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The phase separation of the Na,O—B,0;—SiO, system Spinodal decomposition
was explored both theoretically and experimentally in order to attain a (1) Compositional separation
spinodal structure having a narrowed periodic distance (<70 nm) with (2) Growth of phase separated structure
the porosity being kept at ~60%. The phase separation was dealt with d3—d®=A(t-t,)
by two stages: an initial thermodynamic process of spinodal Compositional separation

Growth with a new equilibrium

decomposition and a latter growth of the spinodal structure. The initial 2 3 T_Z

structural development was related to the interfacial energy and the s s @ 51
change in free energy caused by phase separation. For the latter growth, B 2 AT/ &

a mathematical model was proposed to explain the kinetics by 8 7 s

incorporating the effect of the inverse-square law in the diffusion of ¥ | Tl .

Si0,, and a basic relation of d® — d,* o t (d: average periodic distance; d
t: time) was successfully derived. The phase separation was carried out

accordingly by two steps: first for the phase separation forming durable silica skeletons at lower temperatures and second for the new
equilibrium at the elevated temperature and the subsequent growth of the phase-separated structure. It was proven that the addition
of Al,O; in the glasses decreased the interfacial energy, leading to small periodic distances and the rapid establishment of the durable
silica skeletons. In the two-step process, the fraction of borate-rich phase increased, and the structure grew depending on a modified

period of time.

spinodal decomposition, porous silica, two-step procedure, interfacial energy, periodic distance, porosity

It is well known that spinodal decomposition is one of the
promising technologies to attain porous materials.' ™" In the
sodium borosilicate system,”” when a metastable glass falls to
the spinodal region with decreasing temperature, it can separate
into SiO,-rich phase and borate-rich phase via infinitesimal
fluctuation of composition, which is ascribed to a negative
0%g(C)/aC? [g(C): free energy, C: concentration].® A porous
silica can be obtained by selectively etching the borate-rich
phase with acid. On the other hand, phase separation via sol—gel
processes has been ascribed to polymerization-induced
reduction in mutual solubility,” and then freezing with sol—gel
transition.” The phase separation is ascribed to a decrease in free
energy that may be caused either thermally or chemically. As to
the dimension, the pore size of the porous silica derived from
sol—gel processes ranged from 0.1 to several micrometers,”
whereas that of the porous silica derived from borosilicate
glasses ranged from 4 to 300 nm."’

Hierarchically porous materials were achieved by the sol—gel
method for application of high-performance liquid chromatog-
raphy.'' However, we have been motivated by the sodium
borosilicate system because of the low scattering of light in the
visible region. A new type of antireflective coating was attained,
in which the low refractive index was realized based on a high
porosity of ~60%,'” dust proof was related to the width of SiO,
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skeletons,"” and antifogging property was attributed to the pore
size distribution.'* A strong SiO, network consisting mainly of
Q* units'® was favored from the point of view of capillary force in
an ambient atmosphere. On the other hand, the thickness of the
coating reached several micrometers, which was considerably
thick compared with the normal optical films.'*™"* Ogawa and
Nakamura treated the scattering of light of Vycor silica on the
basis of structural fluctuation,”” and a relation of I ~ d° is
considered to be applicable for an inhomogeneous coating (I:
intensity of light scattering, d: average periodic distance of the
structure, and I: thickness).”’ A structural region of spinodal
silica having average periodic distances less than 70 nm and a
high porosity of ~60% is desired for the optical application of
inhomogeneous coatings in order to accommodate the large
thickness up to S ym. The porosity was determined in order to
achieve the reflection as low as 0.5%,"* and the average periodic
distance was required to lower the light scattering to a degree of
an optical coating based on SWS (subwavelength structure).'”
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In addition, a high porosity is always favored in a separation
membrane unless other properties such as the mechanical
strength become unaffordable.

To our knowledge, to obtain high porosity with favorable
durability in the Na,O—B,0;—SiO, system, the temperature for
an equilibrium between the two phases should be as high as 600
°C, and porous glasses with periodic distances less than 100 nm
are unavailable yet. In this study, the phase separation was dealt
with theoretically by dividing into two stages, and a two-step
procedure was proposed. The experimental conditions were
designed to verify the effects of AG (the change of free energy)
caused by a change of temperature and y (the interfacial energy)
by the fourth component as well as the kinetics of growth as a
function of heat-treatment time. As to the experimental feature,
the surfaces of glass samples were well-polished, and the top
surfaces of the resultant porous glasses allowed the quantitative
analysis of the spinodal decomposition (Supporting Informa-
tion). The average periodic distance, d, was defined as the
average distance between the middle points of adjacent silica
skeletons, the average width of skeletons to that of silica
skeletons having uppermost surfaces, and the porosity to the
volume fraction of pores, respectively.

Phase separation occurred via spinodal decomposition within
the spinodal region in the Na,0—B,0;—SiO, system.”' The
microstructural change is considered to take place via two stages.
First, a metastable glass in the spinodal region undergoes phase
separation into a SiO,-rich phase and a borate-rich phase via a
thermodynamic process. Second, the phase separated structure
grows in order to decrease the total interface area between the
two phases, a kinetic process. Figure 1 shows the two-step
procedure proposed in this study from the point of view of
thermodynamics.”” The glass is allowed to phase separate at T,
and then elevate to T, for another equilibrium. In this section,
the two stages at T are dealt with first, and then the results will
be extended for the second step at T,. During the phase
separation, the highly viscous SiO,-rich phase evolves into a
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Figure 1. Schematic illustration of two thermodynamic processes at T
and T, in the two-step procedure, where T, > T|. Two curves indicate
the compositional dependences of free energy at T, and T,
respectively.”> C,; and Gy, are the concentrations in the borate-rich
phase, and C,; and C,, are those in the SiO,-rich phase at T and T, at
the immiscibility gap, respectively. At T,, there is an overall shift in the
peak region because of the asymmetric nature of the immiscibility dome
(see Figure 8). Green arrows indicate the first thermodynamic process
of phase separation via compositional fluctuation, and AG is the
negative change in free energy by the phase separation. Red arrows
show the second thermodynamic process when elevated to T, from the
equilibrium at T}.
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solid phase,” suggestive of a dynamically asymmetric system.”*

We limit ourselves to structural growth based on a dissolution-
growth process in the borate-rich phase.

As for the phase separation by spinodal decomposition,
according to a general derivation given by Cahn and Hilliard,*
the minimum wavelength of compositional fluctuation, A, is
expressed using eq 1.%°°

1/2
_ SJTZK‘
< %
ac?

(1)

where « is a positive coeflicient related to the gradient energy
[k(V C)?], g(C) is the function of free energy, and C is the
concentration of composition. The thermodynamic process at
T, in Figure 1 accounts for normal spinodal decomposition.
When 0°4(C)/0C* < 0 at Cyiginy (the concentration of glass), a
compositional fluctuation with a wavelength of >/ leads to the
spinodal decomposition. A high-silica phase was formed with the
progress of phase separation, in which the content of B,O; and
Na, O was lowered toward ~5 wt % (C,, ~95wt %),”’ leading to
the sharp interface. In this study, the theory was extended to
depict the average periodic distance with thermodynamic
parameters and kinetic variables relevant to heat treatments
for phase separation. Following the treatment of the gradient
energy,””’ if the phase separation proceeds to a high degree with
little loss in diffusion, the interfacial energy should arise at the
expense of the reduction of free energy. Based on a scaling law
for spinodal structure, the period of phase separation is related to
AG as follows:
gz 2V

AG (2)
where d is the periodic distance, a is a coeflicient relevant to the
ratio of interface area to volume [area/volume = a(1/d)], and y
and V, are the interfacial energy and the molar volume of the
SiO,-rich phase, respectively. AG is the negative change of free
energy per mole by the phase separation (Figure 1). Since —AG
increases with the undercooling from the upper consolute
temperature (T.), d decreases with a decrease of the temper-
ature.

The degree of phase separation could be assessed from the
stability of the SiO,-rich phase when subject to etching or
leaching,*® To our knowledge, provided the SiO,-rich phase was
developed to high degrees in typical glass compositions,””*
porous bulks of silica were available irrespective of the high
capillary force due to the nano pores. According to Takamori
and Tomozawa,”>>’ long heat-treatment times were required to
attain the equilibrium composition with decreasing temperature
on the basis of increased viscosities due to the interconnected
SiO,-rich phase. Once —AG is consumed in this way, the
spinodal structure undergoes growth in the second stage.

It has been reported that the periodic distance and radius of
pores varied with time (t) following a relation of & t /> during
the growth under a diffusion-controlled process.””>> This
relation has been proven in the correlation length in optical
scattering, small—angle X-ray scattering,’” and AFM analysis on
the fractured surface.” "’ This kinetics of growth resembles the
growth of particles in metals*' and Ostwald ripening under
dilute conditions.*”** Tt is accepted that the reduction of the
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total interfacial energy works as the driving force for the growth.
Haller anticipated a relation of S o /3 (S: interfacial area) in
the rearrangement of the two phases by a particle model.”*
However, a convincing mechanism of diffusion is still needed for
the interface between two interconnected phases.

It was found that some of the interface of the interconnected
pores resembles cylinder in shape and the pores were present in
the sharp distributions of diameter in etched samples.'* As to the
influence of curvature of interface, the concentration of SiO, in
the borate-rich phase can be exgressed using the Thomson—
Freundlich (Kelvin) equation.*>*¢

29V,
RTrg (3)

where S and S, are the solubilities of the SiO,-rich phase
corresponding to the interface with the effective curvature radius
and the flat interface, respectively. r. is the effective curvature
radius of the interface from the side of the SiO,-rich phase. That
is,4§}i§ chemical potential (yi.) varies with .4 according to eq
4.

S = S|

2V,

Ky = Hy +
eff 0 ( 4)
In fact, the practical pores are interconnected in a complicated
manner, and therefore there is a distribution in r,¢ in the borate-
rich phase. This probably arises from a high fraction of the two
phases in volume and from a difference in mobility between the
two phases during the phase separation. The distribution
persists even during growth, giving rise to a gradient of the
chemical potential in the borate-rich phase, which should derive
the movement of SiO, among silica skeletons.

Figure 2 shows the schematic mechanism proposed to
interpret the growth of the spinodal structure. q(r) is defined
as the growth of SiO, in moles per area at the interface. For
convenience of understanding, a large amount of the borate-rich
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Figure 2. Illustration of the diffusion of SiO, from silica skeletons
during the growth of the spinodal structure. r: negative in case I; r:
positive in case II. The chemical potential of SiO, is expressed by
relating to the radius of curvature of r at the interface for the silica
skeletons and that of 7 for the borate-rich phase in a steady state,
respectively. The movement of SiO, [q(x) at x] obeys the inverse-
square law.
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phase is assumed to be in equilibrium with the SiO,-rich phase
with a curvature of 7. The movement of SiO, [g(x)] toward the
interface is expressed by introducing a term of r*/x” as an effect
of the inverse-square law. This is necessary for a spherical nature
of interface at the growth front and also for a condition of flux in
the steady diffusion. To derive q(r) at the interface, eqs 5-1 and
6-1 are arranged from the basic diffusion equation of g(x) =
—cB(dp/dx), so that both sides yield positive changes.
When r <7,

- 2
f —q(r)r—zdx
r X

f —cBdu

(5D
1 1 1 1
— - ) =—-BxuV (= - =
Q(r)r(7 r) c J/m(7 r) (s-10)
(r)——icBXZV
=2 m (5-111)
When r > 7,
r r2 r
"4 =/ —Bd
/7 () Gdv= [ —Bdu (61)
, 1 1 1 1
- - D) =-BxyV. (= - =
Q(V)r(r 7) c }’m(r 7) (611)
(r)—LBXZV
o) ="a¢ At (6-111)

where ¢ and B are the concentration and mobility of SiO, in the
borate-rich phase contributing to the diffusion, respectively. In
eqs S-IIT and 6-111, g(r) varies simply as a function of 1/r

On the above assumption, the curvature of the interface
continues to change with the growth. The concentration of SiO,
in the borate-rich phase is being kept in the steady state via the
two processes (precipitation and dissolution), and little growth
occurs at7. Hence, the interface having 7 appears to play a role as
a constraint for the variation of the curvature. By assuming a
curved interface with circular symmetry, the geometric
description of point S is shown in Figure 3, through which
there is a region of the interface having the curvature radius of 7
around the axis of symmetry with a height of H in the
perpendicular direction.

Equation 7 is derived by using the relations of H* =7 X (2r —
7) and dH” = 0.

Figure 3. Description of the change of r during the growth of the
spinodal structure. A geometrical point S indicates the position of a
region of interface where the height is H and the interface has the
curvature of 7. The interface moves with dz accompanied by a change of
dr, obeying a basic relation of H* = 7 X (2r — 7). @ is a parameter of angle
characteristic of an area that undergoes either growth or dissolution.
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Figure 4. Micrographs of G1 and G2 glasses heat-treated at 560 °C for 50 h. Yellow circles indicate small pores that resulted from the borate-rich phase

existing in the SiO,-rich phase.

dr
+1

TN
tanﬁ)
2

7)

where 7 is the depth of the interface from the plane of the region
having the curvature of7. 8 is the angle characteristic of the area
for growth or dissolution. From the geometric point of view, for
a cylinder terminated by semispheres, 6 ~ 7/2, and in the case of
a cross of two cylinders with an angle of /2, @ ~ /4. Here, 0 is
considered an important parameter for the description of growth
or dissolution under the condition of the distribution of
curvature, since 7 varies practically with the growth.

The growth of the SiO,-rich phase at the interface (—dz) can
be related to g(r) (mole per area and per period of time) by eq 8,
and eq 9 is attained for the change of r from eq 7. As a result, eqs
10-I and 10-II are obtained by incorporating eqs 5-III and 6-
Illinto eq 9, arranging a term of 3r°dr for the left side and
integrating them with a change from r, to r.

d
L q(r)dt
v, (8)
1 1
dr = —E _ﬁ +1 qu(f')dt
(tan;) (9)
1
- rg ol Y +1 3cB}/V;t, r<r
tany (10-1)
33 1 2 _
r—ry=- —ﬁ+13cByth,r> T
(tan{ (10-11)

where t is the time for the growth. Equation 10-I should be
responsible for the growth of the borate-rich phase, which
determines the pores in etched samples. The diameter of a
cylinder of the borate-rich phase ¢ may be approximated to 2H
as follows:

¢ ~ 2H = 2lrlsin 6 (11)
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By combination of eq 10-I with eq 11, the growth of the
borate-rich phase can be expressed as eq 12.

1 .

7 -1 (sm9)3cByV§1t

(tanE) (12)
In this study, the spinodal porous structure is described by

means of average periodic distance d and porosity v (see Section

3). d can be related to ¢ by a relation of d = \/z/(4v) ¢, and

therefore d increases with time during the growth as follows:

¢_¢0=24

4> - dj = At,

1 coavs 1 2
——— — 1{(sinf)’——ByV,

(tang) 2 0

where A is the kinetic parameter for the growth based on the
borate-rich phase. On the other hand, if attention is paid to a
cylinder form of the SiO,-rich phase, the rearrangement would
be possible by assuming the growth of SiO, onto the surface of
cylinders by eq 10-II. Equation 14 could be available from the
average width of skeletons (¢’) by using a relation of

d= Jz/[4(1 = v)]¢".

4> —d} = At,

3722

1 . \3
—Q -1 (sind)

(tang)
(14)

If the second mechanism by eq 10-II were true, the
concentration of SiO, in the borate-rich phase would be
supersaturated from the shape of the cylinders (7: positive). The
growth of SiO, should take place preferentially onto the concave
interface. In fact, the concave areas are observable yet in all the
spinodal silica. Therefore, eq 13 seems more suitable to treat the
growth of the present spinodal structure that is driven by a
decrease in the total interfacial energy. In the situation of r < 0, 8
is smaller than /2 in eq 10-I and larger than 7/2 in eq 10-IL
This means that the dissolution occurs from a smaller region via
eq 10-I, whereas dissolved silica is being deposited onto a larger

A =327 ByV

(1 —1/)3/ZC "
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Figure 5. Micrographs of G2 glasses relevant to the two-step process. The upper ones were heat-treated at 560 and 600 °C for 50 h, respectively, and
the bottom one was heat-treated at 560 °C for 50 h and at 600 °C for S h. Yellow circles indicate little pores that resulted from the borate-rich phase

area via eq 10-IL. At the growth front of the borate-rich phase,
some silica skeletons become relatively narrow and further
broken, leading to convex surfaces. This process creates new
interfaces where 1/r > 1/7 (r <7). With an increase of 1/r or Il in
the region of curvature by eq 10-Il where 1/7> 1/r (r>7),1/7or
|7l increases, maintaining a distribution of the curvature. If there
is an ideal cylinder with a length, the borate-rich phase inside
tends to be kept in equilibrium with the local interface (1/r).
The curvature (1/r) is eventually left under 1/7, which probably
allows SiO, to deposit onto the interface inside the cylinder.
Namely, there is a rearrangement of SiO, in the vicinity of the
surface, which deviates from the condition for the inverse-square
law. Therefore, the uneven surfaces including little cylinders of
borate-rich phase inside (see little pores notated by yellow
circles in Figures 4 and 5) may be regarded as the transitional
textures of the interface, and r in eqs 10-I and 10-II is considered
to be the parameter of a macroscopic range, which is
characteristic of the growth of borate-rich phase as suggested
in Figure 3.

Since |71 = ¢ for the surface of a cylinder, ¢ becomes 2¢) sin 0
with the growth of the borate-rich phase. In fact, we have
investigated Kelvin’s diameters (@) of spinodal silica by
adsorbing/desorbing experiments with changing humidity, and
@4/ Pq. was found to be ~1.7,"* strongly suggestive of a serial
distribution of two diameters. Such a result seems in agreement
with the factor of 2 sin 0, if assuming 0 ~ /3.

700

The diffusion was also attempted by assuming a uniform
diffusional length other than the inverse-square law, and the
relations of  t'/? were obtained. However, the viscosity of the
borate-rich phase is still high in the temperature range of phase
separation. Such a mechanism based on the diffusion of SiO,
across a thin diffusion layer near the interface seems in
disagreement with the growth of spinodal structure, especially
under the confined condition.

If there is an ideal transition from the first stage to the second
stage, d in eq 2 should be d; in eq 13, and t in eq 13 is the time for
growth from d, to d. For convenience, d, is defined as the
minimum periodic distance after the first stage of spinodal
separation. When the temperature is elevated to T, in the two-
step process in Figure 1, the glass undergoes the second
thermodynamic process. Due to the asymmetric nature of the
immiscibility gap,’ the SiO, concentration of the borate-rich
phase varies from Cy; to Cy,, and the fraction of borate-rich
phase increases probably with little change in d (also see Figure
8)." After equilibrium, the structure grows again, and the
average periodic distance is expressed as follows.

t'=t—t +d/A (15)

(16)

where A is a parameter inherited from eq 13. ¢’ is the modified
time. ¢ and ¢, are the time practically elapsed in the second step

= At
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Table 1. Glass Compositions, Tg, and Conditions of Heat Treatments

compositions (wt %)

glasses SiO, B,0, Na,O ALO; Tg/°C
G1° 59.9 31.0 9.1 0 508
G2“ 59.0 30.5 9.0 1S 490
G3° 62.5 273 7.2 3.0 478
G4° 62.9 279 9.2 0 508

conditions

heat treatments for phase separation

one-step (first step) second step

annealing T,/°C t/h T,/°C t/h
s13°C 560 50
495 °C 520 507
50 600" s
540 507
50 600" 5
10
15
560 507
50 600" 5
600" 25¢
Sod,c
100°
485 °C 500 24
525 24
560 24
515 °C 600 50
620 50
100
150

“The ratios of Na,O and B,O; to SiO, are unchanged in G1 and G2 glasses. 600 °C is the equilibrium temperature for the growth of spinodal
structure in G2 glass. “G3 and G4 glasses are included for the normal tendency of spinodal structure by a one-step process. ISeries I (G2 glass, one-
step process): the temperature varies from 520 to 600 °C with the period of S0 h. “Series II (G2 glass, one-step process): the period of time varies

from 25 to 100 h at 600 °C.

and the time taken to attain equilibrium, respectively. d, is the
average periodic distance immediately after reaching the
equilibrium.

The two equations can be regarded as general formulas for the
normal spinodal separation by a one-step process. In such a case,
t, is the time for the glass to yield the phase-separated state, as
described in Section 2.1, and d, is d, as just mentioned above.
Equations 2, 15, and 16 provide the basis for the analysis of
spinodal decomposition by a two-step process.

Table 1 shows the batch compositions of glasses employed in this study
and the experimental conditions of annealing and heat treatments for
the phase separation. The glass compositions were decided by referring
to literatures,””*>*® and the ratios of B,O; and Na,O to SiO, were
unchanged in G1 and G2 glasses with an aim of verifying the role of
ALOj in the interfacial energy (y). High silica (F2 grade, Nitchitsu
Co.), B(OH), (Optibor TG, U.S. Borax), and Na,COj; (particle form,
Tokuyama Co.) were used for the sources of SiO,, B,O5, and Na,0, and
the purities were higher than 99.6, 99.9, and 99.2%, respectively.
Batches with weights of 10 or 20 kg were melted by using Pt crucible
with a cover of Pt plate at 1450 °C for 3—4 h and poured out to a mold.
The glass blocks were put into an electric furnace preheated at the
annealing temperatures, and then the temperatures of the furnace were
allowed to cool down immediately at a rate of 1 °C/min.

The glass samples thus obtained were cut into plates with a size of 30
X 30 X 1 mm, and both sides of the plates were polished to an optical
grade. Prior to the heat treatments for phase separation, the glass
transition temperatures were investigated by thermomechanical
analysis (TMA) by using silica glass as the reference, and the
uncertainty in Tg was estimated to be within +5 °C. As to the states
of glasses prior to the heat treatments for phase separation, the glass
surfaces were observed after etching at 90 °C in 1 N HNO;, and no
surface texture of phase separation was observed.
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As for the development of durability, a comparison was made
between the G1 and G2 glasses (not shown in Table 1). The two glasses
were heat-treated at 500 to 560 °C for 10 to 24 h, respectively, and the
stability of the SiO,-rich phase was investigated by exposure to etching.

In Table 1, temperatures higher than the transition temperatures
were chosen for phase separation with the primary aim of durability for
all the samples. For the systematic analysis of two stages, both one-step
and two-step processes were applied for the G2 glass, in which a final
equilibrium was set at 600 °C. In the one-step process, the glass was
heat-treated at 520 to 600 °C for 50 h (series I; see the footnote in Table
1) and heat-treated for 25, 50, and 100 h at 600 °C (series II) with
intents to clarify the effect of AG in the initial stage (eq 2) and the time
dependence in the latter growth (eq 13), respectively. In the case of the
two-step process, the samples were heat-treated at 520, 540, or 560 °C
for 50 h, and then at 600 °C for S h. From the first step at 540 °C for 50
h, two additional samples were prepared by prolonged heat treatments
at 600 °C for 10 and 1S h in the second step. In the G3 and G4 glasses,
the samples were prepared by a one-step process for a normal tendency
in porous glasses, in which heat-treatment temperature is the main
parameter with an attention on the concentration of Al,Os.

Prior to the etching, the heat-treated samples were polished for 5 min
by a grinding machine (MA-300, Musashino Denki) using CeO,
powder at a load of about S N over an area of 30 X 30 mm. During
the polishing, a skin SiO, layer on the surfaces that was generated due to
the volatilization of Na,O and B,O; during high-temperature
processes®>! was removed. During the etching, these samples were
exposed to 500 mL of 1 N HNO; for 24 h at 90 °C. Finally, they were
rinsed several times with pure water and dried at 40 °C for 2 to $ h.

All of the porous surfaces were observed by a scanning electron
microscope (FESEM S-4800, Hitachi). Two methods were used to
analyze the micrographs (Supporting Information). First, lines were
drawn among the middle points of silica skeletons over large areas of the
images, and the number of periods between adjacent uppermost
surfaces along the lines was counted. The average periodic distances (d)
were obtained by dividing the total lengths of lines (L) with the
numbers of periods (N). The stereological analysis was based on the
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Figure 6. Average periodic distances between skeletons for the G2 glasses. (A) Average periodic distances are plotted as a function of the total time of
the heat treatments. (B) Average periodic distances are plotted as a function of t'/3, and tis the heat-treatment time at 600 °C. The data in the first steps
at 520, 540, and 560 °C for S0 h are indicated by open marks as the references for the samples by the two-step process.

facts that silica skeletons were distributed randomly in the spinodal
structure and that the average distances should converge true values
with increasing N. Second, the images of micrographs were analyzed by
the software of Image].”> They were transformed to binary ones by
setting the threshold brightness in Auto mode. The fractions of dark
areas (f) were obtained as the measure of porosity. The average widths
of skeletons (w) were also estimated by taking the average of the minor
widths of the ellipses that were transformed from the white areas.

As for the kinetics of phase separation, the glass transition
temperatures were investigated for the four glasses, and the
results prior to phase separation are listed in Table 1. Tg
clearly decreased with the addition of Al,O5, which seems to be a
characteristic of sodium borosilicate glasses having molar ratios
of [ALO;]/[Na,0] lower than 1°° with a form of Na — AlO,
(see Discussion).

Figure 4 shows the micrographs of G1 and G2 glasses that
were prepared at 560 °C for 50 h. The pores resulted from the
borate-rich phase being etched. By stereological analysis, the
average periodic distances between skeletons were 101 to 65 nm
for G1 and G2 glasses, respectively. In addition to the pores
characteristic of the interconnected borate-rich phase, there
were small pores notated by yellow circles, which resulted from
the borate-rich phase existing in the SiO,-rich phase. When G1
glass was heat-treated at 500 to 560 °C within 24 h and then
exposed to the etching, it appeared weak and tended to yield a
layered residue of the SiO,-rich phase, resembling the
phenomena in literature.””** This means that the durability of
G1 glass at 560 °C was attained between 24 and 50 h. On the
other hand, the G2 glass yielded durable porous structures when
it was phase separated for more than 24 h above 540 °C. At 520
°C, bright images with a spinodal structure were obtained in the
SEM observation, and no difficulty was caused in the subsequent
analysis. Hence, the G2 glass in Figure 4 should have undergone
growth in spite of the small feature.

The typical micrographs relevant to the two-step process in
the G2 glass are shown in Figure 5. The average periodic
distance between skeletons varied depending on the respective
heat treatments. The width of skeletons of the G2 glass heat-
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treated by the two-step process was narrow compared with the
glass by the one-step process at 600 °C for 50 h, and the porosity,
however, was elevated to the same level due to the second heat-
treatment at 600 °C for S h.

In Figure 6A, the average periodic distances (d) obtained by
stereological analysis are plotted as a function of the total time of
heat treatments for G2 glasses. In series I, d changed from 151.3
to 40.1 nm with a decrease of temperature from 600 to 520 °C.
In series II, it increased from 121.2 to 198.5 nm with the time at
600 °C. As to the errors in d, there may be an overestimation,
which arose from lost uppermost surfaces (islands) during the
etching (Supporting Information). If one assumes that one
uppermost surface along the lines has been lost during the
etching, the overestimation is estimated to be 1/N. On the other
hand, when considering L with a change from N — 1 to N, the
deviation resulted directly from the individual distance. In fact,
the individual distances had a range of 1/2 to 2-fold the average
periodic distance for each sample. Therefore, the deviation in d
due to L was estimated to be —1/(2N) to 1/N. If the main
factors were considered for both sides, the error in d ranged from
—1/Nto 1/(2N). In this analysis, the magnification was 150 k in
the micrographs, and N ranged from 11 to 48 depending on the
average periodic distance. The errors in d were less than 10%.

In Figure 6B, the average periodic distances are plotted as a
function of t'/3, and ¢ is the heat-treatment time at 600 °C.
Clearly, the glasses that underwent growth at 600 °C fell into the
relation of d /3, and there were some scatterings in the
samples by the two-step process at S h (/3 = ~1.7 h'/3).

The results of f and w obtained by Image]J analysis are shown
in Figure 7. The blue symbols indicate the results of G2 glass by
the two-step process, where the heat-treatment temperatures
were 520 to 560 °C in the first step and 600 °C in the second
step, respectively. Porous samples derived from G3 and G4
glasses are also included for the normal tendency in structure by
the one-step process. For comparison, the typical results by
Image] in G2 glass are listed in Table 2 with the corresponding
data of d obtained by the stereological analysis. It was found that
the fractions of dark area (f) were about 20% lower than the
practical porosities () calculated from the reflection in the
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Figure 7. f vs w from Image]J analysis. Blue symbols indicate the results
of G2 glasses by the two-step process. G3 and G4 glasses are included
for the normal tendency by one-step process.

visible region.”” In the Image] analysis, some skeletons beneath
the polished surface were transformed into white regions and
included as the top surface (see the Supporting Information).
This was attributed to the fact that the SEM images had not
enough contrast for distinguishing the upmost surface
completely from the silica skeletons beneath the surface. By
using a relation of w = d X (1 — v) (v: porosity) and using v of
62% at 600 °C obtained by the optical reflectivity, the widths of
skeletons by Image]J analysis were judged to be overestimated by
afactor of ~1.2 for the glasses by the two-step process for a range
of d from 60 to 100 nm. Furthermore, the scatterings in f were
analyzed on the G2 glasses with equilibrium at 600 °C because
their porosities should be on the same level. These glasses
showed the average f of 42.2% with the scattering from 39.6 to
45.6%, which was indicated in Figure 7 as the representative
error in f. The scattering in w resulted from the conditions of
SEM observation as in f, but no data were available for the similar
analysis, which is outside the scope of the present study.

As for the normal tendency by a one-step process (Figure 7
and Table 2), the porosity increased with the heat-treatment
temperature, accompanied by the enlargement of structure (see
the conditions in Table 1), which remains to be included in
future with various porous silicas by one-step process having
polished surfaces. A similar change with temperature was
reported by Haller et al.” on a glass close to G1, and the volume
of borate-rich phase changed from 30 to 65% at 550 to 715 °C.
However, the porosities were lower compared with the present
study under the similar conditions. Such a difference in porosity
may result from an overestimation of the SiO,-rich phase in the
transcription to polyester sheet in the literature, resembling the
present Image] analysis.

In the present system, the stable SiO,-rich phase with a well-
developed interface is attained by concentrating SiO, from
neighboring regions (the borate-rich phase), which occurs from
the infinitesimal compositional fluctuation over a range of >4,
and continues lowering the borate component (Na,O B,0,)
toward an equilibrium value. This results in solidification due to
the increase of viscosity in the interconnected SiO,-rich phase.
On the other hand, the surrounding borate-rich phase remains
fluid due to incoming borate components from the SiO,-rich
phase, enabling an appreciable mobility of SiO, in it. Then, the
movement of SiO, in the borate-rich phase becomes dominant
in the structural growth. The dissolution—precipitation process
(eq 13) is assumed to account for the growth of the spinodal
structure at the second stage.

In the first stage of phase separation, A, and d are determined
by the glass composition and undercooling (—AG) via eqs 1 and
2 ata given temperature. As suggested by Charles,”" the spinodal
separation begins easily (e.g., below 1 min), because there is no
thermodynamic barrier for it as seen in Figure 1. Then, the phase
separation in composition proceeds toward the equilibrium, so
that the concentration of the borate component in the SiO,-rich
phase decreases to ~5 wt % to yield the stability against etching.
Therefore, there is a desirable heat-treatment time to attain good
stability. In the present study, however, the conditions of phase
separation were investigated by focusing on the desirable
temperatures for the stability with the heat-treatment time of 24
h, and they were found to be higher than 560 °C for the G1 glass,
~520 °C for the G2 glass, and ~500 °C for the G3 glass.

As seen in Figure 4, due to the addition of Al, O3, the periodic
distance decreased by 35% compared to that of the G1 sample
under the same heat-treatment condition. From the point of
view of kinetics, the phase separation should occur easily with
the addition of Al,O; by judging from the decrease in Tg, and
therefore ¢, in eq 15 should be shortened in the one-step process
and the kinetic factor of B in eq 13 may increase to some degree
in the G2 glass. If there were no changes in k and y in eqs 1 and 2
between the two glasses, the average periodic distance should
have grown to a larger value in G2 glass. Hence, the Al,O;-
induced decrease in d is explainable only by assuming a decrease
in k and 7. According to a compositional study,”” the contents of
Al,O; decreased to less than 1/10 in porous silica after etching.
Hence, Al,O; tended to be either enriched in the borate-rich
phase or present at the interface during phase separation and
growth. Minamiyama et al. investigated the proton conductivity
in porous silica derived from Al,O;-doped Na,0—B,0;—SiO,
glasses at 585 °C.>* The proton conductivity increased with the
introduction of Al,O; in original glasses toward 2 mol %, and
APP* was inferred to exist on the surface of spinodal pores as

Table 2. Typical Analysis Data of Porous Samples in the G2 Glass”

one-step process

two-step process (after the first step at 540 °C for SO h)

temperatures (for SO h)

time (in the second step at 600 °C)

parameters 520 °Cc? 540 °C 560 °C
d (nm)® 40.1 512 65.1
w (nm) 24.7 27.7
£(%)* 352 35.8

600 °C Sh 10 h 1Sh
151.3 66.6 90.1 102.4
53.7 32.6 41.8 424
40.0° 43.7° 40.4° 42.4°

“d: average periodic distances determined by the stereological analysis. w: the width of silica skeletons; f: the fractions of dark areas, by Image]
analysis. “The error in d was less than 10%. “The factions of dark areas () of the glasses with the equilibrium at 600 °C ranged from 39.6 to 45.6%
with the average of 42.2%. “Only bright image was obtained for the sample heat treated at 520 °C, which had no contrast enough for Image]J

analysis.
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Brgnsted acid in a form of H—AIO,. A structural study of *’Al
NMR indicated that AI** existed in the tetrahedra of AlO, in
place of BO, and increased the compatibility of the silica
network with the —B—O— network.>® Therefore, a fraction of
Al,O; existed at the interface during the phase separation and
the growth in G2 glass and played a role of reducing « and y in
eqs 1 and 2. As a result, d decreased with the addition of Al,O; in
phase separation. According to the mechanism for the stability of
the SiO,-rich phase, the reduction of d in eq 2 should facilitate
the establishment of durable silica skeletons at the first stage,
although there is little knowledge of the role of Al,O; in the
removal of the borate component from the SiO,-rich phase.

The range of the heat-treatment temperature for the phase
separation in the G2 glass became wider with the benefit from
the decrease of Tg. This situation was also true in the G3 glass. In
other words, the increased mobility and reduced interfacial
energy caused by the addition of Al,O; facilitated the phase
separation at lower temperatures, leading to the reduction of A,
and d. These effects can be recognized in the results of series I in
the G2 glass in Figure 6A and in the region of the spinodal
structure of G3 glass in Figure 7. Al,Oj is an intermediate oxide
in normal glass systems and fortifies the glass as a network
former. In fact, the addition of Al,O; was considered to suppress
the immiscibility and increase the chemical vulnerability of
glasses.””*® The suppression of phase separation was based on
the fact that the scattering of lighg decreased with the addition of
AL O; in the resultant glasses.”” In this study, however, Al,O
plays a role in enhancing the phase separation conversely in the
establishment of durable silica skeletons. If the Al,O;-induced
decrease in y is taken into consideration with eq 2, both
phenomena should result from the reduction of d. In addition to
AL, O;, metal oxides such as Fe,0;, TiO,, CeO,, and SnO, were
also investigated with molar ratios corresponding to 1.5—2 wt %
of Al,O;. However, they showed no remarkable reduction in the
periodic distance under similar conditions, as reported recently
for TiO,.>”

During the etching, the borate-rich phase was taken out
completely even with SiO, dissolved in it, and therefore, the
fraction of borate-rich phase in volume led to the resultant
porosity. As described in the following, the fraction of borate-
rich phase depends on the glass composition and the equilibrium
temperature.”® The porosity could be controlled effectively by
changing the equilibrium temperature, as seen in Figure 5 and
Table2 for G2 glass. On the other hand, the average periodic
distance (d) depended on both the thermodynamic and kinetic
processes so far.

Figure 8 shows the schematic diagram of the two-step process
focused on the fraction of borate-rich phase, where the Al,O4
component is omitted for convenience. When elevated to T), the
SiO, concentration in the borate-rich phase turns into an
unsaturated state, and SiO, starts to diffuse into it from the
surrounding SiO,-rich phase. This can be recognized in the
change of porosity in the micrographs in Figure 5 and in the
change of the fraction of dark area in Figure 7, in correspondence
with the changes of temperature from 540 and 560 to 600 °C.
Meantime, once the SiO, concentration reaches the immisci-
bility dome in correspondence to Cy; in Figure 1, the skeletons
undergo growth again. It should be mentioned that the borate
component (Na,0O B,05) in the SiO,-rich phase may be difficult
to reach equilibrium due to the solid nature. Nevertheless, the
equilibrium concentration of the borate component remained
essentially at ~5 wt %’ in the temperature range of phase

704

[

~

=}

2

©

—

B 2
—— 5
SR N b__{™

Original

Na,O B,0, (xSi0,) Sio,

c

Figure 8. Schematic illustration of the two-step heat treatment in the
G2 glass (the AL,O; component is omitted). The glass with the original
composition is allowed to phase separate at T and then is elevated to T,
in the second step to yield a new equilibrium following the red arrows. s
and b express the constituents of the SiO,-rich phase and borate-rich
phase by s = Cyigina — Cp and b = C; — Cypiginay Where Copiginay Cpy and C
are the concentrations of original glass, the borate-rich phase, and the
SiO,-rich phase, respectively. p is the fraction of the borate-rich phase in
the phase separated glass, which contributes to the porosity of porous
silica.

separation; the influence on the fraction of borate-rich phase at
T, may be negligible.

Figure 6(B) allowed us to draw detailed information on the
growth in G2 glass at 600 °C. First, the data by the one-step
process nearly obeyed eq 16 even without modification by eq 15.
This suggests that the first stage of phase separation may be
completed quickly at 600 °C. Second, the glasses by the two-step
process deviated from the line of d o /3 at 5 h. The initial
scatterings provided information on the process for reaching the
new equilibrium at 600 °C.

The parameter of A was estimated to be 78 X 10° nm® h™!
from the data of the glasses by the one-step process at 600 °C by
disregarding the first stage of phase separation. When three
relations of t' =t — 2.5, ' =t — 1, and t' = t + 2.5 were applied for
the first steps at 520, 540, and 560 °C, respectively, the data by
the second steps were strikingly fit into a straight line in Figure
6B (not shown). Furthermore, by assuming the periodic
distances attained in the first steps for d;, t; in eq 15 was
estimated to be about 3.5, 2.5, and 1 h for the dissolution at 600
°C for the first steps at 520, 540, and 560 °C, respectively. Since
the fraction of SiO,-rich phase decreased with increasing
temperature in the first step and then decreased toward the
same value during the second step at 600 °C, such a tendency in
t; seems reasonable.

As for parameter A, in addition to the interfacial energy (y), it
varies with the concentration (c) and mobility (B) of SiO, (eq
13). In the borate-rich phase with a fluidic nature, SiO, is broken
by forming nonbridging oxygens of Si—O~Na*, the bonds of Si—
O-B, and a small fraction of Si—O—Al. With an increase of
temperature, parameter A should increase with both ¢ and B.

As for the optical application, d should be as narrow as
possible in order to lower the light scattering from the
microstructure. On the basis of eqs 15 and 16, if ¢ is adjusted
to minimize ¢’ in the second step; the average periodic distance
may be further narrowed. The skeletons, however, can be kept
close to those of the first two steps. On the other hand, to attain
an antireflection of ~0.5% in reflectivity, the porosity needed to
be raised to ~60%. "> The equilibrium temperature in the second
step should be elevated to ~600 °C for the glass compositions
frequently used. In the G2 glass, the fraction of the borate-rich
phase [b/(s + b)] rose at the second steps, and the porosities
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reached ~62%. Consequently, as seen in Figure 7, the two-step
processes provided the new region of spinodal structure, which
had higher values of f.

In addition to the stereological analysis, the average periodic
distances (d) were available from the data by Image] analysis in
Figure 7 via the relation of d = w/[1.2 X (1 — v)] (w: width of
skeletons, v: porosity, f: fraction of dark area and v = f + 20%) 2
and they ranged from 57 to 93 nm.

In the antireflective coating on the silica substrate, the
reflectivity at the interface was reduced to the level of 0.07%." If
the porosity is raised to ~70% with a favorable mechanical
strength in the future, the refractive index becomes as low as
1.115 and the antireflection with a reflectivity less than 0.4% can
be realized. This coating may find application in systems using a
high-energy beam oflight. In addition, a bulk of porous silica was
attained from the G3 glass for the antifogging properties, where
the porosity and the average periodic distance were found to be
59% and 41 nm, respectively.14

Both the introduction of Al,O5 and the two-step process were
effective in exploring the region of spinodal structure in the
Na,0—B,0;—SiO, system, where the periodic distances
between skeletons were reduced and the porosities increased
to the high degree of ~60%.

In relation to the theoretic treatments, the role of A,O; in the
phase separation was ascribed to the lowered interface energy
between the two phases, which facilitated the formation of a
spinodal structure having small periodic distances and made
easy the establishment of durable silica skeletons against etching.
In the two-step process, the growth during the later step could be
well expressed by the basic relation of d° = At’, where ' was the
heat-treatment time modified by incorporating both the initial
dissolution process at the elevated temperature and the periodic
distance attained at the first step.

Data underlying the results presented in this paper are not
publicly available at this time but may be obtained from the
author by reasonable request and proper approval.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsphyschemau.4c00060.
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