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Electrochemical deposition of platinum within nanopores on silicon:
Drastic acceleration originating from surface-induced phase transition

Kazuhiro Fukami,® Ryo Koda, Tetsuo Sakka,” Yukio Ogata, and Masahiro Kinoshita®
Institute of Advanced Energy, Kyoto University, Uji, Kyoto 611-0011, Japan

(Received 19 November 2012; accepted 12 February 2013; published online 6 March 2013)

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 excluded from the bulk aqueous electrolyte solution
to the surface and rather hydrophobic in this sense. When the ion concentration in the bulk was grad-
ually 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 concentration 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. © 2013 American Institute of

Physics. [http://dx.doi.org/10.1063/1.4793526]

. 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 electro-
chemical reactions to elicit suitably high performance origi-
nating 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 distur-
bance is more serious whose pores are deeper and smaller in
diameter.” As a consequence, chemical or electrochemical re-
actions 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 dif-
ferent from that in the bulk.8-1° Recently, we have revealed
experimentally and theoretically that the surface-induced hy-
dration structure of platinum complex ions has large effects on
the enhancement of platinum deposition within nanoporous
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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 con-
centration 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 elec-
trostatic 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 mono-
layer 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 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 gradu-
ally increased, at a threshold concentration the deposition be-
havior exhibited a sudden change, leading to drastic accelera-
tion 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 re-
duced (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

© 2013 American Institute of Physics
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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 elec-
trolyte 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., plat-
inum 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 ex-
perimental results of the electrochemical deposition behav-
ior 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 thresh-
old, 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 analy-
ses based on statistical mechanics for confined molecular lig-
uids to elucidate the experimental results. It is shown that the
transition behavior with thresholds is semi-quantitatively re-
produced 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 aque-
ous 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 visu-
alized 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 be-
lieve that the surface-induced phase transition will play es-
sential 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.

Il. MATERIALS AND METHODS

Porous silicon electrodes were prepared by anodization
of p-type silicon (100) with a resistivity of 10-20 2 cm. The
diameters of the pores were less than 5 nm, and the aver-
age diameter was ~3 nm. The anodization was carried out
in HF/ethanol solution under a constant current density of
2.0 mA c¢cm~2. The duration for the electrochemical disso-
lution of silicon was tuned so that two porous layers differ-
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ent 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 (hy-
drophilic). To obtain a hydrophobic porous silicon electrode,
n-hexane solution of 0.2 M methyl propiolate without propi-
olic acid was used, and for the hydrophilic nanoporous silicon
the recipe was the other way around.!! Mixture of methyl pro-
piolate and propiolic acid prepared at different relative con-
centrations was used to adjust the affinity of the pore wall
surface with water (i.e., to change the degree of hydrophilic-
ity or hydrophobicity). Details are written in the caption of
each figure.

Electrochemical deposition of platinum using the hy-
drophobic and hydrophilic porous silicon electrodes was per-
formed at a constant current density of —6.4 A cm™2 (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 so-
lution of K,PtBrs, and 0.5 M KBr was used instead of the
chloride bath. The platinum complex ions are [PtC14]?>~ and
[PtBr4]>~. 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).

lll. EXPERIMENTAL RESULTS
A. Effect of concentration of platinum complex ions

Using the pore wall surface modified only with methyl
propiolate to make it hydrophobic, we investigated the ef-
fect of the concentration of platinum complex ions on the
deposition behavior. Electrochemical deposition of platinum
was performed with gradually increasing the concentration
of [PtCL4]J*~ 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 be-
comes markedly different from that for 0.009 M. The drastic
change can be appreciated from Figures 1(b) and 1(c). Plat-
inum 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, plat-
inum was deposited not as continuous platinum fibers but as
isolated nanometer-sized particles. Thus, there exists a thresh-
old (between 0.009 M and 0.010 M) in the concentration of
[PtCl4]>~ 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 electrochemi-
cal 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 deposi-
tion of platinum in the porous silicon electrodes is remarkably
enhanced when [PtCly]>~ is replaced by [PtBr,]?~. This is be-
cause larger ions become more hydrophobic and tend to be
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FIG. 1. Cross-sectional SEM images of the porous silicon electrodes after electrochemical deposition of platinum. The electrochemical deposition was carried
out in the [PtCl4]%~ and [PtBrs]>~ baths for (a)—(d) and (e)—(h), respectively. Concentrations of platinum ions were (a) 0.001 M, (b) 0.009 M, (c) 0.010 M and
(d) 0.100 M for [PtCl4]2~, and (e) 0.002 M, (f) 0.004 M, (g) 0.005 M and (h) 0.100 M for [PtBrs]>~. The drastic change in the electrodeposition within the
porous layer can be appreciated from (b) and (c) for [PtCl4]> and from (f) and (g) for [PtBr4]%~. White bars in the figures indicate 0.5 pum.

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

and 1(g)).

B. Effect of affinity of pore wall surface with water

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

C. Effect of depth of nanopores

We investigate the effect of pore depth on the electro-
chemical deposition behavior for the hydrophobic surface. If
supply of the ions was made through mass transfer, the depo-
sition behavior would be influenced by the pore depth. The
pore depth (or equivalently, the thickness of the porous layer)
can be tuned by changing the anodization time for prepar-
ing the porous silicon electrodes. Although the porous-layer
thickness (i.e., the pore depth) of ~2 um 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]>~ or [PtBrs]>~ bath. The con-
centration of the platinum complex ions was 0.1 M. As shown
in Figure 3, for both of [PtCl;]>~ and [PtBr4]*~, 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]?>~ than for [PtCl4]?>~, which is

FIG. 2. Cross-sectional SEM images (a) and (b) of the porous silicon elec-
trodes modified with both propiolic acid and methyl propiolate under differ-
ent molar ratios. Images shown in (c) and (d) are snapshots of contact angle
measurements. Concentrations of propiolic acid and methyl propiolate were
0.07 M and 0.13 M, respectively, for (a) and (c), while they were 0.06 M
and 0.14 M, respectively, for (b) and (d). The electrodes shown in (a) and
(c) were only slightly more hydrophilic than those shown in (b) and (d). The
cross-sectional images were taken after electrochemical deposition of plat-
inum. White bars in the figures (a) and (b) indicate 0.5 pum.
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FIG. 3. Cross-sectional SEM images of thicker porous silicon electrodes af-
ter electrochemical deposition of platinum. The electrochemical deposition
was carried out in the [PtCl4]?>~ and [PtBrs]*~ baths for (a) and (b), re-
spectively. The concentration of the platinum complex ions was 0.1 M. The
thickness of the porous layer was ~5 pum. White bars in the figures indicate
2 pm.

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.

D. Summary of experimental results

We have found that there exists a threshold for the con-
centration of platinum complex ions. The behavior of plat-
inum 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 transi-
tion phenomenon. A threshold degree of the affinity of the
pore wall surface with water also exists. Once the ion con-
centration or the degree of surface hydrophobicity exceeds
the threshold, drastic acceleration of the electrochemical de-
position occurs within nanometer-sized pores irrespective of
their depth. The existence of such thresholds cannot be ex-
plained by the simple consideration of the electrochemical
reaction coupled with mass transfer. It should be noted that
porous silicon with ~20 nm in diameter could be fabricated
by electrochemical dissolution of highly doped silicon wafers.
However, the pore size is considerably dependent on the dop-
ing level, and the electrodeposition behavior becomes differ-
ent between ~2 nm-sized pores and ~20 nm-sized pores in
terms of electrochemical properties. Hence, it is not straight-
forward 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 cru-
cial 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 aver-
age ion concentration within the layer increases only in pro-
portion to the bulk concentration. Hence, the existence of
such thresholds cannot be explained by these previous re-
marks. 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 ear-
lier work!! was made only for a very low ion concentra-
tion which was far from the threshold argued in the present
work.

J. Chem. Phys. 138, 094702 (2013)

IV. THEORETICAL ANALYSES

A. 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 estab-
lished on the basis of the integral equation theories using the
hypernetted-chain (HNC) and Percus-Yevick (PY) approxi-
mations. As an example system, let us consider a pure bulk
fluid, wherein the fluid particles interact through Lennard-
Jones potential, at a sufficiently low temperature.'>!* The
Fourier transform of the total correlation function h(r), H(k),
is expressed by

Hk) =4n /oo r2h(r){sin(kr)/(kr)}dr. (1a)
0
H(0) (H(k) at zero wave vector (k = 0)),

o0
H(0) = 4n / r*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
pc*, H(0) exhibits an abrupt increase toward an extremely
large value. That is, A(r) becomes long ranged. When p is
gradually decreased from a liquid-phase value, qualitatively
the same behavior is observed at a threshold pp*. 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 isother-
mal compressibility or the correlation length, implies that A(r)
becomes infinitely long ranged) or remains finite, because the
integral equation theory is solved not analytically but numer-
ically. In either case, however, the abrupt increase can well be
qualified as a signal of the spinodal instability: In the region,
pc* < p < pL*, 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.* (%) (pcT < p < pc* and pL* < p < pL* are
the metastable regions). When the temperature is sufficiently
high, there is no transition occurring.

We then consider a two-component liquid mixture
which is immiscible 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 ex-
hibit 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).'” Qual-
itatively 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 spinodal points for the
demixing (liquid-liquid phase separation) beyond which the
second phase unavoidably appears.

17-19
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B. 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 em-
ployed to mimic an extended surface. In the simple-liquid
model, the potential is dependent only on the distance be-
tween centers of two particles. The surface-induced phase
transition is most likely to occur for water containing a low
concentration of hydrophobic solute near a hydrophobic sur-
face or for nonpolar liquid containing a low concentration
of hydrophilic solute near a hydrophilic surface. The con-
centration 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 con-
centration 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. How-
ever, 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 in-
crease 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 wet-
ting of the surface by the solute.”2!1:2%:26 C* is the spinodal
point beyond which the liquid near the surface cannot ex-
ist as a 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 oc-
curs at a concentration (C") that is lower than C* (CT < C
< C* is the metastable region). Let the thickness of the sec-
ond phase be §. The average solute concentration in the sec-
ond 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 molec-
ular liquid near a surface.?

The physical quantity, whose gradual increase eventually
gives rise to the spinodal behavior, is not necessarily the so-
lute concentration. For example, in the case of water contain-
ing a low concentration of hydrophobic solute near a surface,
it can be the degree of the surface hydrophobicity. The spin-
odal point is encountered when the surface hydrophobicity
is gradually strengthened, if the solute concentration is suf-
ficiently 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 di-
vergent behavior: It displays a significantly large increase but
no abrupt increase toward infinity; and it certainly remains fi-

J. Chem. Phys. 138, 094702 (2013)

nite at the threshold.'? 1216 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 sig-
nal of the transition phenomenon (see the last paragraph in
Sec. V B).

When the liquid is confined between two surfaces, if the
surface separation L is sufficiently small, the confined domain
is unavoidably filled with the second phase beyond a threshold
value of C, C**, which is referred to as the bridging transition
(the two enriched layers bridge each other).?>?° In the case
of L~28, the spinodal point of the bridging transition C**
is approximately equal to C*: C**~C*. For L < 2§, how-
ever, it is lower than C*; it becomes lower as L decreases;
and for very small L, the transition occurs at a remarkably
low solute concentration in the bulk. It should be noted that
the transition 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 emphasize 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 diam-
eter is a scale of a few nanometers) can be filled with the sec-
ond phase at an unexpectedly low solute concentration in the
bulk.

The concept of the surface-induced phase transition pro-
posed by Kinoshita®*? has been supported by a computer-
simulation study. By using grand canonical Monte Carlo sim-
ulations, Greberg and Patey?’ verified the occurrence of the
bridging transition for model systems mimicking water con-
taining 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 co-workers®® studied
cyclohexane-ethanol binary liquid near a single silica sur-
face. Their system corresponds to nonpolar liquid (cyclo-
hexane) containing a low concentration of hydrophilic so-
lute (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.

C. 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 mod-
eled 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.?>3 At the SCMF level the many-body
induced interactions are reduced to pairwise additive poten-
tials involving an effective dipole moment. Hard spherical
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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 orienta-
tions of water molecules. We analyze the structure of aque-
ous 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 the-
ory (ADIET), a statistical-mechanical theory for molecu-
lar liquids.?®2°* A large, spherical particle with diameter
dp = 30ds mimicking an extended surface is immersed in
our model aqueous electrolyte solution. The subscripts, “S,”
“4.” “— and “L,” respectively, represent “solvent (water),”
“cations,” “anions,” and “large particle.” The large particle
carries the charge Q; placed at its center (the surface charge
density is Qp/(dy?)). The Ornstein-Zernike (OZ) equation
for the mixture comprising the large particle, water molecules,
cations, and anions can be written as

Nap(12) = {1/(8712)}Z,Oy/Cay(13){77y,s(32)
14

+¢,5(32)}d(3), (2a)

Nap(12) = hop(12) — cap(12); &, B =S, +, —, L,  (2b)

where /1 and c are the total and direct correlation functions, re-
spectively, (ij) represents (r;;, 2;, £;), r;; is the vector connect-
ing the centers of particles i and j, ; denotes the three Euler
angles describing the orientation of particle i, [d(3) repre-
sents integration over all position and angular coordinates of
particle 3, and p is the number density. The closure equation
is expressed by

cop(12) = / [hap(12)3{wep(12) — bep(12)}/3r'121dr 12

12

—uap(12)/(kgT) + bap(12), (3a)

Wap(12) = —nap(12) + uap(12)/(kgT), (3b)

where u is the pair potential, b is the bridge function, and r|
= |ry2]. In the present analysis, the HNC approximation is em-
ployed (b = 0). We assume that the macroparticle is present
at infinite dilution (pp,—0). The calculation process can then
be split into two steps:

Step (i). Solve Egs. (2a)—(3b) for bulk aqueous electrolyte
solution. Calculate the correlation functions Xss, Xs1,
Xs_, Xy, Xy ,and X_ (X =h, c).

Step (ii). Solve Egs. (2a)-(3b) for the macroparticle-
aqueous electrolyte solution system using the correla-
tion functions obtained in step (i) as input data. Cal-
culate the correlation functions Xig, X+, and X; (X
=h,c).

For the numerical solution of Egs. (2a)—(3b), the pair poten-
tials and correlation functions are expanded in a basis set of
rotational invariants (i.e., Wigner’s generalized spherical har-
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monics), and the basic equations are reformulated in terms
of the projections X Z’;” (r) (r is the distance between centers
of two particles) occurring in the rotational-invariant expan-
sion of X. The expansion considered for m, n < np,x = 4
gives sufficiently accurate results. The basic equations are
then numerically solved using the robust, highly efficient al-
gorithm developed by Kinoshita and co-workers.>>*” In the
numerical treatment, a sufficiently long range i is divided
into N grid points (r; = iér,i =0, 1, ..., N—1; 6r = 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
6r =0.01ds and N = 4096, respectively.

In the real system treated in the present study, the so-
lution is confined within pores having various sizes whose
surfaces are concave. However, the analyses on the solution
confined by an extended surface provide fundamental infor-
mation which can readily be applied to the solution confined
between two extended surfaces, between two concave sur-
faces, 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,PtCly
or K,PtBry at C M. The anion (i.e., the platinum complex
ion), [PtCl;]*~ or [PtBr4]?>~, 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
[PtCl4]>~. The size of [PtCl4]>~ was approximately calcu-
lated from the molecular weight and density of K,PtCly in
solid state with the tetragonal crystal structure. The size dif-
ference between [PtBr4]?~ and [PtCl4]?>~ can be set at the dou-
ble of the size difference between Br~ and Cl—, with the re-
sult that d_ = 0.70 nm is adopted for [PtBry4]*~.*" A cation
and an anion carry the charges e¢ and —2e, respectively, and
P+ =2p-_.

The versatility and reliability of the ADIET was demon-
strated 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 agree-
ment 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 anal-
yses on bulk water and aqueous electrolyte solution,?’30
electrical double-layer,>'* water or aqueous electrolyte so-
lution near a hydrophobic surface,?>3%4042 interaction be-
tween colloidal particles in aqueous electrolyte solution,*®
metal-aqueous electrolyte solution interface,* negative heat
capacity of hydrophilic hydration,* weakening of the hy-
drophobicity at low temperatures,*® and rotational compo-
nent of (i.e., contribution from the restriction of rotational
freedom of water molecules near the solute to) the hydration
entropy.**
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FIG. 4. Normalized number-density profiles of anions gr—_(£) (a) and
(c) and cations gr.+ (&) (b) and (d) near an extended hydrophobic surface for
d_ = 0.60 nm (a) and (b) and d— = 0.70 nm (c) and (d). The anions are
platinum complex ions, [PtCl4]*~ or [PtBrs]?~, and the cations are potas-
sium ions, K*. d_ = 0.60 nm and d_ = 0.70 nm correspond to [PtCl41*~
and [PtBrs]*~, respectively. It is indicated that the anion concentration is en-
riched near the surface whereas the cations are depleted.

D. 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 g . (&) (£ is the distance from the surface)
as well as g (&) near a hydrophobic surface (Qp, = 0) in
Figure 4. C is set at 0.005 M that is much lower than the spin-
odal concentration. The two values, 0.60 nm and 0.70 nm, are
tested for d_. The concentration of anions (i.e., platinum com-
plex 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 ef-
fect is stronger for [PtBr4]>~ than for [PtCl4]*~: 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)/dg < 1. g (&) re-
duces quite rapidly as & increases. In this sense, the layer
within which the anion concentration is enriched is micro-
scopic. Our experience in analyses on confined aqueous elec-
trolyte 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
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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 near-
est surface but also by the other surface. When L becomes
smaller than a few times of the diameter of a water molecule,
the normalized number-density profile for all £ exhibits an
upward shift and the anion-size effect becomes larger. As dis-
cussed in our recent publication, the upward shift and the en-
hancement 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.

E. 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 £ is the distance
from the surface, pp— (&) is the number-density profile of an-
ions, and p_ is the number density of anions in the bulk.
gr—(&) represents the surface-induced hydration structure of
anions and g _(§)—1 as £€—o00. H_(k) is the Fourier trans-
form of Ay _(r) (gL_(r) = hy_(r)+1)

Hy_(K) = 47 / ” r2hy_(r){sin(kr)/(kr)}dr. (4a)
0
Hy —(0) expressed by
H_(0) = 47 / ~ r2hy_(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 5 shows the plot of g (d_/2) or Hy_(0) against the
anion concentration in the bulk denoted by C. The two val-
ues, 0.60 nm ([PtC14]*>7) and 0.70 nm ([PtBr4]*>"), are tested
for d_. As observed in the figure, both gy _(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) ex-
plained above.

V. 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 bridg-
ing transition as well. As argued in Sec. IV B, both the
two types of transitions have been investigated (not only
theoretically?*-2% but also experimentally>’-?®) in detail for the
same system consisting of simple-liquid models, and the con-
nection between them is rather straightforward.
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FIG. 5. Relation between g —(d—/2) (a) and (c) or HL—(0) (b) and (d) and
C (the concentration of anions, platinum complex ions) near an extended hy-
drophobic surface for d— = 0.60 nm (a) and (b) and d— = 0.70 nm (c) and
(d). d— =0.60 nm and d_ = 0.70 nm correspond to [PtCl4]> and [PtBrs]*~,
respectively. Both g (d_/2) and Hy_(0) diverge at C*~0.0255 M for d_
= 0.60 nm and at C*~0.0095 M for d_ = 0.70 nm. Beyond C* (in the region
indicated by “no solutions”), the theory possesses no solutions.

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

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

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

By fixing C at 0.0260 M for d_ = 0.60 nm ([PtCLL)*~; C
> C*), we analyze the effect of Oy (this is a negative quan-
tity) on gr._(d_/2) or Hy_(0). The essential matter is to set
C at a value higher than C*. Qp is a measure of the hy-
drophobicity of the surface. As Qr becomes closer to zero,
the surface hydrophobicity becomes stronger. We gradually
increase Qp from the initial value, —100e. Figure 6 shows
the plot of g._(d_/2) or H__(0) against Q. Both g _(d_/2)
and Hp_(0) continue to increase until Qp ~—50e though the
increases are not divergent. For Q; > —50e, the ADIET pos-
sesses no solutions. This result is indicative that the partial-
wetting transition occurs beyond threshold strength of the sur-
face hydrophobicity, which is qualitatively consistent with the
experimental result.
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FIG. 6. Relation between gp._(d_/2) (a) or H_—(0) (b) and Qy/e (e is the
elementary electric charge) near an extended surface for d_ = 0.60 nm cor-
responding to [PtCl4]%~. |QL/e| is a measure of strength of hydrophobicity of
the surface: Smaller |Qy./e| implies weaker hydrophobicity. Both gr.—(d_/2)
and Hy.—(0) continue to increase, but beyond Qy /e ~ —50 (in the region in-
dicated by “no solutions”), the theory possesses no solutions.

C. Properties of the second phase

The second phase appearing in the present system com-
prises the anions, water molecules, and cations. The anion
concentration in the second phase should be orders of mag-
nitude higher than C. Water molecules and cations are re-
quired for screening the electrostatic repulsive interactions
among the anions. In fact, near the spinodal concentration C*,
grs(ds/2) and gp 4 (&) (E~d_+d./2) also exhibit rather abrupt
increases. The peaks of g;_(d_/2) and g1 +(d—+d/2) are in-
dicative that the cations preferentially come into contact with
the anions. The abrupt increase in gp_(d_/2) is more strik-
ing for [PtBry]>~ than for [PtCl;]?>~, implying that the anion
concentration in the second phase is substantially higher for
[PtBr4]?>~. This result is in marked contrast with the case of
water containing a nonpolar solute near a hydrophobic sur-
face: In this case, the partial wetting of the surface by the
solute accompanies the partial drying of the surface by wa-
ter; and the second phase is formed by the solute molecules
almost exclusively.??>26

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

D. Irrelevance to mass-transfer effect

The mass-transfer efficiency is not necessarily propor-
tional to the anion concentration especially in nanospace.
Howeyver, even such nonlinear behavior is not relevant to the
transition phenomena by which the second phase abruptly ap-
pears and completely fills the whole space within nanopores.
The phenomena arise from the long-range nature of the
surface-anion correlation length. The mass transfer, whose
driving force is the concentration gradient of the anions,
is incapable of reproducing such transition phenomena. It
is shown in our experiments that the whole space within
nanopores is abruptly filled with the second phase even when
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the affinity of the surface with water is continuously reduced
with fixing the ion concentration. This gives another evidence
of the irrelevance to the mass-transfer effect.

E. 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 electrodeposition is started,
the nanopores are filled with the second phase within which
the anion concentration is orders of magnitude higher than
in the bulk solution; and the anions are continuously supplied
to the nanopores as they are consumed by the electrodeposi-
tion. The filling occurs quite rapidly just as the phase separa-
tion 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 platinum. We re-
mark that the impact of the surface-induced phase transition
is remarkable. Presumably, the surface is positively charged
at the potential of platinum electrodeposition, and a positive
electric field is emanated from the surface. Due to the field,
the anions are attracted to the surface, acting in the direction
where the transition phenomena are even enhanced. The ne-
glect of the field is another factor leading to overestimation
of C* (see Sec. V A), but it does not vitiate the agreement be-
tween the experimental and theoretical results. Even if the sur-
face is negatively charged, unless the surface-charge density
is high, the surface-induced phase transition persists as shown
in a theoretical study:%® It persists even at weakly charged
(hydrophilic) surfaces immersed in water containing a low
concentration of hydrophobic solute. A statistical-mechanical
theory incorporating the electric field* has been developed,
and the application of such a theory to the present case is a
task for the future.

VI. CONCLUDING REMARKS

We have found the existence of thresholds for the con-
centration of platinum complex ions and the affinity of the
pore wall surface with water in the electrochemical deposi-
tion of platinum within silicon electrode nanopores. The dras-
tic change in the deposition behavior, which is exhibited be-
yond 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 dras-
tic change, either. With the aid of statistical-mechanical the-
ory for confined molecular liquids, we have revealed that the
drastic change originates from a surface-induced phase tran-
sition. In our case, it occurs when the pore wall surface is suf-
ficiently 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
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the ion concentration is orders of magnitude higher than in
the bulk. The problem of the diffusion-limited condition, un-
der 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 elec-
trode surface, the electrodeposition proceeds quite easily.

A surface-induced phase transition in nanospace was pre-
dicted by previous theoretical studies.’*>"-4%30 Also, an ex-
perimental 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 aque-
ous 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 fu-
ture 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 pioneer-
ing work in an interesting field for a liquid or liquid mixture
confined in nanospace.
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