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ABSTRACT: For the optical applications of antifogging, equili-
brium amounts of adsorbed water with humidity were measured on
bulk glasses having spinodal pores of 4, 10, 15, 20, and 50 nm. The
kinetics of adsorption toward a saturated state and desorbing
reversely from the saturated state were investigated on a 15 nm
sample that was etched sufficiently to suppress the influence of the
silica gel left in the pores. To clarify the role of the pores, the
relative humidity (RH) was transformed to Kelvin’s diameter, ¢.
There were pronounced hysteresis loops in the adsorption amounts
against humidity, in which adsorption occurred at higher
humidities and desorption took place at humidities corresponding
to sizes of pores confirmed by mercury intrusion porosimetry. On

Antifogging mechanism based on spinodal pores
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the basis of weather data in Tokyo, the antifogging coating having pores larger than 12 nm in size was proposed with an emphasis on
the recovery of antifogging. Antifogging was further discussed in terms of the capabilities of adsorption related to the thickness of the
porous layer and the kinetics of adsorption with a degree of supersaturation at RH100%.

B INTRODUCTION

In imaging systems, antireflection (AR), dust proof, and
antifogging properties are considered fundamental factors for
high-quality images." Antifogging coating based on absorbent
polymers has been used on the surface of the eyepiece in a finder
imagin§ system that suffers from the moisture of the user’s
breath.” In normal imaging systems, the use of such polymer
coatings is limited. There is a concern of deterioration in surface
flatness with the rapid adsorption of moisture, since blistering
tends to occur in these polymers due to their soft nature.’
Several antifogging coatings based on nanostructures have
been reported. A polymer coating was etched to form a structure
of nanograsses by self-masking reactive ion etching,* and a
worm-like structure was prepared by calcinating polyacrylate/
polypropylsilsesquioxane coating at 500 °C.° Nanoporous thin
films prepared by a layer-by-layer assembly of silica particles and
other materials®~’ have been reported to show both
antireflection and superhydrophilic wetting. A nanoporous silica
layer of 500 nm thickness was also prepared directly onto a
silicate glass by a simple one-pot etching.* On the other hand,
attempts have been also made to develop low-refractive-index
coatings’ with the purpose of depressing the formation of ghosts
and flares. Okuno reported a subwavelength structure (SWS)
coating consisting of a texture of crystalline AIOOH platelets
220 nm in size.'” Murata reported a sol—gel MgF, porous layer
for AR,"" which had a refractive index of 1.18. Tanaka et al.
proposed a glass mold for preparing a moth-eye structure
directly on the surface of the glass lens, which had a low
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reflectivity of 0.2% at 520 nm.'” Moth-eye structures were also
prepared on silica and spinel ceramic substrate for near-infrared
laser systems through UV lithography and dry etching, in which
high thresholds of up to 100 J/ cm? were achieved.!®> These
textured surfaces are considered to contribute to super-
hydrophilic wetting as well. Although these as-prepared coatings
show both antifogging and antireflection, the refractive index
increases and antireflection probably diminishes with the
adsorption of moisture into the structures. In fact, to the best
of our knowledge, even with controlled textures on the surface,
antifogging property tends to be low and diminishes on exposure
to ambient atmosphere, probably due to adsorption of organic
species from the air.

As a systematic approach, we reported a coating film of porous
structure for optical applications based on the phase separation
of borosilicate glass. An interface structure shown in Figure 1
was effective in achieving an antireflection of ~0.5%."* In
another serial paper, it was confirmed that the pores absorbed oil
(nonvolatile liquid) without losing the antireflection.”” Such a
layer is capable of absorbing liquid water and was applicable to
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Figure 1. Scanning electron microscopy (SEM) micrograph of a cross
section of a substrate with an antireflection coating based on spinodal
phase separation [ref 14]. The average reflection in the visible region
from the coating was 0.5—0.6%.

antifogging, and the mechanism is indicated in Figure 2. When
the temperature dropped to the dew point, excessive water

Antifogging mechanism using a porous glass layer
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Figure 2. Mechanism of antifogging coating based on a porous layer.
‘When an optical window suffers a decrease in temperature, the relative
humidity near the substrate increases. As the relative humidity
increases, the porous layer starts to adsorb water, instead of forming
drops of water on the surface. The porous layer is thick enough to
accommodate excessive water generated from the interior space,
keeping the effective dew point in the neighborhood of coated surface
below the practical temperature.

nearby could be incorporated into the porous film, leaving the
surface free of drops of water. Pores of the coating were tens of
nanometers in size, and the ratio of the thickness to the size of
pores reached 200—400. Therefore, the coating probably
resembled a bulk in the adsorption behavior. In the present
study, for the accuracy of the amount of adsorption, bulks of
porous silica having a thickness of ~1 mm were used to
investigate the adsorption/desorption in contact with a
circumstance with the precisely controlled relative humidity

7449

B EXPERIMENTAL SECTION

Glass with a composition of Na,O, B,03, SiO,, and Al,O; was provided
by Akagawa Glass Company (Osaka). The glass composition was
designed so that it was capable of forming porous structures having pore
sizes from 10 to 20 nm, and porosities up to 65% after phase separations
at temperatures from 530 to 600 °C. First, the glass was melted at 1400
°C, poured into a mold, and then annealed at 400—550 °C. A block thus
obtained was allowed to phase separate at about 540 °C for 80 h with an
aim of 15 nm. Two other glasses with aims of 10 and 20 nm were
prepared by setting the phase separation times to 25 h (hours) and 200
h, respectively. After phase separations, the glass blocks were cut into
plates with a size of 3 cm X 3 cm X 1 mm, and two sides of the plates
were polished to an optical grade. The surface roughness (Ra) prior to
the etching was estimated to be 0.6—1 nm according to the conditions
of polishing. For comparison, a glass with an aim of 50 nm was prepared
from a composition that was modified by changing the content of Al,O;
and the phase separation at 600 °C. Etching conditions of the phase-
separated plates are described in Table 1 as well as those of the

Table 1. Description of Preparation Conditions of Etching
and Measurements of SEM and Adsorption/Desorption”

preparation of samples measurements

etching, 90 °C water contents, 25 °C

¢ acid period SEM  equilibria kinetics
S50nm 05MH,SO, 20h yes  40—99%
15nm 00 mL 20h (RH)
72h  No adsorbing at
98%, 96%, 94%
(RH)
desorbing at
85%, 80%, 70%
(RH)
10 nm
20 nm
4 nm unknown

“The sample of 4 nm was a Corning’s vycor glass (no. 7930). Kinetics
of adsorption/desorption were measured on a 15 nm sample prepared
by etching for 72 h.

subsequent experiments. As the normal condition of the etching, each
phase-separated glass was etched in 500 mL of 0.5M H,SO, with
stirring at 93 °C for 20 h. For comparison, a vycor glass (Code No.
7930) with a pore size of 4 nm was purchased from Gikenkagaku. As to
the nanopores of 15 and 50 nm samples, surfaces and cross sections
were observed with a scanning electron microscope (FE-SEM $-4800,
Hitachi). In a series of 10, 15, and 20 nm samples, the etching period
was extended to 72 h to minimize the influence of silica gel, which was
formed due to the low solubility of silica in acid."* All pore sizes (¢)
aimed by the mentioned conditions were expressed according to
mercury intrusion porosimetry.

Prior to the adsorption experiments, three samples were heat-treated
at 200 °C for S h; these were considered as references of the dehydrated
states. For adsorption and desorption processes, two series of
experiments were performed using an environmental test chamber
(Espec, PL-2J), in which the plates of porous glasses were placed
directly on a Teflon tray in a semi-infinite fashion. First, to obtain
equilibrium adsorption amounts as a function of humidity, the samples
were kept at 25 °C in various humidities from RH33% to RH99% for 10
h or overnight, and the weights were measured in less than 10 s
(seconds) using an electronic balance (Asone, IBA-200) with an error
of +0.2 mg. Of the equilibrium states, it was confirmed that there were
no remarkable changes after exposures beyond 10 h under several
typical conditions. Second, the kinetics of the adsorption of a 15 nm
sample was investigated by exposure to RH94%, RH96%, and RH98%
with time steps of 30 min and 1 h toward a saturated state, whereas that
of the desorption from the saturated state was monitored by exposing to
RH70%, RH80%, and RH85%, respectively.
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For convenience, the humidities are transformed to Kelvin’s
diameters by the following equation

Vi

Tl P
RT In;o (1)

where @ is Kelvin’s diameter, y is the surface tension of water, and V,,
molecular volume of liquid water. R, T, and P/P, are gas constant,
absolute temperature, and relative humidity, respectively.

B RESULTS

Figure 3 shows equilibrium adsorption amounts for three glasses
of 4 nm (vycor), 15, and 50 nm (20 h) during both adsorption
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Figure 3. Equilibrium amounts of adsorption of water as a function of
Kelvin diameter for samples of S0, 15, and 4 nm (vycor glass). Kelvin
diameters are transformed from humidities using eq 1.

and desorption procedures from RH33% to RH99%, in which
weights at RH33% were used as the references. The adsorption
amounts failed to follow the same curves during the two
procedures and showed hysteresis loops. For example, in the
sample of 50 nm, the equilibrium adsorption amount increased
sharply above 100 nm (RH98%) with the increasing humidity
but dropped remarkably between SO and 70 nm (RH96% to
RH97%) with the decreasing humidity. In a sample of 15 nm, the
loop was also distinct in the region from 15 to 30 nm. Below
RH80%, however, the loops became less notable in both
samples, although adsorptions up to one-third of the total
amounts occurred in this region. In addition, the vycor glass also
showed a well-developed hysteresis from 4 to 8 nm.

As for the states of adsorption, two preliminary experiments
were carried out on the three glasses. First, prior to the
adsorption experiments, the weights in the dehydrated states
(heat-treated at 200 °C) were measured. The results are shown

in Table 2, with those at RH40% and RH99%, and the
differences in the weight (AW) between RH40% and RH99%.
Second, the three glasses were inserted directly into distilled
water, and then their weights were also measured after taking out
and removing drops of water at corners with a clean paper. It was
found that the weights were essentially the same as those
observed at RH99%. The volumes corresponding to the
skeletons and the pores were calculated for all of the samples
using densities of 2.2 and 1 g/cm? for the skeletons and adsorbed
water, respectively, and the results are also included in Table 2
(see Discussion).

Figure 4 shows the SEM micrographs of 15 and 50 nm
samples. In Figure 4A, both surfaces give well-developed

(A) Surfaces exposed to etching

I5nm

54800 SI0kY/ 3.9mem 150k SE M)

(B) Cross section

Figure 4. (A) SEM micrographs of the surfaces of the 15 and S0 nm
samples subjected to etching. (B) SEM micrographs of the cross section
of the 50 nm sample. Numbers in the left micrograph denote the areas
for the right ones with high magnifications.

spinodal skeletons, which suffer direct contact with acid during
etching. Figure 4B shows the SEM micrographs of the cross
section of the 50 nm sample. Much silica gel is left in the

Table 2. Characteristic Amounts of Adsorption for the Spinodal Porous Samples”

weight (g) calculated volume (cm?®)

samples 200 °C SH (dehydrated) RH40% RH99% (saturated) AW (g) RH40% — 99% skeleton H,0 total
Vycor 4 nm 1.130 1.185 1.407 0.222 0.514 0.277 0.891
1Snm_20H 1.063 1.110 1.508 0.395 0.483 0.442 0.925
S0nm_20H 1.127 1.146 1.530 0.384 0.512 0.403 0918
10nm_72H 0.889 1315 0.426 0.404 0.830
1Snm_72H 0.838 1.381 0.543 0.381 0.924
20nm_72H 0.800 1.343 0.543 0.364 0.907

“The weights of the samples in the three states [heat-treated at 200 °C (dehydrated state), RH40% and RH99% (saturated state)], and the changes
in the adsorption amount (AW) from RH40% to RH99% are shown in left columns. The volumes of silica skeleton, adsorbed water in saturated

states, and the total ones are included in the right columns.
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intermediate region, which results from the low solubility of
silica in acid.'*"” Cross section of the 15 nm sample was also
investigated (not shown), but the SEM images were
unaffordable for distinguishing the state of pores, probably
because of a fact that the size of silica colloids falls into the same
range as those of the silica skeletons and the pores.

Figure 5 shows the equilibrium amounts of adsorption of
water for the series of 10, 15, and 20 nm, in which silica colloids
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Figure S. Equilibrium amounts of adsorption of water as a function of
Kelvin’s diameter for 10, 15, and 20 nm samples prepared by prolonged
etching.

are removed to lesser degrees by prolonged etching. Each of
them shows a well-developed loop. In 15 and 20 nm samples, the
adsorption from 4 to 8 nm is suppressed, and the shoulders in
the region of 15—30 nm are still notable during the adsorption
procedure. As mentioned above, the equilibrium weights at
RH40% and RH99% and the changes in weight are included in
Table 2.

The kinetics of both adsorption and desorption of the 15 nm
sample were investigated up to 6 H, and the results are shown in
Figure 6. During the two procedures, linear regions were noted
in the adsorption amounts with time. The kinetics fluctuated in
the first hour of the adsorption process. In the desorption
process, some tails appeared at later stages toward new
equilibrium states on exposure to lower humidities.

B DISCUSSION

In porous materials, there is always the issue of mechanical
strength, especially from the point of view of capillary force.'® In
mesoporous silica, attempts were made to improve the strength
of the powder by hydrothermal treatment, enlarging pores by
templets, etc.'””” As to the mechanism, a minus pressure of
—4y/¢ is caused in the adsorbed water and acts on silica
skeletons as compressive stress expressed by eq 2.

__l-n4r
no¢ (2)

where o is the compressive stress of silica skeletons at the side of
the occupied region, 77 is the occupancy ratio of skeletons, y is the
surface tension of water, and ¢ is the diameter of the pores.
Corresponding to such a shrinking force, there is a tensile force
outside the occupied region. During drying or adsorption, this
tends to induce the destruction of the porous structure at the
interface between occupied and unoccupied regions.

By comparison with the sol—gel materials such as mesoporous
silica, etc., spinodal porous silica affords a larger ¢, lowering o. If
¢ = 15 nm, o is estimated to be —30 MPa. In addition, the
skeletons of silica essentially consist of Q* units,”’ other than
those of sol—gel materials, which certainly contain a fraction of
Q* and Q’ units. During etching, the SiO, component in the
phase of borate glass is released immediately, giving rise to a
saturation concentration of SiO, in acid and the formation of
silica colloids. This plays a role in keeping the silica skeletons
from deteriorating. Namely, the skeletons of silica probably
undergo little change during etching and resemble high-
temperature silica in structure. In addition, the stress caused
by the capillary force is considerably low compared with the
mechanical strength of the silica glass.”> These factors may
account for the strength of spinodal silica.

Of silica gel in pores, silica colloids are brought out slowly by
acid during the etching. Because of the thickness of 1 mm, the
silica colloids tend to be left in the deep region, as seen in Figure
4B. When a comparison is made between weights of the two 15
nm samples in Table 2, a reduction (silica gel) of 0.272 g at
RH40% caused by prolonged etching results in an increase of
0.148 g in the adsorbed water (AW) in the saturated states. In
this case, water replaces the silica gel removed. By assuming a
density of 1 g/cm? for the adsorbed water, silica gel is estimated
to have an average density of 1.8 g/cm’. If the volume of
adsorbed water (0.047 g) at RH40% relative to the dehydrated
state is taken into consideration, silica particles in the gel are
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Figure 6. Adsorption amounts of water in the 15 nm sample as a function of time. (A) Adsorption toward the saturated state when kept in humidities
higher than the threshold of RH93%. (B) Adsorption with time when exposed to lower humidities from the saturated state.
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expected to have a net density of 2.2 g/cm?. It is very close to that
of silica glass. Hence, under the present etching conditions, silica
particles in the pores (Figure 4B) seem quite dense too.
Furthermore, irrespective of the dehydration and the
adsorption/desorption processes, all the porous glasses
essentially give the same equilibrium amounts of water against
@ (humidity), unless the direction of the variation of humidity is
changed. All phenomena strongly suggest that little hydration
(Si—0-Si + H,0 — Si—OH + HO-Si) occurs either on the
surface of the silica skeletons or in the silica gel under ambient
conditions. For convenience, volumes of both silica (silica
skeletons + silica particles) and pores (=volumes of the
maximum adsorptions of water) were calculated and the results
are listed in the right columns of Table 2. As to the three samples
exposed to prolonged etching, adsorbed water below RH40%
was disregarded.

On the basis of the above arguments, the changes in weight
against humidity are exclusively ascribed to either condensation
or desorption of water within pores, in which spinodal pores are
responsible for the loops of the adsorptions. Values of ¢,
extrapolated from the upper regions of the desorbing curves, are
found to be in good agreement with the sizes of pores (¢)
expected by mercury intrusion porosimetry, by which all of the
conditions of phase separation are decided.

The apparent size of pores varies due to the precipitation of
silica colloids, and silica colloids themselves also form little
pores. In Figure 3, the adsorption in the region of 4—8 nm in the
15 and 50 nm samples coincides with the distinct loop in the
vycor glass. In fact, much colloidal silica was formed in early
vycor glasses,””** where it played a role in the subsequent
densification as the silica component. Therefore, the accumu-
lation of silica colloids is responsible for the adsorption of 4—8
nm. With the progress of etching, silica colloids are brought out
by acid, few silica colloids are deposited onto the wall of silica
skeletons during drying. A schematic model is described in
Figure 7. That is, the apparent pore size decreases from ¢ to ¢,

P

AN

%

Figure 7. Illustration of influence of silica gel on spinodal pores. The
apparent diameter of pores varies from ¢ to ¢’ due to the precipitation
of silica particles formed during etching.

where ¢’ may be expressed as ¢ — d, and d is the diameter of
silica colloids. The shoulders that were noted in the adsorption
curves of 15 and 20 nm samples in Figure S are ascribed to the
contributions of ¢’.

It should be mentioned that nanopores are usually
investigated by mercury intrusion and low-temperature nitrogen
adsorption, respectively. Here, it is clearly demonstrated that the
equilibrium amounts of water against ¢ provide the quantitative
information of pores as a function of size.

According to the serial paper,'” oil from greases was absorbed
in the region of the interface of the porous layer due to an
increased capillary force, where the pores were terminated or
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some silica colloids might be left after etching. A similar situation
existed for the adsorption of water in the intermediate region in
Figure 4B and in the narrowed pores in Figure 7. Namely, the
linear changes in the adsorption amount with time in Figure 6
were characteristic of spinodal pores. However, the fluctuation
behaviors deviating from the linearity at an early stage in Figure
6A and at a later stage in Figure 6B are ascribed to contributions
from the narrowed pores. On this assumption, the level of liquid
water moved gradually depending on the adsorption amount in
the linear regions. However, a mechanism of vapor diffusion
across the unoccupied region was excluded from rate-
determining because it failed to explain such linear relations.
The ad/desorbing behavior was tentatively attributed to
diffusion in the neighborhood of surface,” as expressed by eqs
3 and 4. The driving force arose from the difference in the
chemical potential between the vapor state in circumstance, 1,
and the liquid state in spinodal pores, 4,

,ug=ﬂ0+RTlnH 'up:ﬂpore (3)
=K B
J=-Be—2 = (4 +RTInH —p_)
fe fe ’ ()

where y, is the standard chemical potential of liquid water, H is
the relative humidity, ] is the transport of water, B is the mobility
of water driven by the chemical potential gradient, ¢ is the
concentration of water contributing to diffusion, and . is the
critical thickness of the diffusion. Once the vapor of water
condenses on the surface, the water moves through the porous
structure quickly, probably via a flow on the wall of silica
skeletons, an effect of the capillary force.

Based on this assumption, the velocities of adsorption per
surface area were calculated from the slopes, and are plotted as a
function of In H in Figure 8. There are thresholds of RH93% and
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Figure 8. Adsorption rates as a function of In H in the 15 nm sample
prepared by prolonged etching. Values of 93 and 88% are obtained by
extrapolating, indicative of the threshold humidities for the two
processes.

RH88% for adsorption and desorption, respectively, which
correspond to Kelvin’s diameters of 29 and 17 nm, respectively.
A similar phenomenon has been noted as the “ink bottle effect”
in concrete,”® which is qualitatively explained as the existence of
smaller openings for accessing larger voids in interconnected
pores. Here, in a precise sense, the diameter of 29 nm limits the
complete wetting of the structure during adsorption, whereas
that of 17 nm restricts drainage from the saturated state. This
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seems understandable from the feature of spinodal pores in
Figure S.

As for the demand for antifogging in Figure 2, the porous layer
should remain empty of water until an increase in humidity.
Above a critical humidity, it starts to accommodate excessive
water as much as possible from the atmosphere to keep the dew
temperature under practical temperature. On the other hand,
once the porous layer has adsorbed water, it is desirable for the
porous layer to recover with a decrease in humidity.

Maximum humidity at night and minimum in the daytime are
taken into consideration to design the pores of coating. Weather
data of most cities in Japan are available.”” In Tokyo, most of the
maximum humidity observed at night is lower than RH93%. On
the other hand, the minimum humidity drops beyond RH80%
under normal conditions even during the rainy season. For
desorbing water below RH80%, a pore larger than 12 nm is
necessary, as shown in Figure 5. If the recovery is emphasized, a
porous coating with a diameter of pores larger than 12 nm is
considered suitable for the antifogging in Tokyo. For
applications elsewhere, the diameter needs to be adjusted
according to the respective conditions of humidity. With the
same reference of mercury intrusion porosimetry, the require-
ment for suppressing the adsorption is more attainable due to
the “ink bottle effect”. Ratios of ¢,4/@4. are analyzed from the
curves of adsorption and desorption in the middle region of the
loops for the 15 and 20 nm samples in Figure S and the 15 nm
sample in Figure 3, and all of them give a value of ~1.7. Here, the
@.4/ @q. is regarded as a measure of the “ink bottle effect” for the
ideal spinodal pores. Namely, the diameter of the pores can be
designed according to increased humidities at night on the basis
of (pad/ D e

As for the control of spinodal pores, two phases are coarsened
during the phase separation, and the size of the silica skeleton, L,
varies with time, t, following a relationship [, ~ 3\/5,16 which is
derived by the interface energy between the two phases. In fact,
the three samples of 10, 15, and 20 nm are obtained by adjusting
the period of phase separation. For the 1S nm sample
(15Snm_72H), Table 2 provides an occupancy ratio of silica
skeletons of ~41% from the respective volumes (0.381/0.924).
L is estimated to be 11.7 nm based on the SEM micrograph in
Figure 4A, following a calculation method in ref 15. From these
59%
41%
) is obtained, in good agreement with the results of the
adsorption in Figures S and 8. Meanwhile, to the best of our
knowledge, the ratio of @,q /@4 is essentially unchanged,
provided the phase-separated glasses undergo etching smoothly.

The thickness of the porous coating film in ref 14 ranged from
2 to 7 um. Such thicknesses make it easy for silica colloids to be
extracted during etching, which is seen in the SEM microscopy
images in Figure 1. In the practical application of the antifogging
coating, thickness X porosity should be large enough to
accommodate excessive water arising from the interior space
in Figure 2 when subject to a drop in temperature outside. For
example, for a change in circumstance condition from 15 °C and
RH70% to 0 °C and RH100%, 3.4 g of water is generated per m*
on the basis of the psychrometric chart. Based on the porosity of
65%, the capability of the antifogging is inferred to be ~19 cm/
pm, which means that 1 gm of the porous layer accommodates
excessive water caused from a space of ~19 cm in depth.

In Figure 8, a maximum adsorption rate of ~0.01 g/ cm2h™!
can be expected by extrapolating the adsorption line to RH100%

parameters, an average width of pores of ~16.8 nm (11.7 X
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(In H = 0). This is equivalent to a rate of ~2.5 ym/min for the
movement of liquid water into the porous coating.

B CONCLUSIONS

The adsorption/desorption of water with the spinodal pores was
investigated on the bulks of porous glasses having a thickness of
1 mm. The 15 nm sample, which was obtained by the prolonged
etching, showed threshold humidities of RH93% and RH88%
during adsorption and desorption, respectively. Ideal spinodal
structures gave favorable loops, which were characterized by the
@,/ Pge ratio of ~1.7 and resembled the “ink bottle effect” in the
literature.

For the application of an antifogging coating in Tokyo, pores
larger than 12 nm in size were inferred effective, which keeps the
pores empty of water under normal conditions and further
allows them to recover in ambient circumstances after the
adsorption of water. In the case study, a porosity of 65% in the
antifogging coating was estimated to give an adsorption

capability of 19 cm/um.
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