on
metal deposition in micropores is elucidated. With increasing the size of cat-
ion species, the threshold concentration, beyond which the electrochemical
deposition within micropores is drastically accelerated, is low. According to
the statistical-mechanical theory, it is clearly shown that not only anions but
also cations are remarkably enriched in the second phase. In addition, the
larger the size of cation is, the lower the threshold concentration to form the
second phase of anion in micropores is.

In chapter 4, zinc electrodeposition is carried out in micropores at a current
density higher than the diffusion-limited current density measured on a flat
substrate. Zinc is densely deposited in the micropores even at a current den-
sity higher than the diffusion-limited current measured on a flat substrate.
This result suggests that the metal 1ons are enriched in the micropores by the
hydration properties as discussed in the preceding chapters.

In chapter 5, electordeposition in micropores is carried out to clarify the

effect of overpotential to deposit metal onto a bare silicon upon the deposi-



tion behavior in the micropores. In case of metal requiring high over poten-
tial to deposit on a bare silicon such as platinum, deposition does not occur
in micropores if platinum deposition proceeds on the pore openings. On the
other hand, In case of metal requiring low over potential to deposit on it such
as silver, deposition proceeds into the micropores even if silver deposits on

the pore openings.
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1 Platinum electrodeposition in porous silicon: The in-
fluence of surface solvation effects on a chemical reac-
tion in a nanospace

A chemical reaction in a nanospace is decelerated once a diffusion-limited
condition is reached due to the difficulty in supply of reactants from the bulk.
We illustrate how to overcome this problem for platinum electrodeposition
within nanoporous silicon electrodes. The surface-induced hydration structure
of reactants is essential. We make nanopore surfaces hydrophobic by covering
them with organic molecules and adopt platinum complex ions with sufficient-
ly large sizes as reactants. Due to the resulting fact that the ions are strongly
excluded from the bulk solution to the surface, the ion concentration is greatly

enriched within nanopores. This enrichment accelerates the reaction.

1.1 Introduction

A chemical reaction occurring in a nanospace is an important process enabling
development of novel science and technology or highly functional materials
and devices. However, the control of the reaction is difficult to achieve in a
conventional way using the temperature and concentration of reactants in bulk
solution'”. A typical problem is that the reaction in a nanospace can remarka-
bly be decelerated due to a diffusion-limited condition reached (i.e., the diffi-
culty in supply of reactants from the bulk through mass transfer). In modeling
and understanding the reaction mechanism in a nanospace, the solvent con-
fined by a surface or surfaces should play crucially important roles. It has been
shown that the structure of ionic liquid or organic solvent near a nanosurface is
substantially different from that in bulk *'°. Here we show that the surface-
induced solvation structure of reactants has surprisingly large effects on the
reaction process. By adjusting the affinity of surfaces for the solvent and the

solvation properties of reactants, the reaction process can be controlled in a
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variety of manners, for instance, to overcome the deceleration problem men-
tioned above. A statistical-mechanical theory for confined molecular liquids
provides a useful guide to the control that can be achieved by manipulating the
affinity of electrode surfaces for water and varying the ion size.

In the present study, porous silicon and platinum electrodeposition are used
as platforms of a nanospace and a chemical reaction, respectively. The pore
diameter is ~5 nm at its maximum and ~3 nm on the average. With platinum
electrodeposition, we can visualize the past record of reaction process by in-
vestigating the density and distribution of platinum deposit within the porous
structure (deposited platinum is stable against the spontaneous dissolution). In
this case, the solvent is water and the reactants are platinum complex ions. The
important point is that the hydration properties of reactants in the aqueous so-
lution confined on the scale of a nanometer are substantially different from
those in the bulk aqueous solution. More specifically, the surface-induced hy-
dration structure of reactants, which has never been considered explicitly in
electrochemical research, is experimentally explored by covering the na-
nopores with organic molecules to make their surface hydrophilic or hydro-
phobic and by testing different ion sizes of reactants. Theoretical analyses
based on a molecular model (not a dielectric continuum model) for water are
also employed. As a striking result, the physical factor that the ions are ex-
cluded from the bulk water to the surface comes into play when the surface is
hydrophobic, leading to enrichment of the ion concentration within nanopores.
Moreover, the degree of this enrichment is remarkably influenced by the ion

size.

1.2 Experimental Method

Nanoporous silicon electrodes were prepared by anodization of a p-Si (100)
wafer (Shin-Etsu Astech Co. Ltd.). The resistivity of the silicon was 10-20 Q
cm. All chemicals purchased from Nacalai Tesque, Inc. with analytical grade
were used without further purification. The anodization was performed in 22

wt.% HF ethanolic solution at current density of 2.0 mAcm ™ for 20 min with
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a conventional potentio/galvanostat (Hokuto Denko, HZ-3000). The anodized
area was 0.78 cm’ (1 cm in diameter).

After washing the as-anodized nanoporous silicon with water and ethanol,
the substrate was immersed for 15 h in n-hexane containing 0.2 M propiolic
acid or 0.2 M methyl propiolate to cover the pore-wall surfaces with the or-
ganic molecules ''. We note that it is better to graft almost similar molecules
which show the opposite hydration properties, i.e., hydrophobic and hydro-
philic, to understand the effect of surface-induced hydration structures. This is
because the molecules on the pore wall strongly affect the electrochemical be-
havior, meaning that analyses of the electrochemical property become quite
complex if one uses molecules with substantially different structures. Propiolic
acid and methyl propiolate form one of the best combinations for the present
study from this point of view. The chemically-modified nanoporous silicon
substrate was analyzed using a Fourier-transform infrared spectrometer (JAS-
CO, FT/IR-460 Plus; FT-IR) with a diffuse-reflection mode. The contact an-
gles of the porous layers were evaluated using a contact-angle measure (KSV
Instruments, CAM 200).

The deposition bath was aqueous solution containing 0.1 M K,PtCl, and 0.5
M NaCl. Aqueous solution containing 0.1 M K,PtBr,; and 0.5 M KBr was also
used to examine the ion-size effect. The platinum electrodeposition was car-
ried out cathodically at current density of —6.4 pAcm ™~ (the minus sign means
“cathodic” current density). The cross-sectional views of the platinum deposit-
ed nanoporous silicon were observed with FE-SEM (JEOL, JSM-6500F;
SEM) and analyzed by an energy-dispersive X-ray spectrometer (EDS)
equipped in the SEM. The nanoscopic images of the cross-section were ob-
served with a scanning transmission microscope (JEOL, JEM-2200FS;
STEM). To prepare the samples for the STEM observation, the porous layers
were sliced into thin films using a focused ion beam (JEOL, JIB-4500; FIB).
The schematic illustration shown in Figure 1.1 explains how the STEM sam-
ples were prepared and which part of the sample was considered for the obser-
vation by STEM.
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porous layer filled with Pt Magnified schematic image of the TEM sample

Observed part by TEM

bulk silicon dry etching by FIB TEM sample

Figure 1.1: Schematic illustration explaining how the TEM sample was pre-
pared and which part of the sample was considered for the observation by
TEM.

1.3 Theoretical Method

It is required that a molecular model be employed for water to investigate the
effects of the ion size. A water molecule is modeled as a hard sphere with di-
ameter ds=0.28 nm in which a point dipole and a point quadrupole of tetrahe-
dral symmetry are embedded'”. The influence of molecular polarizability of
water is included by employing the self-consistent mean field (SCMF) theo-
ry'2. Hard spherical cations and anions with diameters d; and d_, respectively,
are immersed in water. The water-water and water-ion correlations are then
dependent not only on the distance between centers of the particles but also on
the particle orientations. We analyze the structure of electrolyte solution at an
extended, uncharged (hydrophobic) or charged (hydrophilic) surface. The wa-
ter-surface correlations are also dependent on the orientations of water mole-
cules.

1215 9 statistical-

We employ the angle-dependent integral equation theory
mechanical theory for molecular liquids. A macroparticle with diameter
dy=30ds (ds is the diameter of water molecules, 0.28 nm) mimicking an ex-
tended surface is immersed in aqueous electrolyte solution. The subscripts,
“S7, “+7, “=” and “M” respectively, represent “solvent (water)”, “cations”,
“anions”, and “macroparticle”. The Ornstein-Zernike (OZ) equation for the

: - . . : 12-17
mixture comprising water molecules, cations, and anions can be written a
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where 4 and c are the total and direct correlation functions, respectively, (i)
represents (r;, £2, £2), r; is the vector connecting the centers of particles i and
J, £2: denotes the three Euler angles describing the orientation of particle i,
Jd(3) represents integration over all position and angular coordinates of parti-

cle 3, and p is the number density. The closure equation is expressed by'>"’

Cof12)] Thop(12)Owas(12)~bof12)} A 01dr 1r-uaf(12)/ (ks T)+boA12), (2a)

2
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where u is the pair potential, b is the bridge function, and 71,=|r,|. In the pre-
sent analysis, the hypernetted-chain (HNC) approximation is employed (56=0).
We assume that the macroparticle is present at infinite dilution (oy—0). The

calculation process can then be split into two steps:

Step (i). Solve Egs. (1) and (2) for bulk aqueous electrolyte solution. Calculate
the correlation functions Xss, Xs+, Xs_, Xrv, Xooy and X (X=4, ¢).

Step (i1). Solve Egs. (1) and (2) for the macroparticle-aqueous electrolyte solu-
tion system using the correlation functions obtained in step (i) as input data.
Calculate the correlation functions Xys, Xu+, and Xy (X=h, c¢).

For the numerical solution of Egs. (1) and (2), the pair potentials and corre-
lation functions are expanded in a basis set of rotational invariants (i.e., Wig-
ner’s generalized spherical harmonics), and the basic equations are reformu-

lated in terms of the projections X" "lﬂl)(r) occurring in the rotational-invariant
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expansion of X% The expansion considered for m, n<n,,=4 gives suffi-
ciently accurate results. The basic equations are then numerically solved using
the robust, highly efficient algorithm developed by Kinoshita and coworkers'*
'8 In the numerical treatment, a sufficiently long range r; is divided into N
grid points (r=ior, i=0, 1, ..., N—1; dr=r1/N) and all of the projections are rep-
resented by their values on these points. The grid width and the number of grid
points are set at o#=0.01ds and N=4096, respectively.

In the real porous structure, the solution is confined within pores having var-
ious sizes whose surfaces are concave. However, the analyses on the solution
confined by an extended surface provide fundamental information which can
readily be applied to the solution confined between two extended surfaces,
between two concave surfaces, or within a nanopore in a qualitative sense.
The microstructure (heterogeneity) of the surface is not taken into account in
the theoretical calculation. However, it has been shown that it has no essential
effects on the conclusion as long as the averaged properties of the surface-

) . 19
induced structure are discussed .

1.4 Results and Discussion

1.4.1 Electrodeposition in aqueous solution of [PtCl,]*

First, platinum electrodeposition was carried out in aqueous solution of
[PtCLy]* using the hydrophobic and hydrophilic nanoporous silicon electrodes.
Figure 1.2 shows images of contact angle measurements, cross-sectional SEM
images, and mappings of Si and Pt by EDS using the hydrophilic and hydro-
phobic porous silicon electrodes. The contact angles of the chemically-
modified porous silicon electrodes in Figures 1.2a and b are 78° and 122°, re-
spectively. The modifications of porous silicon were also characterized by FT-
IR measurements (see supplementary content). As shown in Figures 1.2c, e,
and g, platinum deposits are mainly observed on the top of the porous silicon
when the hydrophilic porous electrode is employed. On the contrary, in Fig-
ures 1.2d, f, and h, platinum is uniformly deposited within the porous layer by
the use of the hydrophobic porous electrode.
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Figure 1.2: Strong effect of surface properties of porous silicon electrodes on
platinum electrodeposition in which [PtCL,]*" is used as platinum source. The
electrode surfaces are hydrophilic in (a), (c), (¢), and (g) whereas they are hy-
drophobic in (b), (d), (f), and (h). Images of contact angle measurements are
shown in (a) and (b), cross-sectional SEM images in (c) and (d), EDS map-
pings of Si in (e) and (f), and EDS mappings of Pt in (g) and (h) after the plat-
inum electrodeposition. The gradation bar in the bottom of the figure indicates
the relative intensity of each element detected in the mapping. A marked dif-
ference in the electrodeposition behavior is observed between (g) and (h).

Current density-potential (i-E) curve measurements were performed to un-

derstand the electrodeposition behavior on various surfaces (Figure 1.3). A

19



platinum plate, a bare p-Si(100), and chemically-modified p-type silicon (100)
substrate were used as the working electrodes. According to the i-E curves, the
chemically-modified electrodes require much higher overpotential than a plat-
inum plate electrode. However, the difference in the overpotential between the
propiolic acid-modified p-Si and the methyl propiolate-modified one is not
large, meaning that the electrochemical properties of these electrodes are simi-
lar. The amounts of deposited platinum are the same for the hydrophilic and
hydrophobic porous silicon electrodes, but the preferential deposition sites are
completely different. This, in turn, means that the difference between them in
deposition behavior (Figure 1.2) originates solely from the surface-induced
hydration structure of [PtCl;]*~ which is dependent on the surface properties.
We have performed an additional experiment. The amount of platinum depos-
ited on as-anodized nanoporous silicon, whose surface (it is not modified with
the organic molecules) shows the highest hydrophobicity, is drastically larger
as depicted in Figure 1.4. Because the electrochemical propeties are different
from those of the modified electrodes (Figure 1.3), one cannot compare the
results in a simple way. However, it has been verified that the hydrophobic
pore wall enhances the deposition reaction within the nanopores. Further, as
discussed in the latter part of this paper (see Figure 1.6), the electrodeposition
with a different platinum complex ion exhibits the same behavior as that with
[PtCLy]*, i.e., platinum deposition is substantially enhanced within the hydro-
phobic porous layer. These results indicate that the behavior is quite general
and the specific chemical properties of functional groups on the modified sur-

face and metal 1ons are not relevant.
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Figure 1.3: Current density-potential curves measured on various electrodes.
The black, black-dotted, red, and blue curves were measured using a platinum
plate, bare p-Si (100), propiolic acid-modified p-Si (100), and methyl propio-
late-modified p-Si (100), respectively. The measurements were carried out in
aqueous solution containing 0.1 M K,PtCl, and 0.5 M NaCl. The green curve
was also measured with a methyl propiolate-modified p-Si (100), but in an
aqueous solution containing 0.1 M K,PtBr4 and 0.5 M KBr. The scan rate of

potential was 10 mVs™.

NONE SEI 100KV X30000 100nm WD 9.4mm

Figure 1.4: Cross-sectional SEM image of as-anodized nanoporous silicon
after platinum electrodeposition. The condition for electrodeposition was the
same as that in Figure 1.2, but the pore surface was not modified with organic
molecules. Platinum is densely deposited within the porous layer. The pore
surface is hydrogen-terminated, meaning that it is more hydrophobic than me-

thyl propiolate.
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1.4.2 Theoretical analyses

The above result was elucidated by our statistical-mechanical theory for con-
fined molecular liquids. Our principal concern is the normalized number-
density profile of anions g(h)=p(h)/p- where h is the distance from the surface,
o(h) 1s the number-density profile of anions, and p_ is the number density of
anions in the bulk: g(4) represents the surface-induced hydration structure of
anions and g(h)—1 as h—o0. Our experience in theoretical analyses for alkali-
halide ions has shown that the profile is rather insensitive to the ion concentra-
tion in the bulk over its wide range (<3 M) . It is far more sensitive to the ion
size. It is not significantly influenced by the species of the coexisting cations.
On the basis of this information, the aqueous solution is treated as water con-
taining K,PtCly at 1 mM. The anion, [PtCl4]2_, is modeled as a spherical ion
within which the point charge of —2|e/| (e is the electronic charge) is placed at
the center. The point charge of K' placed at its center is |e|. The cation size d.
is set at 0.3 nm. As the anion size d_, 0.60 nm is adopted for [PtCL,]*". The size
of [PtCL,]*” was approximately calculated from the molecular weight and den-
sity of K,PtCl, in solid state with the tetragonal crystal structure.

First, we show g(/) near a hydrophobic surface in Figure 1.5. Two more
values, 0.65 nm and 0.70 nm, are tested for d_ to look at the size effect. The
anion concentration is enriched in the immediate vicinity of the surface. This
strong enrichment occurs only within the first layer of the particles ((h—d-
/2)/ds~1). Even in Figure 1.5c, g(h) reduces quite rapidly as / increases, and
the values of g(/) are only 2.7 and 1.1 within the second ((h—d_/2)/ds~2) and
third ((h—d_/2)/ds~3) layers, respectively. The physical interpretations of the

enrichment and the great dependence on the anion size are given as follows.
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Figure 1.5: Remarkable effect of anion size on surface-induced hydration
structure of anions: Normalized number-density profile of anions g(/) near an
extended hydrophobic surface for the three different values of d_, 0.60 nm (a),
0.65 nm (b), and 0.70 nm (¢). The anions in (a) and (c) correspond to [PtC14]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]: As for the solution con-
fined between two extended surfaces, when the surface separation becomes
smaller than a few times of the diameter of a water molecule, not only g(h) for
all & exhibits an upward shift but also the anion-size effect becomes larger.
The upward shift and the enhancement of anion-size effect are more apprecia-
ble when the surface separation is smaller or the surface is concave and its
curvature is larger (see “Entropic enrichment originating from packing force”
of SI). By the interplay of these physical factors, the enrichment of anion con-
centration and the anion-size effect become remarkable when the solution is
confined within a pore having the size of a nanometer.

23



(1) d=0.60 nm.

We consider system 1 where the charges of ions and the point dipole and
quadrupole of water molecules are all switched to zero: A mixture of hard
spheres with three different diameters (ds, d., and d_) forms the solution. The
surface is made by a hard wall. In this system, all of the allowed system con-
figurations share the same energy and the system behavior is purely entropic
in origin. The measure of the enrichment, g(d_/2), is ~30. This entropic en-
richment arises from “the packing force” (see supplementary content)”. We
then consider system 2 where only the charges of ions are set at zero. A binary
mixture of hard spheres with different diameters (d; and d_), which form hy-
drophobic solutes, is immersed in water. g(d_/2) reaches ~67000. Energetical-
ly, water molecules do not want to accommodate a solute which cannot partic-
ipate in the hydrogen bonding. The number of water molecules surrounding
such a hydrophobic solute N¢ is an important quantity. N¢ for the solute in
contact with the surface is half of N for the solute in the bulk. Therefore, the
solutes are strongly excluded from water to the surface, which forms those
with smaller Nc. When the charges are given to the ions (system 3: the model
aqueous solution specified in the last paragraph), g(d_/2)~5 as observed in
Figure 1.5a. This value is smaller than 30 in system 1, and the anions with

d_=0.60 nm are rather favored by water: they are weakly hydrophilic.

(2) d=0.70 nm.

It has been found that g(d_/2)~44 in system 1 and g(d_/2)~170 in system 3 as
observed in Figure 1.5c. The latter value is larger than the former one, and the
anions with 4 =0.70 nm are unfavorable for water: they are rather hydrophobic
despite that the charge carried by them is as large as —2|e|. This property is
ascribed to the large anion size.

As explained in the caption for Figure 1.5, the enrichment becomes larger as
the pore diameter decreases. For a pore having the size of a nanometer, the

anion concentration within the whole nanospace is made far higher than that in
the bulk.
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We repeat that g(/) and g(d_/2) remain roughly constant against a change in
the anion concentration in the bulk C_. However, the number-density profile
and the number density of anions near the surface themselves (not normalized)
increase in proportion with C_. Actually, in our experiments, the electrodepo-
sition behavior of platinum within the hydrophobic porous layer displayed a
rather abrupt change at around the [PtC1,]* concentration of ~10 mM. Below
this concentration, the electrodeposition occurred preferentially on the top of
the hydrophobic porous layer, which is indicative that the concentration of
[PtCLy]* near the surface is not high enough to deposit platinum despite al-
most the same degree of the enrichment. It is interesting that such a threshold
value exists for C_.

We then discuss the theoretical result for a hydrophilic surface. When the
surface is negatively charged (i.e., hydrophilic) as in our experiments de-
scribed above, within the surface-induced layer the anions are largely depleted
(g(d_/2)<<1). The depletion becomes more remarkable as the pore diameter
decreases. There are two reasons for this behavior. The first reason is that the
anions are repelled from the surface through electrostatic interaction. The sec-
ond one is that the number density of water molecules is higher within a na-
nopore and the insertion of rather hydrophobic ions into the nanopore is less

allowed.

1.4.3 Electrodeposition in aqueous solution of [PtBr,]*

Figure 1.5 indicates that the enrichment of anion concentration is drastically
enhanced by a minor increase in the anion size. To demonstrate this size effect,
the deposition experiment was carried out in the bath containing [PtBr,]*". The
size difference between [PtBrs]* and [PtCL]* can be set at the double of that
between Br™ and CI” with the result that the size of [PtBry]* is ~0.7 nm which
corresponds to Figure 1.5¢*'. Figure 1.6 depicts the microscopic structures of
the deposited platinum in the [PtCl4]2_ and [PtBr4]2_ baths. In Figures 1.6a and
b, platinum 1s deposited as nanoparticles with ~4 nm in diameter, which is al-

most the same as the diameter of the original pores of porous silicon. These
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are images of the interfaces between bulk silicon and the hydrophobic porous
layer (Figure 1.2), showing that platinum complex ions were continuously
supplied to the bottom and platinum electrodeposition occurred smoothly. As
predicted by our theory, the deposition behavior exhibited a drastic change
when platinum deposition was carried out in the [PtBrs]* bath. The density of
platinum nanoparticles is obviously increased when [PtBrs]*” is used as plati-
num source (Figures 1.6¢ and d). Strikingly, the electrochemical properties of
[PtCLy]* bath are different from those of [PtBrs]” bath in the respect that the
latter requires much higher overpotential than the former (see Figure 1.3). It
follows that the deposition of [PtCL,]*” would be much easier than that of
[PtBr,]*~ from the electrochemical viewpoint. Nevertheless, [PtBr;]* produces
much higher density of platinum particles within the hydrophobic porous elec-
trode than [PtC1,]*". This result strongly suggests that in cases of nanopores
the surface-induced hydration structure of platinum complex ions plays domi-

nant roles in the reaction mechanism.
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Figure 1.6: Substantially large increase in the density of platinum nanoparti-
cles in the case where [PtBrs]*” 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 [PtC1,]* and [PtBry]*, respectively. The images (b, d) are magni-
fied images of (a, c¢). The scale bars in (a, ¢) and (b, d) indicate 30 nm and 10
nm, respectively.

1.5 Concluding Remarks
We have illustrated how to control a chemical reaction occurring in a nano-
space for platinum electrodeposition within nanoporous silicon electrodes as
an example. The surface-induced hydration structure of reactants is shown to
be crucially important. A statistical-mechanical theory for confined molecular
liquids provides a useful guide to the control that can be achieved by manipu-
lating the affinity of electrode surfaces for water and varying the ion size.

The important point is that when d_ (size of platinum complex ions) is large
enough, there is a physical factor excluding the anions from the bulk to the

surface. This factor becomes stronger as d_ increases. Moreover, the strength



is extremely sensitive to d_. When the surface is hydrophobic, this factor dom-
inates with the result that the anion concentration remains enriched in the im-
mediate vicinity of the surface. For a pore having the size of a nanometer, the
enrichment is kept remarkable within the whole nanospace. Thus, by modify-
ing the silicon surface to make it hydrophobic and using platinum complex
ions with considerably large d_, we have succeeded in promoting electrodepo-
sition within pores which are deep and extremely small in diameter. Without
the physical factor, the reaction within such pores would be decelerated to a
remarkable extent after a short time due to a diffusion-limited condition
reached. Even when a pore is considerably large in diameter and the enrich-
ment occurs only in the immediate vicinity of the pore surface, the continuous
supply of reactants into the pore could be driven by surface diffusion arising
from the concentration gradient formed along the surface. Once sufficiently
large nuclei of platinum are formed on the electrode surface, the electrodeposi-
tion proceeds quite easily.

To date, a variety of porous structures and solvents have been utilized in
many applications. The present study, which has shown that the solvation
properties of reactants in solvent confined on the scale of a nanometer play
crucially important roles, sheds new light on design and control of highly effi-
cient, chemical systems in a nanospace combined with proper solvents and

reactants.

1.6 Supplementary Information

1.6.1 FT-IR characterization of chemically-modified nanoporous elec-
trodes

Figure 1.7 shows FT-IR spectra of the bare and chemically-modified nanopo-
rous silicon electrodes. As-anodized nanoporous silicon mainly shows Si-H
modes. After the modification with propiolic acid, the Si-H modes are still not
low, but broad OH and C=0O modes appear. When the modification with me-
thyl propiolate is performed, CH and C=0 modes appear together with the
high Si-H modes [11]. According to these spectra, the modifications with the
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chemicals certainly occurred. In Ref. 11, an atomically-flat silicon substrate
was used, and then the authors obtained a relatively high coverage of the or-
ganic molecules. In our case, the grafting of the molecules was performed on-
to porous silicon that has complex three-dimensional structure. The grafting is
definitely affected by steric hindrance. Thus, our porous silicon samples still
show high S-H signals even after the grafting was saturated in 15 h. However,
the intensities of the absorption are very high compared with those in the case
of flat silicon. In addition, we kept the modified nanoporous silicon electrodes
in air with 95% humidity and measured the difference in weight. The hydro-
philic nanoporous silicon showed 38% increase in weight relative to the
weight of the porous layer. This result indicates that the pore walls were suc-
cessfully modified with propiolic acid. In fact, the contact angles of the hydro-
philic and hydrophobic porous silicon substrates exhibit a clear difference.
Further, the experimental results from the hydrophilic and hydrophobic sur-
faces are completely consistent with the theoretical results as described in the
main text.

It should be noted that the FT-IR spectra after the electrodeposition of plati-
num did not show a broad OH absorption peak at ~3600 cm™. The hydrolysis

of the ester did not occur during the electrodeposition.
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Figure 1.7: FT-IR spectra of as-anodized, hydrophilic and hydrophobic na-
noporous silicon electrodes. The spectra of (a), (b), (c) and (d) show those ob-
tained with as-anodized, hydrophilic, hydrophobic nanoporous silicon elec-
trodes, and hydrophobic nanoporous silicon after platinum electrodeposition,
respectively. The peaks are assigned as follows: C=0O 1708.1 and 1728 cm™,
SiH, 2071.1 and 2083.7 cm™', OH 3600 cm™' (broad), CH; 2962 and 2872

-1
cm .
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1.6.2 Entropic enrichment originating from packing force

We consider hard spheres near an extended surface of a hard wall. In this sys-
tem, all of the allowed system configurations share the same energy and the
system behavior is purely entropic in origin®*“°. The presence of the hard wall
generates an excluded volume which the centers of hard spheres cannot enter.
The presence of a hard sphere also generates an excluded volume for the other
hard spheres. The excluded volumes are shadowed in Figure 1.8 When a hard
sphere contacts the hard wall, the two excluded volumes overlap as illustrated
in the figure: The overlapped volume is indicated by red dashes. The total ex-
cluded volume decreases by the overlapped volume, leading to a correspond-
ing increase in the total volume available to the translational displacement of
the other hard spheres. The solute contact leads to an increase in the number of
accessible configurations of the other hard spheres, which is followed by a
gain in the translational entropy of the other hard spheres. Thus, each hard
sphere is entropically driven to contact the hard wall. The physical factor driv-
ing each hard sphere to contact the hard wall can be called “the packing force”
0 This factor competes with the other factor that hard spheres wish to move
around as freely as possible in the space. The density of hard spheres rises in
the vicinity of the hard wall and degree of this rise is determined by the inter-
play of the two factors. When a mixture of hard spheres with two different di-
ameters is near a hard wall, the rise is stronger for hard spheres with larger
diameter™: The concentration of hard spheres with larger diameter is enriched
near the wall.

When the wall surface is concave, it is apparent from Figure 1.8 that the
overlapped volume becomes larger. Moreover, it is further enlarged as the
curvature of the concave surface increases. A larger overlapped volume leads
to a stronger packing force. This is a principal reason for the upward shift of
g(h) in the case of a concave surface (see the caption for Figure 1.5 in the main
text).
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Figure 1.8 Contact of a hard sphere to a hard wall.
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2 FElectrochemical deposition of platinum within na-
nopores on silicon: Drastic acceleration originating
from surface-induced phase transition

An electrochemical reaction within nanopores is remarkably decelerated
once a diffusion-limited condition is reached due to the difficulty in supply of
reactants from the bulk. Here, we report a powerful method of overcoming this
problem for electrochemical deposition of platinum within nanopores formed
on silicon. We made the pore wall surface of the silicon electrode hydrophobic
by covering it with organic molecules and adopted platinum complex ions with
sufficiently large sizes. Such ions, which are only weakly hydrated, are ex-
cluded from the bulk aqueous electrolyte solution to the surface and rather hy-
drophobic in this sense. When the ion concentration in the bulk was gradually
increased, at a threshold the deposition behavior exhibited a sudden change,
leading to drastic acceleration of the electrochemical deposition. Using our
statistical-mechanical theory for confined molecular liquids, we show that this
change originates from a surface-induced phase transition: The space within
nanopores is abruptly filled with the second phase within which the ion con-
centration is orders of magnitude higher. When the affinity of the surface with
water was gradually reduced with fixing the ion concentration, qualitatively
the same transition phenomenon was observed, which can also be elucidated
by our theory. The utilization of the surface-induced phase transition sheds

new light on the design and control of a chemical reaction in nanospace.

2.1 Introduction

Porous electrodes have become important materials in science and technology.
They are utilized as sensing devices, host matrices for catalysts, and electrodes
for batteries.'® Although the specific surface area becomes larger with an

increase in the porosity, it is difficult in chemical or electrochemical reactions
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to elicit suitably high performance originating from the large specific surface
area. This is because the reaction efficiency within nanoporous media is
lowered by the difficulty in supply of reactants from the bulk and in ejection of
products to the bulk. By applying the diffusion equation to the description of
supply and ejection, we know that they are strongly disturbed by the porous
structure and this disturbance is more serious whose pores are deeper and
smaller in diameter.” As a consequence, chemical or electrochemical reactions
occur primarily on the top surface of porous structure which is advantageous
in terms of supply of reactants from the bulk. Thus, the control of such
reactions within nanoporous media is much more difficult than one simply
imagines.

It was reported that the local structure of ionic liquid or organic solvent in a
confined nanospace is substantially different from that in the bulk.®"’
Recently, we have revealed experimentally and theoretically that the surface-
induced hydration structure of platinum complex ions has large effects on the
enhancement of platinum deposition within nanoporous silicon electrodes."'
The surface-induced hydration structure plays crucially important roles in the
design and control of chemical reactions in nanoporous electrodes. When the
pore wall surface was made hydrophobic and platinum complex ions with
sufficiently large sizes were adopted, the ion concentration was greatly
enriched at the surface due to rather hydrophobic properties of the ions. Since
such large ions are only weakly hydrated, they are excluded from the bulk to
the surface and rather hydrophobic in this sense. (As the anion size becomes
larger with its charge kept constant, hydrogen atoms in a water molecule with
positive partial charges cannot come closer to it, leading to weaker
stabilization by the electrostatic attractive interaction. That is, a larger anion
exhibits weaker affinity with water and becomes less hydrophilic.) However, it
was reported that the structure had only monolayer thickness of the ions. In
such a case, it was not clear how the diffusion limitation of reactants was
overcome in the confined nanospace (i.e., nano-sized pores).

In the present study, we carry out a detailed investigation on the effects due
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to the concentration of platinum complex ions in the bulk aqueous electrolyte
solution and the affinity of the pore wall surface with water. A surprising
finding is as follows. When the ion concentration in the bulk was gradually
increased, at a threshold concentration the deposition behavior exhibited a
sudden change, leading to drastic acceleration of the electrochemical
deposition. This result is strongly suggestive of the occurrence of a transition
phenomenon. When the affinity of the surface with water was gradually
reduced (i.e., the hydrophobicity of the surface was gradually strengthened)
with fixing the ion concentration, qualitatively the same phenomenon was
observed. With the aid of our statistical-mechanical theory for confined
molecular liquids, we attribute the finding to a surface-induced phase
transition upon which the confined nanospace is filled with the second phase:
The ion concentration is orders of magnitude higher in the second phase. We
emphasize that the bulk aqueous electrolyte solution is thermodynamically
stable as a single phase and subject to no phase transition. The transition in the
present case is induced by the surface. A liquid mixture confined in nanospace
behaves quite differently from the bulk. Thus, we have newly found that the
elimination of the diffusion-limited condition, under which supply of reactants
(i.e., platinum complex ions) from the bulk to nanospace is remarkably
decelerated, originates not from the simple enrichment of the reactants at the
surface but from the surface-induced phase transition. The theoretical analysis
in our earlier work'' was made only for a very low ion concentration which
was far from the threshold for the phase transition.

In the present paper, we first present the striking experimental results of the
electrochemical deposition behavior within porous silicon electrodes whose
pore diameter is ~3 nm on an average, showing the existence of thresholds for
the concentration of platinum complex ions in the bulk and the affinity of pore
wall surface with water. Beyond the threshold, the drastic acceleration of
platinum deposition within the porous layer is clearly observed from the
density distribution of the platinum deposit. We then perform theoretical

analyses based on statistical mechanics for confined molecular liquids to
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elucidate the experimental results. It is shown that the transition behavior with
thresholds is semi-quantitatively reproduced in the analyses, suggesting that
the surface-induced phase transition is responsible for the drastic acceleration
of platinum deposition. To the best of our knowledge, a surface-induced phase
transition has never been reported for an aqueous electrolyte solution near a
hydrophobic surface, which contains only weakly hydrated ions. Moreover, it
is the first time that a surface-induced phase transition is clearly visualized in
electrodeposition within porous silicon and studied by a combination of
experimental and theoretical approaches. The present work is expected to
stimulate the progress of an interesting new field, i.e., chemical physics of a
liquid or liquid mixture confined in nanospace. It will also have a strong
impact not only on the fundamental understanding of such reactions within
nanopores but also on the design and control of the reactions in nanoporous
media. We believe that the surface-induced phase transition will play essential
roles in the adjustment of the distribution of chemicals within nanopores,
enabling precise control of materials, such as fast response time of sensors,

high efficiency of catalytic reactions, and quick recharge of batteries.

2.2 Materials and methods

Porous silicon electrodes were prepared by anodization of p-type silicon (100)
with a resistivity of 10-20 Qcm. The diameters of the pores were less than 5
nm, and the average diameter was ~3 nm. The anodization was carried out in
HF/ethanol solution under a constant current density of 2.0 mAcm °. The
duration for the electrochemical dissolution of silicon was tuned so that two
porous layers different in thickness could be obtained. A thicker layer
possesses deeper pores, and we can explore the effect of pore depth. The
porous silicon electrode was dipped into n-hexane containing methyl
propiolate (hydrophobic) and/or propiolic acid (hydrophilic). To obtain a
hydrophobic porous silicon electrode, n-hexane solution of 0.2 M methyl
propiolate without propiolic acid was used, and for the hydrophilic

nanoporous silicon the recipe was the other way around.'’ Mixture of methyl
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propiolate and propiolic acid prepared at different relative concentrations was
used to adjust the affinity of the pore wall surface with water (i.e., to change
the degree of hydrophilicity or hydrophobicity). Details are written in the
caption of each figure.

Electrochemical deposition of platinum using the hydrophobic and
hydrophilic porous silicon electrodes was performed at a constant current
density of —6.4 pAcm > (the minus sign means the cathodic current density).
Aqueous electrolyte solution of K,PtCly and 0.5 M NaCl was used as the
deposition bath. In some cases, aqueous electrolyte solution of K,PtBr, and
0.5 M KBr was used instead of the chloride bath. The platinum complex ions
are [PtCL,]* and [PtBrs]*. Concentrations of the platinum sources were tuned
from 0.001 M to 0.1 M. The cross-sectional views of the nanoporous silicon

were observed by a field-emission type scanning electron microscope (JEOL
JSM-6500F).

2.3 Experimental results

2.3.1 Effect of concentration of platinum complex ions

Using the pore wall surface modified only with methyl propiolate to make it
hydrophobic, we investigated the effect of the concentration of platinum
complex ions on the deposition behavior. Electrochemical deposition of
platinum was performed with gradually increasing the concentration of
[PtCL,]* from 0.001 M (the increment was 0.001 M). A drastic change in the
deposition behavior was observed at a threshold concentration: The behavior
for 0.010 M becomes markedly different from that for 0.009 M. The drastic
change can be appreciated from Figure 2.1b and c. Platinum deposition is not
observed at all within the porous layer when the ion concentration is 0.009 M
or lower. In contrast, platinum is uniformly distributed in the nanoporous
silicon electrode when the ion concentration is 0.010 M or higher. The
microscopic structure of the platinum deposited is the same as that reported in
our previous paper. Namely, platinum was deposited not as continuous

platinum fibars but as isolated nanometer-sized particles. Thus, there exists a
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threshold (between 0.009 M and 0.010 M) in the concentration of [PtC1,]* for
the deposition within the nanoporous layer. We note that the amount of
platinum deposited is constant under the present experimental condition. Even
if the electrochemical deposition within the porous layer is suppressed, the
same amount of platinum is deposited mostly on the top surface of the porous
layer.

Our earlier work showed that the electrochemical deposition of platinum in
the porous silicon electrodes is remarkably enhanced when [PtCl]* is
replaced by [PtBr,]>. This is because larger ions become more hydrophobic
and tend to be excluded from the bulk to a hydrophobic surface to a stronger
extent. The effect of ion size on the deposition behavior is revisited in the
present study. Figure 2.1e, f, g and h depict the deposition behavior observed
after the electrochemical deposition using [PtBry]*. There also exists a
threshold in the concentration of [PtBrs]*” between 0.004 M and 0.005 M
which is considerably lower than in the case of [PtC1,]*” (Figure 2.1f and g).

Figure 2.1: Cross-sectional SEM images of the porous silicon electrodes after
electrochemical deposition of platinum. The electrochemical deposition was
carried out in the [PtCl,]* and [PtBr,]* baths for (a-d) and (e-h), respectively.
Concentrations of platinum ions were (a) 0.001M, (b) 0.009 M, (c) 0.010 M
and (d) 0.100 M for [PtCL,]*", and () 0.002 M, (f) 0.004, (g) 0.005M and (h)
0.100 M for [PtBr4]*". The drastic change in the electrodeposition within the
porous layer can be appreciated from (b) and (c) for [PtCL,]* and from (f) and
(g) for [PtBr,]*". White bars in the figures indicate 0.5 pm.
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2.3.2 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 [PtCly]> was kept constant at 0.1 M, but the affinity was
controlled by modifying 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 modified 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 2.2a. Platinum can be observed 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 2.2¢). Interestingly, the deposition behavior
showed a drastic change when the electrode was modified with 0.14 M methyl
propiolate and 0.06 M propiolic acid. Because 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 2.2d. 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 2.2b). 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 surface with water.
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Figure 2.2: Cross-sectional SEM images (a, b) of the porous silicon electrodes
modified with both propiolic acid and methyl propiolate under different molar
ratios. Images shown in (c, 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, ¢), while they were 0.06 M and 0.14 M, respectively,
for (b, d). The electrodes shown in (a, c) were only slightly more hydrophilic
than those shown in (b, d). The cross-sectional images were taken after
electrochemical deposition of platinum. White bars in the figures (a, b)
indicate 0.5 um.

2.3.3 Effect of depth of nanopores

We investigate the effect of pore depth on the electrochemical deposition
behavior for the hydrophobic surface. If supply of the ions was made through
mass transfer, the deposition 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 preparing the porous silicon
electrodes. Although the porous-layer thickness (i.e., the pore depth) of ~2 pum
in the experiment described above could be sufficiently large, a silicon
electrode with even much deeper pores (the thickness reaches ~5 um) was also
tested in the [PtCl4]2* or [PtBr4]2* bath. The concentration of the platinum

2 and

complex ions was 0.1 M. As shown in Figure 2.3, for both of [PtCl4]
[PtBr,]*, 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_
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than for [PtCly]*, which is independent of the pore depth. From these results,
we can conclude that supply of the ions is made not through mass transfer but

through another physical factor.

Figure 2.3: Cross-sectional SEM images of thicker porous silicon electrodes
after electrochemical deposition of platinum. The electrochemical deposition
was carried out in the [PtC1,]* and [PtBr,]* baths for (a) and (b), respectively.
The concentration of the platinum complex ions was 0.1 M. The thickness of
the porous layer was ~5 um. White bars in the figures indicate 2 pm.

2.3.4 Summary of experimental results

We have found that there exists a threshold for the concentration of platinum
complex ions. The behavior of platinum deposition within nanopores on
silicon falls into one of two completely distinct categories in terms of whether
the concentration is lower or higher than the threshold. This result is strongly
suggestive of the occurrence of a transition phenomenon. A threshold degree
of the affinity of the pore wall surface with water also exists. Once the ion
concentration or the degree of surface hydrophobicity exceeds the threshold,
drastic acceleration of the electrochemical deposition occurs within
nanometer-sized pores irrespective of their depth. The existence of such
thresholds cannot be explained by the simple consideration of the
electrochemical reaction coupled with mass transfer. It should be noted that
porous silicon with ~20 nm in diamter could be fabricated by electrochemical

dissolution of highly doped silicon wafers. However, the pore size is
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considerably dependent on the doping level, and the electrodeposition
behavior becomes different between ~2 nm-sized pores and ~20 nm-sized
pores in terms of electrochemical properties. Hence, it is not straightforward to
examine the pore-size effect from an experimental viewpoint.

In earlier work, we gave the following remarks: The surface-induced
hydration structure of platinum ions is crucial for controlling the
electrochemical deposition; the ion concentration is enriched within a thin
layer (its thickness is almost equal to the ion size) at the surface; but the
average ion concentration within the layer increases only in proportion to the
bulk concentration. Hence, the existence of such thresholds cannot be
explained by these previous remarks. As argued below, we identify the striking
phenomenon as a surface-induced phase transition occurring within the
nanometer-sized pores. The theoretical analysis in our earlier work'' was made
only for a very low ion concentration which was far from the threshold argued

in the present work.

2.4 Theoretical analyses

2.4.1 Analysis on phase transition in bulk fluid or liquid mixture

The concepts of the phase transition of a pure fluid"*"® or a liquid mixture'”"
in the bulk have already been established on the basis of the integral equation
theories using the hypernetted-chain (HNC) and Percus-Yevick (PY)
approximations. As an example system, let us consider a pure bulk fluid,
wherein the fluid particles interact through Lennard-Jones potential, at a

12,14

sufficiently low temperature. " The Fourier transform of the total correlation

function A(r), H(k), is expressed by

H(ky=4 7] ¥*h(r){sin(kr)/(kr)}dr. (1a)
0

H(0) (H(k) at zero wave vector (k=0)),
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HO)=47x] #*h(r)dr, (1b)
0

is an important parameter: When the number density p is gradually increased
from a gas-phase value, at a threshold pg*, H(0) exhibits an abrupt increase
toward an extremely large value. That is, 4(r) becomes long ranged. When p is
gradually decreased from a liquid-phase value, qualitatively the same behavior
is observed at a threshold o *. It is not quite definite whether at the threshold
H(0) truly diverges (the divergence of H(0), which is equivalent to that of the
isothermal compressibility or the correlation length, implies that 4(r) becomes
infinitely long ranged) or remains finite, because the integral equation theory
is solved not analytically but numerically. In either case, however, the abrupt
increase can well be qualified as a signal of the spinodal instability: In the
region, pg*<p<pr*, the fluid cannot exist as a single phase even in a
metastable state; and the thresholds are the spinodal points for the liquid-gas
phase separation beyond which the second phase unavoidably appears. In the
real system, the transition occurs at a number density lower than pg* (pg") or
higher than p* (pL) (o6 <p<pc* and p *<p<p, are the metastable regions).
When the temperature is sufficiently high, there is no transition occurring.

17-19 . . .
which is immiscible

We then consider a two-component liquid mixture
unless the concentration of one of the components is sufficiently low (e.g., a
mixture of water and cyclohexane). When the concentration of component 1 is
gradually increased from zero, at a threshold C,* the Fourier transforms of the
total correlation functions for the like pairs at zero wave vector (H;;(0) and
H»(0)) simultaneously exhibit abrupt increases toward extremely large values
(the Fourier transforms of the total correlation function for the unlike pair at
zero wave vector, H,(0), displays an abrupt decrease toward an extremely
large, negative value).”” Qualitatively the same behavior is encountered at a
threshold C,* when the concentration of component 2 is gradually increased
from zero. This divergent behavior, though it may not be a true divergence,

gives a signal of the spinodal instability: The thresholds, C;* and C,*, are the
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spinodal points for the demixing (liquid-liquid phase separation) beyond

which the second phase unavoidably appears.

2.4.2 Analysis on surface-induced phase transition

The well-established concept for the phase transition of a pure fluid or a liquid
mixture in the bulk has been extended by Kinoshita to a surface-induced phase
transition using some different versions of the integral equation theory (IET)
combined with simple-liquid models.”* A very large spherical particle (this is
referred to as “macroparticle”) is usually employed to mimick an extended
surface. In the simple-liquid model, the potential is dependent only on the
distance between centers of two paricles. The surface-induced phase transition
is most likely to occur for water containing a low concentration of
hydrophobic solute near a hydrophobic surface or for nonpolar liquid
containing a low concentration of hydrophilic solute near a hydrophilic
surface. The concentration of hydrophobic solute is enriched near the surface
in the former while the concentration of hydrophilic solute is enriched near the
surface in the latter. As the solute concentration in the bulk C increases, the
enrichment becomes stronger, but the thickness of the enriched layer is
microscopic in the sense that it is comparable with the solute size. However,
near a threshold value of C, C*, the Fourier transform of the surface-solute
total correlation function at zero wave vector exhibits an abrupt increase
toward infinity. (Since the integral equation theory is numerically solved, the
abrupt increase may not be a true divergence but the behavior is highly
divergent.) This can be identified as a signal of a transition phenomenon, a
sudden growth of the enriched layer: The thickness of the layer grows from a
microscopic scale to a submicroscopic one (much larger than the solute size
but not a macroscopic scale because the bulk is thermodynamically stable as a
single phase), and the solute concentration within the layer becomes much
higher. This transition is referred to as the partial-wetting transition
representing the partial wetting of the surface by the solute.”**'*>*° C* is the

spinodal point beyond which the liquid near the surface cannot exist as a
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single phase even as a metastable state. The second phase unavoidably appears
at the surface. Beyond C* the IET possesses no solutions. In the real system,
the transition occurs at a concentration (C") that is lower than C* (C"<C<C*is
the metastable region). Let the thickness of the second phase be o. The
average solute concentration in the second phase and ¢ should be increasing
functions of C>C* though they cannot be calculated by the IET.” The analysis
on the partial-wetting transition has been extended to a molecular liquid near a
surface.”

The physical quantity, whose gradual increase eventually gives rise to the
spinodal behavior, is not necessarily the solute concentration. For example, in
the case of water containing a low concentration of hydrophobic solute near a
surface, it can be the degree of the surface hydrophobicity. The spinodal point
is encountered when the surface hydrophobicity is gradually strengthened, if
the solute concentration is sufficiently high. When the HNC closure neglecting
the bridge function is employed, however, it is often that the IET looses its
solutions before the Fourier transform of the surface-solute total correlation
function at zero wave vector exhibits the divergent behavior: It displays a
significantly large increase but no abrupt increase toward infinity; and it
certainly remains finite at the threshold."">'® Thus, the HNC closure is often
incapable of reproducing the spinodal behavior completely. Nevertheless, the
significantly large increase accompanying the loss of the solutions can
doubtlessly be regarded as a signal of the transition phenomenon (see the last
paragraph in Sec. 2.5.2).

When the liquid is confined between two surfaces, if the surface separation
L is sufficiently small, the confined domain is unavoidably filled with the sec-
ond phase beyond a threshold value of C, C**, which is referred to as the

22
> In the case

bridging transition (the two enriched layers bridge each other).
of L~26, the spinodal point of the bridging transition C** is approximately
equal to C*: C**~C*. For L<2¢6, however, it is lower than C*; it becomes
lower as L decreases; and for very small L, the transition occurs at a remarka-

bly low solute concentration in the bulk. It should be noted that the transition
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phenomenon is induced by the surface. As the pore diameter decreases, the
liquid confined within the pore is more influenced by the surface properties. It
can thus be understood and has been verified by theoretical analyses that the
surface-induced transition can occur more readily for a smaller pore. We em-
phasize that the surface-induced phase transition occurs even when the bulk is
quite stable as a single phase. As a striking example, a nanopore (a pore whose
diameter is a scale of a few nanometers) can be filled with the second phase at
an unexpectedly low solute concentration in the bulk.

The concept of the surface-induced phase transition proposed by Kinoshita®"
%% has been supported by a computer-simulation study. By using Grand
Canonical Monte Carlo simulations, Greberg and Patey’ verified the
occurrence of the bridging transition for model systems mimicking water
containing a low concentration of hydrophobic solute confined between
hydrophobic surfaces and nonpolar liquid containing a low concentration of
water confined between hydrophilic surfaces. In our view, the following
experimental result is relevant to the concept. Kurihara and coworkers™
studied cyclohexane-ethanol binary liquid near a single silica surface. Their
system corresponds to nonpolar liquid (cyclohexane) containing a low
concentration of hydrophilic solute (ethanol) near a hydrophilic surface (silica
surface). They gradually increased the ethanol concentration from zero: They
observed an abrupt formation of an ethanol layer whose thickness reached ~15
nm at the ethanol concentration of ~0.1 mol%. This manifests the existence of

the partial-wetting transition.

2.4.3 Angle-dependent integral equation theory for molecular liquid near
a surface

It is crucial to adopt a molecular model for water in the investigation of the
ion-size effects. A water molecule is modeled as a hard sphere with diameter
ds=0.28 nm in which a point dipole and a point quadrupole of tetrahedral

29,30
d.

symmetry are embedde The influence of molecular polarizability of

water is included by employing the self-consistent mean field (SCMF)
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theory.”* At the SCMF level the many-body induced interactions are reduced
to pairwise additive potentials involving an effective dipole moment. Hard
spherical cations and anions with diameters d. and d, respectively, are
immersed in our model water. The water-water and water-ion correlations are
then dependent not only on the distance between centers of the particles but
also on the orientations of water molecules. We analyze the structure of
aqueous electrolyte solution at an extended, uncharged or only weakly charged
(hydrophobic) surface. The water-surface correlations are also dependent on
the orientations of water molecules.

We employ the angle-dependent integral equation theory (ADIET), a
statistical-mechanical theory for molecular liquids.***** A large, spherical
particle with diameter d;=30ds mimicking an extended surface is immersed in
our model aqueous electrolyte solution. The subscripts, “S”, “+”, “~”, and “L”
respectively, represent “solvent (water)”, “cations”, “anions”, and “large
particle”. The large particle carries the charge QO placed at its center (the
surface charge density is O1/(7d;”)). The Ornstein-Zernike (OZ) equation for
the mixture comprising the large particle, water molecules, cations, and anions

can be written as

Nl 12={1/87)} T p, leaf13){mp32)+c,)(32)}d(3), (2a)
Y
Nl 127 f12)—co4/12); o, f=S, +,—, L (2b)

where 4 and c are the total and direct correlation functions, respectively, (if)
represents (r;, £2, £2), r; is the vector connecting the centers of particles i and
J, €2 denotes the three Euler angles describing the orientation of particle i,
Jd(3) represents integration over all position and angular coordinates of

particle 3, and p is the number density. The closure equation is expressed by
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cof( 1201 [haf(12)0 {wap(12)~bof12)}/ 07 1 1t 12)/ (ks TV b oif12), (32)

r2

Wop(12)= (12 o (12)/(kaT), (3b)

where u is the pair potential, b is the bridge function, and ri=|rp|. In the
present analysis, the hypernetted-chain (HNC) approximation is employed
(b=0). We assume that the macroparticle is present at infinite dilution (o.—0).

The calculation process can then be split into two steps:

Step (i). Solve Egs. (2) and (3) for bulk aqueous electrolyte solution. Calculate
the correlation functions Xss, Xs+, Xs_, Xrv, Xiy and X (X=h, ¢).

Step (i1). Solve Egs. (2) and (3) for the macroparticle-aqueous electrolyte
solution system using the correlation functions obtained in step (i) as input
data. Calculate the correlation functions X;s, Xi -, and X (X=h, ¢).

For the numerical solution of Egs. (2) and (3), the pair potentials and
correlation functions are expanded in a basis set of rotational invariants (i.e.,
Wigner’s generalized spherical harmonics), and the basic equations are
reformulated in terms of the projections X" uu(r) (r is the distance between
centers of two particles) occurring in the rotational-invariant expansion of .X.
The expansion considered for m, n<n.,,=4 gives sufficiently accurate results.
The basic equations are then numerically solved using the robust, highly
efficient algorithm developed by Kinoshita and coworkers.”’ In the
numerical treatment, a sufficiently long range . is divided into N grid points
(r=ior, i=0, 1, ..., N-1; o=r/N) and all of the projections are represented by
their values on these points. The grid width and the number of grid points are
set at or=0.01ds and N=4096, respectively.

In the real system treated in the present study, the solution is confined within

pores having various sizes whose surfaces are concave. However, the analyses
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on the solution confined by an extended surface provide fundamental
information which can readily be applied to the solution confined between two
extended surfaces, between two concave surfaces, or within a nanopore in a
semi-quantitative sense. The microstructure (heterogeneity) of the surface is
not taken into account in the theoretical calculation. However, it has been
shown that it has no essential effects on the conclusion as long as the averaged
properties of the surface-induced structure are discussed.*

The aqueous electrolyte solution in the present system is modeled as
follows. It is treated as water containing K,PtCl, or K,PtBr, at C M. The anion
(ie., the platinum complex ion), [PtCl]* or [PtBry]*, is modeled as a
spherical ion within which the point charge of —2e (e is the elementary
electric charge) is placed at the center. The point charge of K' placed at its
center is e. The cation size d, is set at 0.3 nm. As the anion size d_, 0.60 nm is
adopted for [PtCL]*". The size of [PtCly]*” was approximately calculated from
the molecular weight and density of K,PtCl, in solid state with the tetragonal
crystal structure. The size difference between [PtBr,]* and [PtCL,]* can be set
at the double of the size difference between Br and CI', with the result that d_
=0.70 nm is adopted for [PtBrs]*.*" A cation and an anion carry the charges e
and —2e, respectively, and p,=2p..

The versatility and reliability of the ADIET was demonstrated in our earlier
works. For example, the hydration free energies of nonpolar solutes calculated
by the ADIET with the multipolar model are in quantitatively excellent
agreement with those from Monte Carlo computer simulations.” The
dielectric constant of bulk water calculated, which is a good measure of the
validity of a molecular theory, is ~83 that is in good accord with the
experimental value ~78. The ADIET has successfully been applied to detailed

29,30

analyses on bulk water and aqueous electrolyte solution,” " electrical double-

31-34

layer, water or aqueous electrolyte solution near a hydrophobic

surface,”**** interaction between colloidal particles in aqueous electrolyte
solution,” metal-aqueous electrolyte solution interface,” negative heat

capacity of hydrophilic hydration,” weakening of the hydrophobicity at low
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temperatures,” and rotational component of (i.e., contribution from the
restriction of rotational freedom of water molecules near the solute to) the

hydration entropy.*

2.4.4 Application to the present system, aqueous electrolyte solution near
a hydrophobic surface: A surface-induced layer whose thickness is
comparable with anion size

First, we show g1 .(&) (& is the distance from the surface) as well as g (&) near
a hydrophobic surface (Q;=0) in Figure 2.4. C is set at 0.005 M that is much
lower than the spinodal concentration. The two values, 0.60 nm and 0.70 nm,
are tested for d_. The concentration of anions (i.e., platinum complex ions) is
enriched in the immediate vicinity of the surface. As discussed in our recent
publication,' the anions are not strongly hydrated due to the large anion size
despite that the charge carried by them is as large as —2e. As a consequence,
the anions are excluded from the bulk to the surface. This effect is stronger for
[PtBr,]* than for [PtCL]*: The degree of the enrichment is remarkably
sensitive to the anion size. By contrast, the cations are highly hydrophilic due
to their small size and they are preferentially and strongly hydrated in the bulk,
with the result that they are depleted near the surface. Of course, the local
charge neutrality does not hold near the surface.

The strong enrichment of the anion concentration occurs only within the first
layer, 0<(&~d /2)/ds<1. g (&) reduces quite rapidly as & increases. In this
sense, the layer within which the anion concentration is enriched is
microscopic. Our experience in analyses on confined aqueous electrolyte
solutions has shown the following. Let us consider the solution confined
between two extended surfaces. When the surface separation L is not small,
the solution around the center is very much like that in the bulk and the
normalized number-density profile of anions near each of the surfaces is close
to that near a single surface. As L becomes smaller, the solution for all & is
more influenced not only by the nearest surface but also by the other surface.

When L becomes smaller than a few times of the diameter of a water
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molecule, the normalized number-density profile for all £ exhibits an upward
shift and the anion-size effect becomes larger. As discussed in our recent
publication, the upward shift and the enhancement of anion-size effect are
more appreciable when L is smaller or the surface is concave and its curvature
is larger. By the interplay of these physical factors, the enrichment of anion
concentration and the anion-size effect become larger when the solution is

confined within a pore having the size of a nanometer.
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Figure 2.4: Normalized number-density profiles of anions g; (&) (a, ¢) and cat-
ions gr+(&) (b, d) near an extended hydrophobic surface for d =0.60 nm (a, b)
and d=0.70 nm (c, d). The anions are platinum complex ions, [PtCl,]* or
[PtBr,]*, and the cations are potassium ions, K. d =0.60 nm and d =0.70 nm
correspond to [PtCL]* and [PtBr,]*, respectively. It is indicated that the anion
concentration is enriched near the surface whereas the cations are depleted.

2.4.5 Partial-wetting transition in the present system

In order to investigate the partial-wetting transition in the present system, we
monitor the two quantities, g (d_/2) and H; (0). Here, g1 ($)=pL (&) p- where
¢ 1s the distance from the surface, o (&) is the number-density profile of

anions, and p_ is the number density of anions in the bulk. g; (&) represents the
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surface-induced hydration structure of anions and g ($)—1 as &—~oo. Hy (k) 1s
the Fourier transform of 4 (7) (gL (v)=hy (r)+1):

Hy (K=47] #h () {sin(er)/ (ke dr. (4a)
0

Hi (0) expressed by

Hy (0)=47x] Fh (r)dr (4b)
0

gives a signal of the transition phenomenon as described above, but g; (d /2)
also gives an equivalent signal.

The theoretical analysis is made for the partial-wetting transition near a
single, extended hydrophobic surface. Figure 2.5 shows the plot of g (d /2) or
H (0) against the anion concentration in the bulk denoted by C. The two
values, 0.60 nm ([PtCL,]*) and 0.70 nm ([PtBr,]*), are tested for d. As
observed in the figure, both g (d /2) and Hy (0) tend to diverge at C*~0.0255
M for d =0.60 nm and at C*~0.0095 M for d =0.70 nm. This divergent
behavior is a signal of the partial-wetting transition, a sudden growth of the
enriched layer from a microscopic scale to a submicroscopic one. C* is the

spinodal point (the spinodal concentration) explained above.

54



2000 " . , v 80000
(a) : (b)
1so0] " 60000 F
a '
1 40000 o
~ 1000} ® No solutions 4 = o' No solutions
. \
& . =T 20000
]
500 P
L
n '-; L : 20000 - .
0 001 002 003 004 005 0 001 002 003 004 005
C (M) ¢ M)
25000 . . 1000000
© B d) :
20000 ! 1 800000 {
o~ ! o
< 15000} ' = 600000 |
-~ | =2 i
S o o = No solut
57 10000 i 400000 i
| !
5000 | o 200000 o
' Q
------ - " co ogo?® ° 7
0 0005 0010 0015 0 0005 0010 0015
C (M) cM)

Figure 2.5: Relation between g (d /2) (a, c¢) or H (0) (b, d) and C (the con-
centration of anions, platinum complex ions) near an extended hydrophobic
surface for d =0.60 nm (a, b) and d =0.70 nm (c, d). d =0.60 nm and d =0.70
nm correspond to [PtCL]* and [PtBry]*, respectively. Both g (d/2) and H;_
(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 pos-
sesses no solutions.

2.5 Comparison between experimental and theoretical results

When the ADIET combined with the molecular model for water is employed,
it is difficult to directly analyze the bridging transition. However, the analysis
of the partial-wetting transition provides useful information on the bridging
transition as well. As argued in Sec. 2.4.2, both of the two types of transitions
have been investigated (not only theoretically***° but also experimentally )
in detail for the same system consisting of simple-liquid models, and the

connection between them is rather straightforward.

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

The spinodal concentration for the partial-wetting transition is C*~0.0255 M
for [PtCL;]z_ and at C*~0.0095 M for [PtBr4]2_. The pore diameter of our

55



porous silicon is ~3 nm on the average. The spinodal concentration for the
bridging transition within such a narrow pore, C**, should be considerably
lower than C*. The anion concentration at which the bridging transition
occurs, C°, 1s even lower than C**. The threshold values observed in our
experiments, ~0.0095 M for [PtCl,]* and ~0.0045 M for [PtBr]*, correspond
to C°. Thus, the theoretical results are in agreement with the experimental

observations in a semi-quantitative sense.

2.5.2 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 ([PtCL]*; C>C*), we analyze the
effect of Oy (this is a negative quantity) on g (d/2) or Hy (0). The essential
matter is to set C at a value higher than C*. Qp is a measure of the
hydrophobicity of the surface. As Q; becomes closer to zero, the surface
hydrophobicity becomes stronger. We gradually increase Q; from the initial
value, —100e. Figure 2.6 shows the plot of g (d /2) or Hy (0) against Q. Both
g1 (d/2) and H (0) continue to increase until O;~—50e though the increases
are not divergent. For O; >—50e, the ADIET possesses no solutions. This result
is indicative that the partial-wetting transition occurs beyond threshold
strength of the surface hydrophobicity, which is qualitatively consistent with

the experimental result.
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Figure 2.6: Relation between g (d /2) (a) or H. (0) (b) and QO /e (e is the ele-
mentary electric charge) near an extended surface for d =0.60 nm correspond-
ing to [PtCL]*. | Oi/el is a measure of strength of hydrophobicity of the sur-
face: Smaller |Qy/e| implies weaker hydrophobicity. Both g, (d/2) and Hy
(0) continue to increase, but beyond Q;/e~—50 (in the region indicated by “No
Solutions™), the theory possesses no solutions.

2.5.3 Properties of the second phase

The second phase appearing in the present system comprises the anions, water
molecules, and cations. The anion concentration in the second phase should be
orders of magnitude higher than C. Water molecules and cations are required
for screening the electrostatic repulsive interactions among the anions. In fact,
near the spinodal concentration C*, gis(ds/2) and g(&) (&~d +d./2) also
exhibit rather abrupt increases. The peaks of g (d/2) and gi.(d +d./2) are
indicative that the cations preferentially come into contact with the anions. The
abrupt increase in gi (d/2) is more striking for [PtBry]> than for [PtCL]>,
implying that the anion concentration in the second phase is substantially
higher for [PtBrs]>". This result is in marked contrast with the case of water
containing a nonpolar solute near a hydrophobic surface: In this case, the
partial wetting of the surface by the solute accompanies the partial drying of
the surface by water; and the second phase is formed by the solute molecules
almost exclusively. >

The ion concentration in the second phase filling a narrow pore should be
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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 diameter is sufficiently small
regardless of its depth, which was proved by our experimental result illustrated

in Figure 2.3.

2.5.4 Irrelevance to mass-transfer effect

The mass-transfer efficiency is not necessarily proportional to the anion con-
centration especially in nanospace. However, even such nonlinear behavior is
not relevant to the transition phenomena by which the second phase abruptly
appears and completely fills the whole space within nanopores. The phenome-
na arise from the long-range nature of the surface-anion correlation length.
The mass transfer, whose driving force is the concentration gradient of the an-
ions, 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 the affinity of the surface with water is continuously
reduced with fixing the ion concentration. This gives another evidence of the

unrelevance to the mass-transfer effect.

2.5.5 Effect of electrochemical factors

Electrochemical factors are not taken into account in our theoretical analyses.
What we have shown in the present study is as follows: Before the electrodep-
osition is started, the nanopores are filled with the second phase within which
the anion concentration is orders of magnitude higher than in the bulk solu-
tion; and the anions are continuously supplied to the nanopores as they are
consumed by the electrodeposition. The filling occurs quite rapidly just as the
phase separation of a bulk liquid into two immiscible phases. The supply of
the anions also occurs quite rapidly as long as the transition concentration of
the anions is maintained in the bulk, which is consistent with the experimental

observation that the porous layers is uniformly filled with the deposited plati-
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num. We remark that the impact of the surface-induced phase transition is re-
markable. Presumably, the surface is positively charged at the potential of plat-
inum electrodeposition, and a positive electric field is emanated from the sur-
face. Due to the field, the anions are attracted to the surface, acting in the di-
rection where the transition phenomena are even enhanced. The neglect of the
field is another factor leading to overestimation of C* (see Sec. 2.5.1), but it
does not vitiate the agreement between the experimental and theoretical re-
sults. Even if the surface is negatively charged, unless the surface-charge den-
sity is high, the surface-induced phase transition persists as shown in a theoret-
ical study®®: Tt persists even at weakly charged (hydrophilic) surfaces im-
mersed in water containing a low concentration of hydrophobic solute. A sta-
tistical-mechanical theory incorporating the electric field”” has been devel-
oped, and the application of such a theory to the present case is a task for the
future.

2.6 Concluding remarks

We have found the existence of thresholds for the concentration of platinum
complex ions and the affinity of the pore wall surface with water in the
electrochemical deposition of platinum within silicon electrode nanopores.
The drastic change in the deposition behavior, which is exhibited beyond the
threshold, cannot be explained by the consideration of the electrochemical
reaction coupled with mass transfer. Also, the enrichment of the ion
concentration within a thin layer at the surface is not capable of elucidating the
drastic change, either. With the aid of statistical-mechanical theory for
confined molecular liquids, we have revealed that the drastic change originates
from a surface-induced phase transition. In our case, it occurs when the pore
wall surface is sufficiently hydrophobic and the ion size is large enough for the
ions to exhibit rather hydrophobic properties. As the ion size increases, for a
fixed ion concentration the transition occurs even within larger pores, and for a
fixed pore size it occurs at lower ion concentration in the bulk. Upon the

transition, the nanopores are filled with the second phase within which the ion
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concentration is orders of magnitude higher than in the bulk. The problem of
the diffusion-limited condition, under which supply of the ions from the bulk
becomes difficult, is completely overcome by the transition phenomenon.
Once sufficiently large nuclei of platinum are formed on the electrode surface,
the electrodeposition proceeds quite easily.

A surface-induced phase transition in nanospace was predicted by previous
theoretical studies™>"*. Also, an experimental result”® which should be
relevant to the transition phenomenon is found in the literature. However, it
has been investigated, for the first time, for the same system from both
experimental and theoretical viewpoints in the present study. Moreover, its
occurrence has never been reported for an aqueous electrolyte solution near a
hydrophobic surface, which contains only weakly hydrated ions. It is
interesting to look at some more different aqueous electrolyte solutions in
future studies. Although the nanoporous materials have become important
platforms for electrochemical reactions, the mass transfer of chemicals to and
within nanopores has not yet been understood as emphasized in a recent
review’'. A surface-induced phase transition can take place even when the
bulk liquid mixture is thermodynamically stable as a single phase, and it
should be one of the crucial factors for controlling the electrochemical
reactions that is substantially different from the mass transfer. It can be applied
to other chemical reactions within nanometer-sized porous media: The
transition filling nanospace with a solution containing reactants at orders of
magnitude higher concentration will enable us to design and control novel
materials possessing nanoporous structure. At the same time, the present
results will stimulate the pioneering work in an interesting field for a liquid or

liquid mixture confined in nanospace.
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3 Effect of cation species on surface-induced phase
transition observed for platinum complex anions in
platinum electrodeposition using nanoporous silicon

In an earlier work [K. Fukami et al. , J. Chem. Phys.138, 094702 (2013)], we
reported a transition phenomenon observed for platinum complex anions in
our platinum electrodeposition experiment using nanoporous silicon. The pore
wall surface of the silicon electrode was made hydrophobic by covering it
with organic molecules. The anions are only weakly hydrated due to their
large size and excluded from the bulk aqueous solution to the hydrophobic
surface. When the anion concentration in the bulk was gradually increased, at
a threshold the deposition behavior exhibited a sudden change, leading to
drastic acceleration of the electrochemical deposition. It was shown that this
change originates from a surface-induced phase transition: The space within a
nanopore is abruptly filled with the second phase in which the anion
concentration is orders of magnitude higher than that in the bulk. Here we
examine how the platinum electrodeposition behavior is affected by the cation
species coexisting with the anions. We compare the experimental results
obtained using three different cation species: K', (CH3)sN", and (C,H;s),N".
One of the cation species coexists with platinum complex anions [PtCly]*. It
is shown that the threshold concentration, beyond which the electrochemical
deposition within nanopores is drastically accelerated, is considerably
dependent on the cation species. The threshold concentration becomes lower
as the cation size increases. Our theoretical analysis suggests that not only the
anions but also the cations are remarkably enriched in the second phase. The
remarkable enrichment of the anions alone would give rise to the energetic
instability due to electrostatic repulsive interactions among the anions. We
argue that the result obtained cannot be elucidated by the prevailing view

based on classical electrochemistry. It is necessitated to consult a statistical-
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mechanical theory of confined aqueous solutions using a molecular model for

water.

3.1 Introduction

Porous materials play imperative roles in the development of such devices as
sensors, catalysts, fuel cells, rechargeable batteries, and capacitors. " In the
utilization of porous structure for a reaction field, a larger specific surface area
brought by decreasing the pore diameter and increasing the porosity can lead
to higher performance of chemical or electrochemical reactions. To prepare
porous structure with high performance, the pore size needs to be sufficiently
small, i.e., of the scale of a few nanometers. In solution (i.e., solvent in which
reactants are dissolved as solutes), however, the mass transfer of reactants
within such nanopores is geometrically hindered, and the extent of the
hindrance becomes prominent with a decrease in the pore diameter. This is
particularly true for deep pores. As a salient example, an electrochemical
reaction within nanopores is remarkably decelerated once a diffusion-limited
condition is reached due to the difficulty in supply of reactants from the bulk.®’
Thus, it 1s often difficult in chemical or electrochemical reactions to elicit
suitably high performance even when quite a large specific surface area is
conferred to the porous structure. Design and control of injection into and
ejection from nanopores is an important, challenging issue in modern
nanotechnology.

Let us consider liquid or liquid mixture confined by a surface. The structure
near the surface, which is referred to as “surface-induced structure,” is
substantially different from that in the bulk. This is evidenced in, for instance,
recent studies on ionic liquids near solid surfaces by scanning probe
microscopy, nuclear magnetic resonance, ellipsometry, and X-ray

19714 Theoretical studies'”'® have argued that the surface-induced

reflectometry.
structure 1s largely influenced by the surface-liquid affinity. The solute

concentration near the surface can remarkably be different from that in the
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bulk. The details of the difference are determined by complex interplay of the

1924
solvent-solute, surface-solvent, and surface-solute affinities. ?

Liquid, liquid
mixture, or solution confined between two surfaces, when the surface
separation is sufficiently small, may exhibit the structure and properties which
are entirely different from those in the bulk. When it is confined within a
nanopore, its structure and properties can be diverse, depending upon the pore
diameter and the solvent, solute, and pore wall surface characteristics.

In recent works,”*® we have investigated platinum electrodeposition within
nanoporous silicon electrode (the pore diameter is ~ 3 nm on the average). The
electrode is immersed in aqueous solution containing platinum complex ions
(these are anions). The pore wall surface of the electrode is made hydrophobic
by covering it with organic molecules and platinum complex ions with
sufficiently large sizes, [PtCL]*, are adopted. Such ions are only weakly
hydrated and excluded from the bulk with the result that the ionic
concentration is largely enriched near the hydrophobic surface: They are rather
hydrophobic in this sense. When the ion concentration in the bulk is gradually
increased, at a threshold the deposition behavior exhibits a sudden change,
leading to drastic acceleration of the electrochemical deposition.”® Using our
statistical-mechanical theory for confined molecular liquids, we have shown
that this change originates from a surface-induced phase transition: The space
within a nanopore is abruptly filled with the second phase in which the ion
concentration is orders of magnitude higher than that in the bulk.*® The
threshold concentration is lowered when the ionic size is made larger (that is,
[PtCL,]* with d =0.60 nm ( d_ is the anion diameter) is replaced by [PtBr,]*

2% When the pore wall

with d=0.70 nm; the latter is more hydrophobic).
surface is made hydrophilic, by contrast, there is no such striking behavior
observed: It seems that the enrichment of the ionic concentration near the
hydrophilic surface does not occur and the electrochemical deposition within
nanopores does not proceed irrespective of the ionic concentration in the bulk.
Near the hydrophilic surface, the concentration of the hydrophobic solute is

not enriched but the number density of water is considerably heightened.
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In the platinum electrodeposition experiment described above, we have been
successful in producing platinum nanoparticles whose diameters are smaller
than the pore diameter (~ 3 nm).”® Below the threshold concentration, only
filmy deposition is achieved on the top surface of porous silicon with
essentially no deposition within nanopores. Above the threshold concentration,
the nanoparticles are always deposited within nanopores. The surface-induced
phase transition is thus crucial in the production of nanoparticles. Another
significant finding is that the packing fraction of the nanoparticles produced
within a nanopore can readily be controlled by adjusting the size of platinum
complex ions.”?° In the second phase filling nanopores, the ion concentration
for [PtBr4]> is considerably higher than that for [PtCl,]*, even when the ion
concentrations in the bulk share the same value. Therefore, each nanopore is
more densely packed with nanoparticles as the ion size is increased. It should
be noted that this type of control is substantially different from the
conventional one manipulating the applied potential, current density, or
temperature of the electrochemical cell.

In the present study, we examine the effect of cations coexisting with
[PtCL]* on the platinum electrodeposition behavior. We compare the
experimental results obtained using three different cation species: K,
(CH3)4N", and (C,Hs)4N". It is shown that the threshold concentration, beyond
which the electrochemical deposition within nanopores is drastically
accelerated, is considerably dependent on the cation species which coexists
with platinum complex anions. It follows that the cation species and its
concentration in the bulk are also useful manipulated variables for controlling
the deposition behavior. These results, which can hardly be expected from the
standpoint of classical electrochemistry, are analyzed using our statistical-
mechanical theory combined with a molecular model for water. The
conclusion thus drawn is the following: The surface-induced phase transition
for an anion species with a large size is substantially influenced by a
coexisting cation species with a large size; and the influence becomes stronger

as the cation size increases.
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3.2 Materials and methods

Silicon wafers were purchased from Shin-Etsu Astech Co., Ltd., and all the
chemicals were purchased from Nacalai Tesque, Inc. with analytical grade.
Porous silicon electrodes were prepared by anodization of p-type silicon (100)
with a resistivity in the range 3—5 Q cm. The anodization was carried out in 22
wt. % HF solution (48 wt. % HF: ethanol = 1: 1.7 in volume) at 2.0 mA cm °
for 20 min. The average diameter of the pores was about ~3 nm (the
maximum diameter was ~ 5 nm), and the thickness of porous layer was 1 um.

Displacement deposition of platinum (see Sec. 3.3.1) was performed using
the porous silicon as the working electrode. Platinum complex (K,PtCl,) and
one of the three salts, potassium chloride (KCI), tetramethylammonium
chloride ((CH3)4NCl), and tetracthylammonium chloride ((C,H;s);NCI), were
added to ultra pure water (Millipore Reference A’, the resistivity of water was
18.2 MQcm). Each of the resultant solutions was used for the platinum
deposition bath: K, (CH3)4N+, or (C2H5)4N+ coexisted with [PtC14]2_ in the
solution. The concentration of KCI, (CH3),NCl, or (C,H;5);NClI (i.e., that of K,
(CH3)4N+, or (C2H5)4N+) mn the bulk was fixed at 0.5 M and that of K,PtCl,
(i.e., that of [PtC1,]*) in the bulk was changed from 0.006 M to 0.010 M with
the increment of 0.001 M. Thus, we looked at the deposition behavior for the
15 different solutions. In all the experiments, the displacement deposition was
carried out for 2 h. As described in Sec. 3.3.1, the open circuit potential was
measured after a porous silicon electrode was simply immersed in the
deposition bath.

The cross-sectional views of the microporous silicon electrode after
platinum displacement deposition were observed by a field-emission type
scanning electron microscope (JEOL, JSM-6500F; SEM).

3.3 Experimental results and discussion
3.3.1 Concept of displacement deposition in porous silicon

25,26

In our earlier works, ™ the surface of porous silicon was made hydrophobic

by covering it with organic molecules. For the as-prepared porous silicon used
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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 solution containing
[PtCl,]*". This spontaneous oxidation occurs together with the deposition of
platinum on the silicon surface. Such deposition is categorized as displacement
deposition. ** The redox reactions can be written as follows:
[PtCL]* +2¢ —Pt+H4CI and Si+2H,0+4h"—SiO,+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 produced without an external bias.
Platinum is deposited within nanopores by this displacement deposition
scheme in our experiment of the present study.

The oxidation of silicon during the displacement deposition should lead to
only a slight change in the surface hydrophobicity. 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”:*® Most of the Si—H bonds still remain
on the surface, leading to the persistence of the surface hydrophobicity during

our deposition experiment.

3.3.2 Effect of coexisting cations on displacement deposition of platinum
in porous silicon

Figure 3.1 shows cross-sectional SEM images of nanoporous silicon after
the displacement deposition of platinum under a prescribed concentration of
[PtCL,]* in the bulk with the three species of coexisting cations. At C=0.006
M (C is the concentration of [PtCL]*" in the bulk), the deposition does not
proceed at all within the nanoporous layer in all the K', (CH3)N', and
(C,HsuN" solutions as observed in Figures 3.1(a)-3.1(c). At C=0.007 M
(Figures 3.1(d)-3.1(f)), platinum 1s successfully deposited within nanopores
only in (C,Hs)N" solution. At C=0.008 M (Figures 3.1(g)-3.1(i)) and 0.009
M (Figures 3.1(j)-3.1(1)), the platinum deposition is achieved within the
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nanoporous layer in (CH3)4N+ and (C2H5)4N+ solutions but not in K solution.
At (=0.010 M (Figures 3.1(m)-3.1(0)), the platinum deposition is successful
in all the K, (CH;3)sN", and (C,Hs)4N" solutions.

Taken together, the platinum deposition in nanoporous silicon is suddenly
accelerated at a threshold concentration C* in each of the three different
solutions. The values of C** for K', (CH;)sN", and (C,Hs),N" solutions are,
respectively, 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 [PtCL,]>.
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Figure 3.1: Cross-sectional SEM images of porous silicon after platinum
displacement 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, 1, I, and 0) were prepared,
respectively, in 0.5 M of KCI, (CH3)4,NCl, and (C,Hs)4;NCI solutions
containing [PtCL,]*" at the five different concentrations: 0.006 M (a, b, and c),
0.007 M (d, e, and 1), 0.008 M (g, h, and 1), 0.009 M (j, k, and 1), and 0.010 M
(m, n, and o). The scale bar indicates 500 nm.
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3.3.3 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 3.2 shows i-E curves measured for the flat silicon electrode in K,
(CH3),N", and (C,Hs)N" solutions containing [PtCL]>" at C=0.008 M. We
emphasize that the experiment described in Sec. 3.2 was performed not for a
flat surface but for nanopores. In Figure 3.2, all the curves are essentially
indistinguishable, implying that the electrochemical behavior remains almost
the same, being independent of the species of coexisting cations. This result
indicates that the partial-wetting transition (see Sec. 3.4.1) does not occur for a
flat surface at C=0.008 M in the aqueous solution employed in our experiment.
The sudden acceleration of platinum deposition within nanopores at a
threshold concentration of [PtCL,]*” (Figure 3.1), which manifests a transition
phenomenon, should originate not from the electrochemical behavior but from

the surface-induced phase transition.
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Figure 3.2: Current density versus potential curves measured for a flat silicon
electrode in aqueous solutions containing 0.5 M of KCI (solid line),
(CH3)4NCI (dotted line), and (C,Hs)4NCI (dashed line). The concentration of
[PtCL,]*~ 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 Figures. 3.1(g)-3.1(1)).

The reaction rate of platinum displacement deposition is defined using the
electrode potential where the reduction of platinum and the oxidation of silicon
are balanced with each other. In other words, the net electric current flowing
through the external circuit is zero. The current for the platinum deposition can

be expressed by the equation,

in=nF A Cpcr k() (D)

where Ip; denotes the current arising from the reduction of platinum that is
balanced with the oxidation of silicon, n the number of electrons per a
platinum complex ion reduced, F' the Faradaic constant, 4 the surface area,
Ciprciap- the [PtC]4]2_ concentration at the surface, and k(¢) the reaction rate
constant which is a function of the electrode potential ¢. The diameters and
depths of nanopores in silicon should remain unchanged during our
experiment. This means that 4 as well as n and F'is a constant. According to

the result shown in Figure 3.2, the current is independent of the cation species
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coexisting with [PtCL,]*". A flat (non-porous) silicon electrode was employed
in the i-F curve measurement. The electrochemical reaction took place on a
single surface for which the partial-wetting transition could not occur as
described above. The concentration of the platinum complex anions at the
surface is not significantly influenced by the cation species with the result that
k(¢) 1s not, either. It follows that /p is dependent upon Cipiciapp- alone. Thus, the
prevailing view based on classical electrochemistry applied to a flat electrode
1s incapable of elucidating the essential effect of the cation species.

As described above and in our earlier publications,”? the behavior of
platinum deposition within nanopores in porous silicon is strongly influenced
by the surface-water affinity (i.e., hydrophobicity or hydrophilicity of the pore
wall surface), size of platinum complex anions (i.e., [PtCL]> or [PtBry]*;
even when the ionic strength is the same), and cation species coexisting with
the anions in the aqueous solution. Moreover, the deposition behavior does not
change monotonically as the anion concentration in the bulk increases: It
exhibits a sort of transition phenomenon. Elucidation of this sophisticated
result is made possible only by consulting a liquid-state theory based on
statistical mechanics. In what follows, we review the surface-induced phase
transition phenomena for solutions confined by a single surface or two
surfaces and for solutions constrained within a nanopore. Model analysis
which is closely related to the phenomena observed in the present experiment

is also implemented.

3.4 Theoretical analysis
3.4.1 Concept of surface-induced phase transition

The concept of the surface-induced phase transition has been developed by
Kinoshita' 2** using some different versions of the integral equation theory
(IET). The surface-induced phase transition is most likely to occur for water
containing a low concentration of hydrophobic solute near a hydrophobic
surface or for nonpolar liquid containing a low concentration of hydrophilic

solute near a hydrophilic surface. In the former, the hydrophobic solute, which
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cannot participate in the hydrogen bonding of water, is excluded from water
and its concentration is enriched near the hydrophobic surface. In the latter, the
hydrophilic solute, which feels quite uncomfortable in nonpolar liquid,
preferentially comes to the hydrophilic surface with the result of the
enrichment of its concentration.

As the solute concentration in the bulk C increases, the enrichment
mentioned above becomes stronger, whereas the thickness of the enriched
layer is microscopic in the sense that it is comparable with the solute size.
However, near a threshold value of C, C*, the Fourier transform of the surface-
solute total correlation function at zero wave vector exhibits an abrupt increase
toward infinity, which indicates that the surface-solute correlation becomes
quite intense and long ranged. This can be identified as a signal of a transition
phenomenon exhibiting a sudden growth of the enriched layer: The thickness
of the layer grows from a microscopic scale to a submacroscopic one, and the
solute concentration within the layer becomes much higher. We note that the
thickness is not of a macroscopic scale because the bulk is thermodynamically
stable as a single phase. The transition is referred to as the partial-wetting
transition representing the partial wetting of the surface by the solute.'******
C" is the spinodal point beyond which the microscopic surface-induced layer
becomes unstable. Beyond C" the IET possesses no solutions. In the real
system, the transition occurs at the concentration that is lower than C*, c"
(C'<C<C" is the region which is metastable for the microscopic surface-
induced layer). Let the thickness of the surface-induced layer be 0. The
average solute concentration in the layer and ¢ should be increasing functions
of C>C” though they cannot be calculated by the IET.

We then consider the solution confined between two surfaces (e.g., water
containing a low concentration of hydrophobic component (i.e., solute)
confined between two hydrophobic surfaces) with the surface separation L that
is sufficiently small. When the solute concentration in the bulk C is gradually
increased, the confined domain is unavoidably filled with the second phase

(e.g., hydrophobic component containing a low concentration of water)
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beyond a threshold value of C, C~, which is referred to as the bridging
21-24
In the

case of L ~ 20, the spinodal point of the bridging transition C is

transition implying that the two enriched layers bridge each other.

approximately equal to C: C* ~ C'. For L < 25, however, it is lower than C*
for a single surface (C" <C); it becomes lower as L decreases; and for very
small L, the transition occurs at a remarkably low solute concentration in the
bulk. Actually, the transition occurs at C=C" ( C"" <C”, CcT=<Ch. Beyond c",
the system without the second phase cannot exist even as the metastable state.
C™<C<C" is the region which is metastable for the system without the second
phase. As for the liquid confined within a nanopore with diameter dp, its
behavior is more influenced by the surface properties than the behavior of the
liquid confined between two surfaces with the surface separation L=dp. The
region which is metastable for the system without the second phase is
represented by C™'<C<C™ (C™ is the spinodal concentration, the actual
transition occurs at C =C" ", C***<C**, and C"'<C™). Further, the influence
becomes larger as dp decreases. The transition, upon which the pore is
unavoidably filled with the second phase, occurs at a lower solute
concentration in the bulk for smaller dp. In the present article, the transition
occurring within a nanopore is also referred to as the bridging transition.

The two types of surface-induced phase transitions, partial-wetting and
bridging transitions, occur even when the bulk is quite stable as a single phase.
The existence of these transitions has been reproduced by computer-simulation
and experimental studies. By using Grand Canonical Monte Carlo simulations,
Greberg and Patey™ verified the occurrence of the bridging transition for
model systems mimicking water containing a low concentration of
hydrophobic solute confined between hydrophobic surfaces and nonpolar
liquid containing a low concentration of water confined between hydrophilic
surfaces. Kurihara and co-workers® experimentally studied cyclohexane-
ethanol binary liquid near a single silica (Si0;) surface. Their system
corresponds to nonpolar liquid (cyclohexane) containing a low concentration

of hydrophilic solute (ethanol) near a hydrophilic surface (silica surface). They
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gradually increased the ethanol concentration from zero: They observed an
abrupt formation of an ethanol layer whose thickness reached ~ 15 nm at the
ethanol concentration of ~ 0.1 mol. %. This manifests the existence of the
partial-wetting transition.

We have recently demonstrated the existence of the bridging transition for
the aqueous electrolyte solution, water containing K,PtCl, or K,PtBry,
confined within a pore with a scale of a few nanometers.*® The pore surface is
made hydrophobic. The platinum complex anions, [PtCl]* and [PtBrs]”,
behave as rather hydrophobic solutes due to their large sizes. As the anion size
becomes larger with its charge kept constant, hydrogen atoms in water
molecules with positive partial charges cannot come closer to it, leading to
weaker stabilization by the electrostatic attractive interaction. That is, a
sufficiently large anion possesses only weak affinity with water. We have
shown the following: When the anion concentration in the bulk is gradually
increased, at a threshold the space within a nanopore is abruptly filled with the
second phase in which the anion concentration is remarkably higher than in the
bulk. The threshold concentration for [PtBr,]*” is lower than that for [PtCL]*".

3.4.2 Angle-dependent integral equation theory for molecular liquid near
a surface

It is crucial to adopt a molecular model for water in the investigation of the
ion-size effects. A water molecule is modeled as a hard sphere with diameter
ds=0.28 nm in which a point dipole and a point quadrupole of tetrahedral

symmetry are embedded.’*

The influence of molecular polarizability of
water is included by employing the self-consistent mean field (SCMF)
theory.’>>> At the SCMF level the many-body induced interactions are reduced
to pairwise additive potentials involving an effective dipole moment. Hard
spherical cations and anions with diameters d, and d-, respectively, are
immersed in our model water. The water-water and water-ion correlations are
then dependent not only on the distance between centers of the particles but

also on the orientations of water molecules. We analyze the structure of
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aqueous electrolyte solution at an extended, uncharged (hydrophobic) surface.
The water-surface correlations are also dependent on the orientations of water
molecules.

We employ the angle-dependent integral equation theory (ADIET),*"** a
statistical-mechanical theory for molecular liquids. A large, spherical particle
(neutral hard sphere) with diameter d;=30ds mimicking an extended
hydrophobic surface is immersed in our model aqueous electrolyte solution.

The subscripts, “S,” “+” “= and “L,” respectively, represent “solvent

29 ¢ 99 ¢¢

(water),” “cations,” “anions,” and “large particle.” The Ornstein-Zernike (OZ)

equation for the mixture comprising the large particle, water molecules,

. : : 2932-49
cations, and anions can be written as

N 12)={1/87)} % Py leaf13) {mA32)te,A32)}d(3), (2a)
Naf12)=haf(12)-cof(12); &, =S, +, -, L (2b)

where / and c are the total and direct correlation functions, respectively, (if)
represents (r;,82;,£2;), r;1s the vector connecting the centers of particles i and j,
€, denotes the three Euler angles describing the orientation of particle 7, Jd(3)
represents integration over all position and angular coordinates of particle 3,

and p is the number density. The closure equation is expressed byzg’3 S

Caf(12)=Ihaf12)8 {waf12)-baf12)}/ Or 12)dr -ttaf12)/ (ks T)+bof12), (3a)
r
Wal(12)= = 1o 12)+11012)/ (ks T), (3b)

where u is the pair potential, b is the bridge function, and »,=| ry,|. In the
present analysis, the hypernetted-chain (HNC) approximation is employed
(b=0). We assume that the macroparticle is present at infinite dilution (p—0).

The calculation process can then be split into two steps:
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Step (i). Solve Egs. (2) and (3) for bulk aqueous electrolyte solution. Calculate
the correlation functions Xss, Xs+, Xs-, Xv, Xi, and X (X=h, ¢).

Step (i1). Solve Egs. (2) and (3) for the macroparticle-aqueous electrolyte
solution system using the correlation functions obtained in step (i) as input data.
Calculate the correlation functions X;g, Xi+, and X (X=h, c).

For the numerical solution of Egs. (2) and (3) , the pair potentials and
correlation functions are expanded in a basis set of rotational invariants (i.e.,
Wigner's generalized spherical harmonics), and the basic equations are
reformulated in terms of the projections X4 m"lw () (r 1s the distance between
centers of two particles) occurring in the rotational-invariant expansion of X,
(12). The expansion considered for m, n<n.,,=4 gives sufficiently accurate
results. The basic equations are then numerically solved using the robust,
highly efficient algorithm developed by Kinoshita and co-workers.”* In the
numerical treatment, a sufficiently long range r | is divided into N grid points
(r;=ior,i=0, 1, ..., N—1; or=r;/N) and all of the projections are represented by
their values on these points. The grid width and the number of grid points are
set at 0r=0.01ds and N=4096, respectively. The versatility and reliability of the
ADIET was demonstrated in our earlier works on a variety of subjects (more
details were described in our last publication®® treating the electrochemical
deposition of platinum within nanoporous silicon).

In the real system treated in the present study, the solution is confined within
pores having various sizes whose surfaces are concave. However, the analysis
on the solution confined by an extended surface and the partial-wetting
transition provides fundamental information which can readily be applied to
the solution confined between two extended surfaces and the solution within a
nanopore in a semi-quantitative sense (see Sec. 3.4.1). The microstructure
(heterogeneity) of the surface is not taken into account in the theoretical

calculation. However, it has been shown that 1t has no essential effects on the
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conclusion as long as the averaged properties of the surface-induced structure

are discussed.™

3.4.3 Model aqueous electrolyte solution considered
[PtCLy]* is considered as the platinum complex anion. Following our last
publication® treating the electrochemical deposition of platinum within

nanoporous silicon, we model [PtCL,]*

as a hard sphere within which the point
charge of —2e (e is the elementary electric charge) is placed at its center. The
size of [PtCL]* is approximately calculated from the molecular weight and
density of K,PtCly in solid state with the tetragonal crystal structure: We obtain
d-/ds=2.16. As described in Sec. 3.4.2, only a single salt species can be treated
in our computer program based on the ADIET. We therefore consider water
containing X,PtCl; whose concentration in the bulk is C. The cation X' is
modeled as a hard sphere within which the point charge of e is placed at its
center. The diameter of (CH;),N" is roughly estimated from the molecular
weight and density of (CH3),NCI in solid state by assuming that it possesses
the close-packed structure and (CH;)N" is spherical: The result is d,/ds~ 2.
We note that (C,Hs)4N" is larger than (CH3),N". In our theoretical analysis, the
three different values of d - are tested: d./ds=1.08, 1.80, and 2.00. d./ds =1.08
corresponds to the value for K*.*® Though d./ds=1.80 and 2.0 do not strictly
correspond to (CH3),N" or (C,Hs)4N", they are useful in examining the effect
of the size of coexisting cations d.. A cation and an anion carry the charges e
and —2e, respectively, and p.=2p_.

In our last publication mentioned above,”® we analyzed water containing
K,PtCly near a hydrophobic surface and found the occurrence of the partial-
wetting transition in which the hydrophobic solute is [PtC1,]*". In the present
study, we consider X,PtCl; (d/ds=1.08, 1.80, and 2.00) to know how the
spinodal concentration C is affected by the size of X', d,. When the
concentration of X,PtCly, C, is given, p. and p_ are automatically determined.

Since C is very low, ps is fixed at the pure-water value.
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3.4.4 Aqueous electrolyte solution near a hydrophobic surface: A surface-
induced layer

We restate that all the calculations are performed for uncharged surfaces.
The concentration profile of cations or anions is described by g,
(O=hi (Ot 1=p1(E)/p; (=, —) where ¢ is the distance from the surface in the
surface-normal direction, pr. ;( &) 1s the number-density profile of cations or
anions, and p;is the number density of cations or anions in the bulk (gi({)—1
as {—o0). Even when C is much lower than the spinodal concentration, ions
with large sizes are largely enriched near the hydrophobic surface. The degree
of the enrichment follows the order: X' with d./ds=2.00>X" with
d./ds=1.80>[PtC1,]*". These ions, which behave as rather hydrophobic solutes,
are often referred to as “ions exhibiting negative hydration.” For more
information, in the case of C = 0.00605 M, g (0)=29.99 for [PtCL]*" and
21(0)=166.4 for X' with d./ds=1.80; in the case of C=0.00189 M,
21(0)=39.61 for [PtCL]* and g;.(0)=656.0 for X with d,/ds=2.00. The strong
enrichment of the ion concentration occurs only in the vicinity of the surface.
g1 (¢) reduces quite rapidly as ¢ increases (a more detailed discussion on gi (<)
is given in Sec. 3.4.6). In this sense, the layer within which the ion
concentration is enriched is microscopic. On the other hand, ions with small
sizes are preferentially hydrated in the bulk, with the result that they are
depleted near the hydrophobic surface. These ions, which behave as highly
hydrophilic solutes, are often referred to as “ions exhibiting positive hydration.”
X" with d./ds=1.08, K', and CI” (with d_/ds=1.16) belong to these ions.

Our experience in analyses on confined aqueous electrolyte solutions has
shown the following. Let us consider the solution confined between two
extended surfaces. When the surface separation L is not small, the solution
around the center within the confined space is very much like that in the bulk
and the normalized number-density profile of ions near each of the surfaces is
close to that near a single surface. As L becomes smaller, the solution for all ¢
is more influenced not only by the nearest surface but also by the other surface.

For ions with large sizes, for example, when L becomes smaller than a few
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times of the diameter of a water molecule, the normalized number-density
profile for all £ exhibits an upward shift and the ion-size effect becomes larger.
As discussed in our recent publication,” the upward shift and the enhancement
of ion-size effect are more appreciable when L is smaller or the surface is
concave and its curvature is larger. By the interplay of these physical factors,
the enrichment of ion concentration and the ion-size effect becomes even
larger when the solution is confined within a pore having the size of a

nanometer.

3.4.5 Analysis on partial-wetting transition

19,2024,29 -
7 in the present

In order to investigate the partial-wetting transition
system, we monitor the two quantities, H;(0) (7=+, —). Hik) is the Fourier

transform of /4 (r):

Hyj(ky=4 7| ¥ hy(r) {sin(kr)/(kr)} dr. (4a)
0

H;/0) expressed by

Hi(0)=47r] r*hi(r)dr (4b)
0

gives a signal of the transition phenomenon as described above. Divergence
of H;40) 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

microscopic scale).

3.4.6 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, Figure 3.3(a) or 3.3(b)
shows the plot of Hy.(0) or Hy_(0) against the concentration of [PtC1,]* in the
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bulk denoted by C. It is found that H.(0) and H;(0) simultaneously exhibit
the divergent behavior at the spinodal concentration 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 1s a signal of the partial-wetting transition, a sudden growth of
the enriched layer from a microscopic scale to a submicroscopic one. C’ is the
spinodal point (the spinodal concentration) explained above. The divergence
of H; (0) is followed by that of Hy.(0). As C approaches C', the normalized
density profiles of cations and anions in the vicinity of the surface (gr( £) and
g1-( £), respectively; & is the distance from the surface in the surface-normal
direction) make the changes illustrated in Figure 3.4. Near C, gi..(¢)
(&~ d+d./2) as well as g;-(0) exhibits an abrupt increase but g.(0) remains
almost zero. This result is indicative that the cations preferentially come into

contact with the anions in contact with the surface.
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Figure 3.3: (a) H.+(0) plotted against C. (b) H;(0) plotted against C. C is the
concentration of X,PtCly in the bulk, and d./ds=1.08 ( d; denotes the diameter
of X"). The definition of H;(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.
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Figure 3.4: Normalized density profiles of cations (a) and anions (b) in the
vicinity of the surface (gr.+($) and g -(¢), respectively; & 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 X,PtCl, in the
bulk, and d./ds=1.08 (d: denotes the diameter of X'). The contact values,
g1+(d./2), in the three bulk concentrations are all zero and the contact position
is at ({—ds/2)/ds=0.04. The contact values, g -(d-/2) (d-=2.16ds denotes the
diameter of [PtC14]2_), in the three bulk concentrations are 630.4, 1002, and
1606, respectively, and the contact position is at (E—ds/2)/ds=0.58.
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Similar plots for d./ds=1.80 and d./ ds=2.00, respectively, are shown in
Figures. 3.5 through 3.8. Hi(0) and H;(0) simultaneously exhibit the
divergent behavior at C=C". The simultaneous divergent behavior occurs at
lower C as d. increases. The spinodal concentration C~ varies as follows:
C'~ 0.00825 M and ~ 0.00258 M for d./ds=1.80 and 2.00, respectively. Near
c, 21+(0) and g (0) exhibit simultaneous, 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 Figures. 3.3, 3.5, and 3.7.
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 convergence criterion when C approaches C .
The abrupt increases in Hp.(0) and H;-(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 provides 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 models, and the connection between them
is rather straightforward. 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 considerably lower than C. The salt
concentration at which the bridging 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 experimental observations in a semi-quantitative sense. This type of
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. 3.5.3.
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Figure 3.5: (a) H.+(0) plotted against C. (b) H;(0) plotted against C. C is the
concentration of X,PtCl, in the bulk, and d./ds=1.80 (d; denotes the diameter
of X"). The definition of H; ;(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.
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Figure 3.6: Normalized density profiles of cations (a) and anions (b) in the
vicinity of the surface (g+(¢) and g1 (&), respectively; ¢ 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 X,PtCl, in the
bulk, and d./ds=1.80 (d. denotes the diameter of X'). The contact values,
g1+(d./2), in the three bulk concentrations are 172.7, 194.2, and 212.7,
respectively, and the contact position is at ({—ds/2)/ds=0.40. The contact values,
21.(d/2) (d=2.16ds denotes the diameter of [PtCL;]*), in the three bulk
concentrations are 36.56, 53.42, and 65.50, respectively, and the contact
position is at ({—ds/2)/ds=0.58.
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spinodal concentration indicated by the broken line, the angle-dependent
integral equation theory possesses no solutions.
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Figure 3.8: Normalized density profiles of cations (a) and anions (b) in the
vicinity of the surface (gr.+($) and gy -(¢), respectively; & is the distance from
the surface in the surface-normal direction). Black: C=0.00227 M, blue:
C=0.00250 M, and red: C=0.00258 M. C is the concentration of X,PtCl, in the
bulk, and d./ds=2.00 (d. denotes the diameter of X"). The contact values, g +(d
+/2), in the three bulk concentrations are 681.5, 739.3, and 805.3, respectively,
and the contact position is at ({—ds/2)/ds=0.50. The contact values, g;-(d-/2)
(d=2.16ds denotes the diameter of [PtC1,]*), in the three bulk concentrations
are 57.07, 80.15, and 103.3, respectively, and the contact position is at
(&ds/2)/ds=0.58.
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3.5 Comparison between experimental and theoretical results
3.5.1 Real system treated in experiment

In the experiment, one of KCl, (CH;),NCIl, and (C,H;5),NCl is dissolved in
water at the fixed concentration 0.5 M. K,PtCl, 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 [PtCly]* is remarkably enriched, at C=C** (the
superscript “ex” denotes “experimental”). The values of C™ for KCI,
(CH3)3;NCl, and (C,Hs);NCI 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, (C,Hs),N" and (CH;),N" are even more hydrophobic
than [PtCly]*". (C,Hs)4N", for example, is smaller than [PtC1,]* but the former
carries only the charge e while the latter carries the charge —2e. Here, let us
compare K,PtCl, solution and (CH;3)4NCI solution. For each solution, only a
single salt species is dissolved in water, and C denotes the concentration of
K,PtCly or (CH3)4NCI in the bulk. In K,PtCl, solution, the theoretical result
shows that the spinodal concentration for the partial-wetting transition
C'~0.0254 M. Since (CH;),N" is more hydrophobic than [PtCL]*, C in
(CH;)4NCl solution should be considerably lower than this value (both K" and
CI™ ions exhibit positive hydration, and these ions are not likely to affect C").
C™" in (CH;3)NCl solution is further smaller. Therefore, the surface-induced
phase transition occurs at the concentration of (CH;3)4NCI that is much lower
than 0.5 M: At C=0.5 M, the pores are filled with the second phase in which
the concentration of (CoHs),N" is remarkably enriched. The surface-induced
phase transition is accompanied by remarkable enrichment of CI. When
K,PtCly is added to the solution and its concentration is gradually increased, it
is probable that the anions of CI” are abruptly replaced by those of [PtCL,]* at
C=C*". Qualitatively the same argument can be made for (C,Hs)4NCI solution
because (C,Hs)4N" is more hydrophobic than (CH;),N".
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3.5.2 Model system considered in theoretical analysis

In the theoretical analysis, only a single salt species X,PtCly is dissolved in
water and its concentration C in the bulk is gradually increased as an important
parameter. It is observed that the partial wetting occurs for both X and
[PtCL]*". The values of the spinodal concentration C" for X=K, (CH;)sN, and
(C,Hs)4N are, respectively, ~ 0.0254 M, ~ 0.00825 M, and ~ 0.00258 M. The
partial wetting originates from the remarkable enrichment of the concentration
of ions with large sizes (i.e., ions exhibiting negative hydration) near the
hydrophobic surface. Namely, it is caused by only [PtCL,]* for X=K, whereas
by the interplay of [PtCl,]* and (CH;uN" or (C,Hs):N" for X=(CH;),N or
(C,Hs)sN. Even in the case of K,PtCly, however, the partial wetting of [PtC1,]*
is accompanied by that of K. It is probable that the partial wetting of [PtC1,]*
alone would give rise to the energetic instability due to electrostatic repulsive
interactions among the platinum complex anions. In general, the partial
wetting of large cations or large anions is accompanied by that of ions carrying

charges with the opposite sign irrespective of the ion size.

3.5.3 Information concerning cation-size effect

Because of the differences between the real and model systems described
above, the experimental and theoretical results cannot be compared
quantitatively. Nevertheless, the following important point is demonstrated
from both experimental and theoretical viewpoints: The surface-induced phase
transition for an anion species with a large size is substantially influenced by a
coexisting cation species with a large size; and the influence becomes stronger
as the size of the cation species increases.

In the prevailing view based on classical electrochemistry, the anion
concentration near the surface is normally determined by a balance of the
electrochemical consumption and the supply by diffusion. The theory of
electric double layer, in which the cation effect is taken into consideration only
in terms of its ionic strength, is not capable of explaining the effect of cation

species or cation size. Therefore, tuning an electrochemical reaction by the
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choice of the cation species coexisting with the anions is not common
knowledge. By contrast, the present study shows that our theory based on
statistical mechanics for confined molecular liquids is a powerful tool which
enables us to reveal the microscopic mechanism of the effect of cation species.
Such tuning is feasible, which has been demonstrated for a nanoporous
electrode using the displacement deposition experiment and the statistical-
mechanical theory for confined aqueous solutions combined with a molecular

model for water.

3.6 Concluding remarks

We have investigated the effect of cation species (K', (CH;)uN', or
(C,Hs)N") coexisting with platinum complex anions ([PtCl]*) on
electrochemical platinum deposition in nanoporous silicon. The pore diameter
is ~ 3 nm on the average and the pore wall surface is hydrophobic. Platinum
complex (K,PtCly) and one of the three salts, KCI, (CH3),NCI, and (C,Hs)4NCI,
are added to ultra pure water: Each of the resultant solutions is used for the
platinum deposition bath. The concentration of K, (CH3)4N+, or (C2H5)4N+ n
the bulk is fixed at 0.5 M. The deposition experiment was performed by
gradually increasing the concentration of [PtCLy]* in the bulk from 0.006 M
with the increment of 0.001 M.

At a threshold concentration of [PtCL;]*” in the bulk, the platinum deposition
within nanopores is drastically accelerated with the result that a nanopore is
densely packed with platinum nanoparticles. We find that the threshold
concentration becomes lower as the cation size increases. The prevailing view
based on classical electrochemistry is not capable of elucidating the observed
effect of coexisting cations. The elucidation is made possible only by
consulting a liquid-state theory based on statistical mechanics. In particular, it
is crucial to employ a molecular model for water and treat confined aqueous
solutions.

Our analysis using the angle-dependent integral equation theory™~>* has

suggested the following: The nanopores are abruptly filled with the second
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phase in which the ion concentration is orders of magnitude higher than that in
the bulk; and not only the anions but also the cations are remarkably enriched
in the second phase. This result, which was not noticed in our earlier WOl‘k,26 1S
not straightforward because the charge neutrality is not necessarily satisfied
within the confined aqueous solution. Presumably, the remarkable enrichment
of the anions alone would give rise to the energetic instability due to
electrostatic repulsive interactions among the anions. The ions with large sizes,
[PtCLy]*, (CH3),N", and (C,Hs)4N", are only weakly hydrated and excluded
from the bulk to a hydrophobic surface. The threshold concentration is
influenced only by a cation species possessing a sufficiently large size.
Replacement of K* by Na', for example, would cause no change in the
threshold concentration.

The present study provides important results from both scientific and
practical viewpoints. It stimulates the researches in a new, very interesting
field for liquid, liquid mixture, or aqueous solution confined in nanospace.
More information is now available concerning the phase transition induced by
a hydrophobic surface for aqueous electrolyte solutions containing only
weakly hydrated ions. For further development of fuel cells, batteries, and
capacitors in which nanoporous electrodes play essential roles, it may be an
inevitable strategy to tune the behavior of electrochemical reaction for a

particular ion species in solution using a coexisting ion species.

94



Reference

'M. T. Alam, M. M. Islam, T. Okajima, T. Ohsaka, J. Phys. Chem. C 112,
16600 (2008).

’H. Foll, J. Carstensen, E. Ossei-Wusu, A. Cojocaru, E. Quiroga-Gonzalez, G.

Neumann, J. Electrochem. Soc. 158, A580 (2011).

‘M. Leisner, A. Cojocaru, E. Ossei-Wusu, J. Carstensen, H. Foll, Nanoscale

Res. Lett. 5, 1502 (2010).

*R. Nakamura, H. Frei, J. Am. Chem. Soc. 128, 10668 (2006).

M. M. Orosco, C. Pacholski, M. J. Sailor, Nat. Nanotech. 4, 255 (2009).

M. P. Schwartz, S. D. Alvarez, M. J. Sailor, Anal. Chem. 79, 327 (2007).

Y. Yamauchi, A. Sugiyama, R. Morimoto, A. Takai, K. Kuroda, Angew.
Chem. Int. Ed. 47, 5371 (2008).

K. Fukami, M. L. Chourou, T. Sakka, Y. H. Ogata, Phy. Status Solidi A 208,
1407 (2011).

K. Fukami, Y. Tanaka, M. L. Chourou, T. Sakka, Y. H. Ogata, Electrochim.

Acta 54, 2197 (2009).

'%F. Endres, N. Borisenko, S. Z. El Abedin, R. Hayes, R. Atkin, Faraday
Discuss. 154, 221 (2012).

M. Mezger, H. Schroder, H. Reichert, S. Schramm, J. S. Okasinski, S.
Schoder, V. Honkimaki, M. Deutsch, B. M. Ocko, J. Ralston, M. Rohwerder,
M. Stratmann, H. Dosch, Science 322, 424 (2008).

"N. Nishi, K. Kasuya, T. Kakiuchi, J. Phys. Chem. C 116, 5097 (2012).

M. Rosa Castillo, J. M. Fraile, J. A. Mayoral, Langmuir 28, 11364 (2012).

U7, Ichii, M. Negami, M. Fuyjimura, K. Murase, and H. Sugimura,
Electrochemistry 82, 380 (2014).

M. V. Fedorov, A. A. Kornyshev, Chem. Rev. 114, 2978 (2014).

'®M. V. Fedorov, R. M. Lynden-Bell, Phys. Chem. Chem. Phys. 14, 2552
(2012).

K. Kirchner, T. Kirchner, V. Ivanistsev, M. V. Fedorov, Electrochim. Acta
110, 762 (2013).

'SR. M. Lynden-Bell, A. L. Frolov, M. V. Fedorov, Phy. Chem. Chem. Phys. 14,

95



2693 (2012).

M. Kinoshita, Mol. Phys. 94, 485 (1998).

**M. Kinoshita, Mol. Phys. 96, 71 (1999).

*'M. Kinoshita, Chem. Phys. Lett. 325, 281 (2000).

**M. Kinoshita, Chem. Phys. Lett. 326, 551 (2000).

M. Kinoshita, Chem. Phys. Lett. 333, 217 (2001).

*M. Kinoshita, “Surface-Induced Phase Transition and Long-Range Surface
Force: Roles in Colloidal and Biological Systems”, Transworld Research
Network, India, ISBN: 81-7895-113-4, Vol. 1, “Recent Research
Developments in Molecular Physics”, pp. 21-41 (2003).

K. Fukami, R. Koda, T. Sakka, T. Urata, K. Amano, H. Takaya, M.
Nakamura, Y. Ogata, M. Kinoshita, Chem. Phys. Lett. 542, 99 (2012).

K . Fukami, R. Koda, T. Sakka, Y. Ogata, M. Kinoshita, J. Chem. Phys. 138,
094702 (2013).

*7Y. H. Ogata, K. Kobayashi, M. Motoyama, Curr. Opin. in Solid State Mater.
Sci. 10, 163 (2006).

*X. G. Zhang, Electrochemistry of silicon and its oxide, Springer (2001).

*M. Kinoshita, J. Solution Chem. 33, 661 (2004).

*H. Greberg and G. N. Patey, J. Chem. Phys. 114, 7182 (2001).

3'M. Mizukami, M. Moteki, and K. Kurihara, J. Am. Chem. Soc. 124, 12889
(2002).

2P, G. Kusalik and G. N. Patey, J. Chem. Phys. 88, 7715 (1988).

3P, G. Kusalik and G. N. Patey, Mol. Phys. 65, 1105 (1988).

#G. M. Torrie, P. G. Kusalik, and G. N. Patey, J. Chem. Phys. 89, 3285
(1988).

¥G. M. Torrie, P. G. Kusalik, and G. N. Patey, J. Chem. Phys. 90, 4513
(1989).

%G. M. Torrie, P. G. Kusalik, and G. N. Patey, J. Chem. Phys. 91, 6367
(1989).

’G. M. Torrie and G. N. Patey, J. Phys.Chem. 97, 12909 (1993).

*M. Kinoshita, M. Harada, Mol. Phys. 81, 1473 (1994).

96



M. Kinoshita, S. Iba, M. Harada, J. Chem. Phys. 105, 2487 (1996).

“*M. Kinoshita, D. R. Bérard, J. Comput. Phys. 124, 230 (1996).

*IN. M. Cann, G. N. Patey, J. Chem. Phys. 106, 8165 (1997).

“D. R, Bérard, M. Kinoshita, N. M. Cann, G. N. Patey, J. Chem. Phys. 107,
4719 (1997).

M. Kinoshita, J. Mol. Liq. 119, 47 (2005).

*M. Kinoshita, N. Matubayasi, Y. Harano, and M. Nakahara, J. Chem. Phys.
124, 024512 (2006).

M. Kinoshita, Condens. Matter. Phys. 10, 387 (2007).

*M. Kinoshita, J. Chem. Phys. 128, 024507 (2008).

*’M. Kinoshita and M. Suzuki, J. Chem. Phys. 130, 014707 (2009).

*M. Kinoshita and T. Yoshidome, J. Chem. Phys. 130, 144705 (2009).

“T. Yoshidome and M. Kinoshita, Phys. Chem. Chem. Phys. 14, 14554
(2012).

e Shelley, G. N. Patey, D. R. Bérard, G. M. Torrie, J. Chem. Phys. 107,
2122 (1997).

97



4 A physical mechanism for suppression of zinc den-
drites caused by high efficiency of the electrodeposi-
tion within confined nanopores

A strategy for the suppression of zinc dendrites in electrodeposition con-
trolled by a physical factor has been proposed and demonstrated. Zinc elec-
trodeposition within confined nanopores shows a high current efficiency
even at a current density higher than the diffusion-limited current measured
on a planar substrate. Our results suggest that the electrodeposition is free
from the diffusion-limitation problem only when the electrodeposition oc-

curs within the confined nanopores.

4.1 Introduction
Dendrite growth in metal electrodeposition is a typical reaction-diffusion
system whose dynamics is described by differential equations of positive
and negative feedback species.'™ Since diffusion of metal ions plays a sig-
nificant role in dendrite formation, understanding of mass-transfer during
metal electrodeposition is important. From an electrochemical viewpoint,
dendrite growth is crucially important and must be suppressed in the de-
velopment of rechargeable batteries. Strategies to suppress such dendrites
have been proposed and demonstrated.®® A problem in these strategies was
that the suppression was controlled by chemical factors such as additives
and surfactants. Effective additives and surfactants differ depending upon
the types of metal depositions. A general strategy for the suppression of
dendrites by physical factors, which is applicable to any metal electrodes,
is urgently desired.

Recently, we have reported that the electrochemical deposition was dras-
tically accelerated when using hydrophobic porous silicon, while it was

surprisingly decelerated when using hydrophilic one.” Such a substantial
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difference within confined nanopores is due to the fact that metal ions hav-
ing a large diameter behave as hydrophobic solutes and tend to be excluded
from the bulk to the hydrophobic pore wall. This exclusion of metal ions (a
physical factor) results in a great enrichment of the ions in the confined
nanopores. This enrichment leads to the idea that diffusion-limited electro-
deposition, in which dendrites grow, is hard to be achieved within confined
and hydrophobic nanopores.

In this letter, we report that growth of zinc dendrites is suppressed by the
physical factor (exclusion of zinc toward hydrophobic nanopore walls) us-
ing porous silicon whose pore size is ~3 nm. The present study is funda-
mentally of great importance for the suppression of dendrites caused by a

physical factor.

4.2 Experimental

Porous silicon, whose pore diameter was ~3 nm and thickness was 2 um,
was prepared by anodization. An n-type silicon (100) substrate with a resis-
tivity of 7-20 Q cm was used. As shown later, the porous silicon looks like
a macropore structure, which is so-called skeleton and completely filled
with a microporous silicon body.'’ A mixture of 22 wt.% HF/ethanol was
used as electrolyte solution. Anodization was carried out for 20 min at 2
mA cm * under illumination. In some experiments, a thicker porous silicon
with 3 um was used. The thicker porous silicon was prepared by anodiza-
tion for 30 min.

Zinc electrodeposition was carried out under the galvanostatic mode. A
zinc plate, flat silicon and porous silicon were used as the working elec-
trode for comparison. The zinc plate was polished with alumina powders (3
um and 0.3 um). The counter and reference electrodes were a platinum rod
and Ag|lAgCl saturated KCl electrodes, respectively. All the potential
shown in the present paper are referred to this electrode. 0.1 M ZnSO4 +
0.5 M Na,SO, aqueous solution, whose pH was adjusted to 4.0 by adding a

small amount of H,SO,, was used as deposition bath. When measuring
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current density vs. potential (i-E) curves, potential was scanned at a rate of
10mVs .

Surfaces and cross-sections of the specimen were observed using a scan-
ning electron microscope (SEM). To measure current efficiency on the
planar silicon wafer and porous silicon, deposited zinc was dissolved by
immersing the substrate in a dilute HNOs;. This solution was diluted with
ultra-pure water and the concentration of zinc ions in the dilute solution
was measured using an inductively coupled plasma atomic emission spec-
trometer (ICP).

4.3 Results and discussion

An i-E curve using a zinc plate was measured to determine the diffu-
sion-limited current density (igir). Potential scan was started at —1.0 V to
negative. A cathodic current due to zinc electrodeposition starts to flow at —
1.1 V and it reaches a plateau at -9 mA cm °. Such an i-E curve is also ob-
tained on a flat silicon wafer. These results show that the iy in this elec-
trolyte condition is ~9 mA cm >. The dashed line shows an i-E curve on
porous silicon. The behavior looks similar to the others, except that the ca-
thodic current in high overpotential region starts to flow at a higher poten-
tial (—1.6 V). Figure 4.1b and ¢ show SEM images of zinc deposits on the
zinc plates formed at —6.4 mA cm > ([i] < [igal) and —12.8 mA cm > (|i| >
ligif]). Zinc deposited under |i| < |igg| shows a flat and compact structure,

whereas zinc dendrites are observed under |i| > |igq].
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Figure 4.1: (a) Current density vs. potential curves measured on a zinc plate
(black and solid curve), flat silicon wafer (red and dashed curve) and po-
rous silicon (blue and dashed curve) at a scan rate of 10 mV s ' in 0.1 M
ZnS0O,4 + 0.5 M Na,SO, aqueous solution. Images in (b, c) show the surface
after zinc electrodeposition on zinc plates at 6.4 mA cm > for 2 min and at
~12.8 mA cm > for 1 min.

A zinc plate, flat silicon wafer and porous silicon were used to investigate
the effect of substrates on the dendrite growth. Zinc electrodeposition was
carried out for 30 s on each electrode at a cathodic current density of —12.8
mA cm > (|i| > |igis]). Figures 4.2a, b and ¢ show surface morphologies of
zinc deposited on the electrodes. There are no significant differences be-
tween the zinc plate and flat silicon wafer. Zinc dendrites of height up to
several micrometers are observed on the surfaces. By contrast, no dendrites
are formed on the surface of porous silicon, but hexagonal crystals are ob-
served. From the cross-sectional view (Figure 4.2¢), zinc deposits are ob-

served within the porous layer. The potential development in Figure 4.2g
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on the zinc plate shows that a sudden shift in potential after 7 s of deposi-
tion, and then the potential reaches —1.8 V (hydrogen evolution). When the
flat silicon wafer is used, the development shows very similar trend as on
the zinc plate electrode. The sudden shift in potential on the porous silicon
occurs a little bit later. This delay suggests that it takes longer to consume
zinc ions and to shift to hydrogen evolution using the porous electrode. A
thicker porous silicon was also used for the comparison. SEM images in
Figures 4.2d and f show that zinc dendrites are suppressed and the amount
of the hexagonal deposits on the top surface is smaller than the thinner po-
rous silicon (Figures 4.2c and d). The potential shift shows the delay of ten
seconds from that of the shallow porous silicon, and the shift in potential
with the thicker porous silicon is much gentler. Note that the effect of dis-
placement deposition was evaluated prior to the electrodeposition experi-
ments, 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 silicon shows
relatively similar to the others in low overpotential region (—1.1 V to —1.3
V). Therefore, chemical contribution to the electrodeposition seems to be
very small. Zinc electrodeposition within the nanopores cannot be ex-
plained by simply considering chemical effects such as the reactivity of

hydrogen-terminated porous silicon.
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Figure 4.2: Images in (a, b, c, d) show the surfaces after the electrodeposi-
tion on a zinc plate (a), flat silicon wafer (b), shallower porous silicon with
2 um depth (c) and deeper porous silicon with 3 um 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, respective-

ly.
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Figure 4.3 shows current efficiencies measured on the flat and porous sil-
icon. For 5 s of deposition, both the flat and porous silicon show high effi-
ciencies. Since [i| > |iggal, the potential shift occurs after 7 s of deposition on
the flat silicon as observed in Figure 4.2g. After this potential shift, the ef-
ficiency starts to decrease on the flat silicon. By contrast, the current effi-
ciency on the porous silicon stays higher than that on the flat silicon. The
differences in current efficiency between these electrodes become remark-
able with prolonging the deposition time. As observed in Figure 4.2g, the
potential shift is observed after 12 s of deposition (green curve). The efti-
ciency measured on the porous silicon decreases after the potential shift. In
Figure 4.2g, the potential shift is delayed from 12 s to 20 s when the thick-
ness of the porous layer is changed from 2 um to 3 um. We think that this
delay in the potential shift is simply due to the increase in the volume for

the filling with zinc deposits.
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Figure 4.3: Current efficiencies measured after the electrodeposition on a
flat silicon (red) and porous silicon (black).

Metal dendrites grow under diffusion-limited condition. This means that

the suppression of dendrites in electrodeposition conflicts with the deposi-
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tion at [i| > |igg]. This is only the case that the supply of metal ions is de-
scribed 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 modify-
ing porous silicon with two different organic molecules to make the porous
silicon hydrophobic and hydrophilic.” We found that platinum electrodepo-
sition within confined nanopores shows a drastic acceleration of the depo-
sition when using the hydrophobic nanopores and larger platinum ions. In
principle, 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 confined nanopores
plays a significant role for the great enrichment of metal ions in the na-
nopores, leading to a high efficiency of metal electrodeposition.” Note that
such enrichment is expected only when using pores with several nanome-
ters in diameter. Electrodeposition within mesoporous silicon (~30 nm in
diameter) did not show such a drastic acceleration of the deposition."
Judging from Figure 4.2¢ and f, complete filling of the porous silicon with
zinc has not been achieved so far. We think that further tuning of the sur-
face-induced hydration structure by the affinities of zinc ion and pore wall
with water will result in higher density of zinc deposits within the na-
nopores. The high concentration in confined nanopores, which is the origin
of the high current efficiency in the present system and suppression of den-
drites, is achieved not by diffusion but by the other physical factor (exclu-

sion of zinc ions to the hydrophobic pore wall).

4.4 Conclusions

Due to the fact that a higher concentration of zinc ions is expected in the
hydrophobic nanopores, zinc dendrites are suppressed even at [i| > |iggq]
when the electrodeposition primarily occurs within the confined nanopores.
The present study is fundamentally important for further development of

rechargeable batteries without the dendrite problem.
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5 Electrodeposition of platinum and silver into chemi-
cally modified microporous silicon electrodes

Electrodeposition of platinum and silver into hydrophobic and hydrophilic
microporous silicon layers was investigated using chemically-modified mi-
croporous silicon electrodes. Hydrophobic microporous silicon enhanced the
electrodeposition of platinum in the porous layer. Meanwhile, hydrophilic one
showed that platinum was hardly deposited within the porous layer, and a film
of platinum on the top of the porous layer was observed. On the other hand,
the electrodeposition of silver showed similar deposition behavior between
these two chemically modified electrodes. It was also found that the electro-
deposition of silver started at the pore opening and grew toward the pore bot-
tom, while a uniform deposition from the pore bottom was observed in plati-
num electrodeposition. These electrodeposition behaviors are explained on the
basis of the both effect, the difference in overpotential for metal deposition on

silicon and on the deposited metal, and displacement deposition rate of metal.

5.1 Background

Porous silicon has some properties such as high specific surface area and sem-
iconductivity which allow metal electrodeposition within the porous layer
without special treatment. Such properties are advantageous to the preparation
of metal/semiconductor hybrid materials and catalyst-dispersed porous struc-
tures. However, there is a difficulty in metal electrodeposition within porous
silicon that plugging often occurs before it is fully and/or homogeneously
filled with metal'™. Inhibition of plugging during metal deposition is indispen-
sable for controlling the filling of metal by electrodeposition. For macroporous
silicon, it was reported that the plugging often occurred in some metal deposi-
tion systems due to a high rate of displacement deposition which preferentially

occurred at the pore opening and electrodeposition preferentially proceeded on
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the deposits. Such an effect is not observed in the case of microporous silicon
having hydrophobic pore wall, although the diameter of microporous silicon is
much smaller than that of macroporous silicon. Another mechanism, which is
different from the case of macroporous silicon, seems to control the deposition
behavior in microporous silicon. Recently, we have found that the hydropho-
bic and hydrophilic properties of microporous silicon have strong effects on
the platinum electrodeposition®. Only the hydrophobic microporous silicon
accelerates the platinum deposition in the porous layer. Considering the sur-
face hydration effect of platinum complex ions in the porous layer could ex-
plain this behavior.

In this study, electrodeposition behaviors of platinum and silver in
chemically modified hydrophobic and hydrophilic microporous silicon are
compared. The hydrophobic property of microporous silicon has a strong
effect on platinum electrodeposition, while the silver electrodeposition is not
affected by the hydrophobic and hydrophilic properties. The growth modes of
the deposits show a clear difference between platinum and silver. These
behaviors are explained on the basis of the both effects, the difference in
overpotential for platinum and silver electrodeposition on silicon, and the

difference in displacement deposition rate between platinum and silver.

5.2 Methods

5.2.1 Sample preparation

Two types of microporous silicon having various pore depths were prepared
by anodization. p-type silicon (100) with a resistivity of 10 to 20 Q cm was
used. A mixture of 22 wt.% hydrogen fluoride/ethanol solution (47 wt.% hy-
drogen fluoride aqueous solution:ethanol=1:1.7 in volume) was used for the
electrolyte. Anodization was carried out for 20 and 60 min at 2 mA cm ~. The
depth of microporous structure was ca. 2 and 7 um, which was controlled by
the duration of anodization. When the sample was anodized for 60 min under
this condition, the microporous structure showed a macropore-like structure

filled with microporous silicon’. We call this structure ‘skeleton structure.’
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After anodization, microporous silicon substrates were immersed for 15 h in
n-hexane containing 0.2 M methyl propiolate and 0.2 M propiolic acid to
make the pore wall hydrophobic and hydrophilic by hydrosilylation reaction,
respectively’.

Platinum and silver were electrodeposited on the chemically modified mi-
croporous silicon electrodes. A platinum rod was used as the counter electrode.
Platinum electrodeposition was carried out using 0.1 M K,PtCl,+0.5 M NaCl
solution, and silver electrodeposition was carried out using 0.1 M AgNO;+0.5
M KNOj; solution. Current density for the electrodeposition was set at a con-

stant value of —6.4 pA cm ~ in all the cases.

5.2.2 Characterization
Current density-potential (i-E) curves were measured. A platinum plate, bare
p-type silicon, and chemically modified p-type silicon were used as the work-
ing electrodes, where plain silicon was employed without porosification. The
counter electrode was a platinum rod, and the reference electrode was an
Ag/AgCl saturated KCl electrode. Scan rate of potential was set at 10 mV s .
A scanning electron microscope (JEOL, JSM-6500 F, JEOL Ltd., Tokyo,
Japan) was employed to obtain secondary electron images (SEI) and back
scattered electron images (BEI) of the cross-sectional microporous silicon af-
ter metal electrodeposition. SEI illustrates the morphology. On the other hand,
BEI provides atomic number contrast: platinum and silver deposits appear

brighter than silicon in the images.

5.3 Results

5.3.1 Characterization of platinum and silver bath

i-E curves were measured to understand the electrodeposition behavior of the
platinum and silver baths on various electrodes. Figure 5.1 indicates that the i-
E curves measured on flat silicon modified by the propiolic acid and methyl
propiolate in both solutions are similar in shape. These results show that the
difference in overpotential between the chemically modified silicon electrodes

is not large for platinum electrodeposition. Compared to the platinum plate,
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the i-E curves of the chemically modified flat silicon shift to negative potential
in the platinum bath (Figure 5.1a). As a result, higher overpotential is neces-

sary at the chemically modified silicon compared with the platinum plate.
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Figure 5.1: Current density-potential curves measured of various electrodes.
The black, red, blue, and green curves were measured on a platinum or silver
plate, bare p-type silicon, p-type silicon modified by propiolic acid, and p-type
silicon modified by methyl propiolate, respectively. The scan rate of potential
was 10 mV s (a) 0.1 M K,PtCl,+0.5 M NaCl, (b) 0.1 M AgNO;+0.5 M
KNO:;.

The i-FE curves measured in silver bath behave at two differently modified
silicon electrodes like the platinum case (Figure 5.1b). However, unlike the
platinum case, a slight shift to negative potential is observed at the silicon
electrodes compared with the silver plate. The result suggests that, in case of
silver, the silicon electrodes do not require a higher overpotential than the case

of platinum.

5.3.2 Metal electrodeposition in chemically modified microporous silicon
Platinum and silver electrodeposition was carried out for chemically modified
microporous silicon with the depth of 2 pm. The cross-sectional images of

microporous silicon after electrodeposition of platinum are shown in Figure
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5.2a,b. When the pore wall is hydrophilic, platinum is deposited only on the
top of microporous silicon. On the other hand, when the pore wall is
hydrophobic, platinum is deposited inside microporous silicon as reported

elsewhere®.

Figure 5.2: Cross-sectional SEI of micropourous silicon after the
electrodeposition of platinum and silver. After the electrodeposition of
platinum and silver. Images of (a) and (b) are the cross-sections of platinum
deposition in 0.1 M K,PtCl;+0.5 M NaCl, and those of (c) and (d) are of
silver deposition in 0.1 M AgNO; + 0.5 M KNOs;. The images in (a, ¢) and (b,
d) show the samples of the hydrophilic and hydrophobic microporous silicon,
respectively.

However, when silver electrodeposition was carried out, deposition proceeds

uniformly both in the chemically modified hydrophobic and hydrophilic
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microporous silicon (Figure 5.2¢,d). Electrodeposition of silver is hard to be
affected by the hydration properties of pore wall, such as hydrophobic or
hydrophilic.

5.3.3 Time development of silver electrodeposition

To investigate the reason why the hydrophobic and hydrophilic properties of
microporous silicon do not affect the electrodeposition behavior of silver, time
development of silver electrodeposition in a chemically modified hydrophobic
microporous silicon with the pore depth of ca. 7 pm was studied. Figures 5.3
and 5.4 show cross-sectional views of the samples after electrodeposition for 1
and 2 min, respectively. After electrodeposition for 1 min, silver is deposited
from the pore opening to the middle depth of the pore, which is independent of
hydrophobic and hydrophilic properties. After 2 min electrodeposition, silver
is uniformly deposited in both microporous silicon. The uniform deposition is
also independent of hydrophobic and hydrophilic properties. These results
show that silver deposition proceeds from the pore opening to the pore bottom,
and these phenomena are independent of the hydration properties of pore wall,

such as hydrophobic or hydrophilic.
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Figure 5.3: Cross-sectional views of micropourous silicon after the
electrodeposition of silver for 1 min. Images of (a, b) and (c, d) show the
samples of hydrophilic and hydrophobic microporous silicon substrates,
respectively. The images in (a) and (c) illustrate the SEI, and (b) and (d)
illustrate the BEIL
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Figure 5.4: Cross-sectional views of micropourous silicon after the
electrodeposition of silver for 2 min. Images of (a, b) and (c, d) show the
samples of hydrophilic and hydrophobic microporous silicon, respectively.
The images in (a) and (c) illustrate the SEI, and (b) and (d) illustrate the BEI.

5.4 Discussion

5.4.1 Difference in metal growth direction between platinum and silver
Current mainly flows from the pore bottom when the electrodeposition is
carried out on the porous silicon substrate. In addition, the resistivity of the
microporous part is high. From these points of view, metal deposition should
occur from the direction of the pore bottom to the opening. In fact, platinum
deposition starts at the pore bottom of microporous structure in the present
case. However, when silver electrodeposition is carried out on microporous
silicon substrate, such growth does not appear, and silver deposition proceeds

from the pore opening to the pore bottom (Figures 5.3 and 5.4). As discussed
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below, the effect of displacement deposition occurring during
electrodeposition and the different polarization behaviors on silicon and
deposited metal can explain the difference in the growth direction.

Electrodeposition is often accompanied by displacement deposition during
noble metal electrodeposition in porous silicon. In case of platinum, the elec-
trodeposition is prevailing compared to displacement deposition because the
rate of platinum displacement deposition on silicon substrate is slow*. Pore
bottom is more favorable to electrodeposition than the opening in high resis-
tive microporous silicon, as mentioned above; hence, the deposition proceeds
from the direction of the pore bottom to the opening. This type of growth is
observed for the hydrophobic porous silicon surface.

Figure 5.1a shows that platinum deposition on a silicon electrode needs
much higher overpotential than that on a platinum electrode. Supposing that
platinum deposition occurs on the top surface, the reaction preferentially pro-
ceeds on the top, and platinum is not deposited inside the porous layer. In ad-
dition, it was reported that, when the nucleation of metal starts at the pore
opening in the initial stage of the metal electrodeposition, the metal is prefer-
entially deposited there, and the pore opening is plugged soon' 2. This type of
growth is observed in porous silicon with the hydrophilic surface.

On the other hand, in case of silver, displacement deposition rate is
extremely fast on silicon. Therefore, even though electrodeposition is carried
out, displacement deposition proceeds preferentially compared to
electrodeposition. It was reported that metal displacement deposition proceeds
from the pore opening to the pore bottom in the macroporous structure’. Thus,
silver electrodeposition also proceeds from the pore opening to the pore
bottom in microporous structure because the effect of displacement deposition
is stronger than that of electrodeposition. In addition, the potentials of silver
deposition on the silicon electrode and silver electrode are similar (Figure
5.1b). These results show that, in the silver system, overpotential difference for
silver electrodeposition on the silicon electrode and deposited silver is very

small. Silver is deposited with almost equal rate on silver nuclei and bare
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silicon surface. The reaction does not preferentially proceed on the deposited
surface at the pore opening. Therefore, pore opening is hard to be plugged, and

silver ions can diffuse into the porous structure.

5.4.2 Why is silver not affected by property of the pore wall?

Platinum is deposited within the hydrophobic microporous silicon in Figure
5.2. However, when the pore wall is hydrophilic, platinum deposition occurs
only on the top of the porous layer. These results can be explained by the af-
finity of the pore wall to water molecules. Platinum complex ion ([PtCLy]")
behaves like a molecule with lower polarity due to its large size. Therefore,
platinum ions have high affinity to the hydrophobic pore wall compared with
water molecules to the pore wall, and hence, platinum ions are excluded from
bulk to the pore wall®. In case of platinum, platinum ions pass through a bare
silicon surface because deposition proceeds toward the pore opening from the
pore bottom. Therefore, platinum deposition behavior is affected by the hydra-
tion property of pore wall. In hydrophilic microporous silicon, once deposition
occurs at the pore opening, platinum is not deposited into pores but on the top
surface due to the need of high overpotential on the bare silicon.

However, silver deposition is not affected by the hydration properties of the
pore wall. These results can be explained by the growth direction of deposition.
Metal ions have to reach to the frontier of the deposition site and pass through
not a bare silicon surface but the surface on which metal is deposited when
metal deposition proceeds toward the pore bottom. Once the metal is deposit-
ed on the pore wall, the hydration property of pore wall changes due to the
metal covering. Therefore, silver is uniformly deposited in microporous layer

without relation to the hydration properties of the pore wall.

5.5 Conclusions

When the pore diameter of porous silicon is extremely small, platinum
deposition is strongly affected by the hydration property of pore wall. On the
other hand, silver deposition is not affected by the property. The results could
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be explained by the difference in overpotential between the deposition on the
metal surface and that on the silicon surface, and by the difference in intrinsic
displacement deposition rate of metal. When metal electrodeposition is carried
out in microporous silicon, the effect of the overpotential and the displacement

deposition rate should be considered together with the hydration property of
the metal ions.
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General Conclusion

Porous electrode is expected to be utilized as a template for metal
nanostructure formation. To realize this technique, the procedure to control
metal deposition in micropores should be established. However, the supply
of reactants are strongly inhibited by the presence of pore walls by which
the pore volume is confined to an extremely small space. This problem will
be solved if we can enhance the supply of the reactant drastically. In the
present work we have focused on the hydration properties of the surface of
the pore wall and the solutes in the solution.

In chapters 1 and 2 we have found that the hydration property of the pore
walls and solute has a strong influence on metal deposition in the mi-
cropores. In chapter 2 the surface-induced phase transition, which can re-
sult in very high concentration of the reactant in micropores, is revealed.
Such transition is caused purely by the hydration properties, and hence, can
appear regardless of the sign of the ion charge, i.e., cation or anion. There-
fore, the hydration property of counter-cations coexisting with metal com-
plex anions, which is to be deposited to fill the pores, has an effect on the
surface-induced phase transition in the micropores as well (chapter 3).
Metal is preferentially deposited in the micropores, rather than to the pore
openings, even at a current density higher than the diffusion-limited current.
This is attributed to the enrichment of metal ions in the micropores due to
the hydration properties (chapter 4). Finally, in chapter 5, the effect of the
overpotential on metal deposition behavior in the microporous silicon is
investigated. In case of low over potential to deposit on it such as silver,
deposition proceeds into the micropores even if silver deposits on the pore
openings.

In this thesis, the work is focused only on metal deposition reactions.
However, the phenomenon found in the present work is rather general. The

control of the deposition reaction based on the hydration properties of the

119



surface and solutes can be applied to many electrochemical systems using
porous electrodes, such as capacitors, lithium ion batteries, and so on. A
higher efficiency in the electrochemical devices is attained by controlling

the hydration properties, as is suggested in the present work.
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