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The pore size and the porosity of a nanoporous silica are often highly correlated. In the current investigation,
based on the phenomenon that calcination temperature has a much more pronounced influence on the porosity
than the pore size, we developed the post-processing calcination (PPC) technique to decouple the pore size and
the porosity. As PPC temperatures were precisely controlled for silica monoliths of different initial pore sizes,

their porosities could be tailored to a similar level, while the changes in pore sizes were quite mild. Powder
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X-ray diffraction analysis showed that the PPC treatment did not affect the amorphous nature of the silica phase.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Nanoporous materials are being intensively studied in chemical,
environmental, biological, energy, and medical science and engi-
neering areas [1-6], and recently also in mechanical engineering
[7-10]. A nanoporous material may be in powder form, in membrane
form, or in monolithic form. Particularly, nanoporous monoliths,
which will be referred to as nanofoams in the following discussion,
are important to applications where a certain structural integrity is
required for filtration, absorption and adsorption, purification, or gas/
liquid conduction components [11-13]. A nanofoam has a macroscopic
size, while the nanopores provide a large inner surface area and a con-
fining nanoenvironment [14,15].

Nanofoams with the average pore sizes spanning from a few nm to
hundreds of nm can be made of metals/alloys, polymers, or ceramics
[11-13]. Metallic nanofoams may be synthesized by platinum, gold,
copper, etc. through dealloying, templating, nanosmelting, combustion
synthesis, etc. [12,16-18]. Polymeric nanofoams can be prepared via
co-polymering, gas dissolution foaming, extrusion, etc. [11,19-21].
Ceramic nanofoams include nanoporous silica (SiO,), alumina (Al,03),
etc. They can be processed through sol-gel method [13,22-24]. The pro-
cessing techniques of silica nanofoams have been well developed for
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several decades [25]. Their average pore sizes could be reduced to a
few nm [26], and their porosities could be more than 90% [27]. In this ar-
ticle, the term “pore size” refers to the average pore size, unless it is
redefined.

For many applications, the porosity, ¢, and the pore size, d, of
nanofoams need to be independently adjusted in desired ranges.
For instance, while the specific surface area increases monotonously
with the porosity, if the ligament length is too small the strength of a
nanofoam would be low, so that the structural robustness is lost [27].
For another example, reducing the pore size would lead to a larger
total surface area; yet for conduction of solvated molecules or ions the
pore size must be sufficiently large, even if the pore surfaces are nomi-
nally wettable [28,29].

The porosity and the pore size of a nanofoam are often coupled [22,
30,31]. For instance, in a sol-gel process, a powerful approach to vary
the pore size is to change the mass ratio of different components [22,
24,32]. For another example, the silica nanofoams synthesized via
Shoup's method [22] have a wide range of pore sizes: The silica with
the pore size of ~310 nm has a porosity of ~76% (density
~0.52 g/cm?), while the silica with the pore size of ~50 nm has a poros-
ity of ~86% (density ~0.32 g/cm?).

In the current study, based on the phenomenon that the pore size
and the porosity have different sensitivities to the calcination tempera-
ture, we developed a post-processing calcination (PPC) technique for
silica nanofoams, to produce samples of similar porosity but different
pore sizes. This research has a wide applicability for catalysis, absorption
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and adsorption, energy conversion, and energy absorption, to name a
few.

2. Experimental

Silica nanofoams with various average pore sizes were first synthe-
sized, following the works of [22] for the foams with the average pore
sizes smaller than 500 nm and [13,33] for the foams with the average
pore sizes larger than 1 um, respectively. In the former method [22],
Sigma-Aldrich Ludox HS-40 colloidal silica was mixed with PQ Kasil-1
potassium silicate solution in a flask under magnetic stirring for
30 min, with the mass ratio in the range from 1:99 to 40:60. A larger
colloidal silica amount tended to cause a reduced pore size. A 25 wt.%
formamide solution, which was diluted in water with the mass ratio
of 40:60, was slowly added to the silica-silicate mixture and vigor-
ously mixed by a magnetic stirrer for 30 min. Then, the solution
was transported into a polypropylene plastic vial with the inner di-
ameter of 35.6 mm and the height of 16.3 mm. After aging at room
temperature for 24 h, the wet gels were rinsed first by 1 M ammoni-
um nitrate, then by 1 M nitric acid, then by deionized water at about
90 °C, and finally by pure methanol at room temperature. In the latter
method [13,33], Sigma-Aldrich tetramethyl orthosilicate (TMOS,
98%) was added to a 0.01 M aqueous solution of acetic acid, and
was thoroughly mixed in a flask under magnetic stirring for
30 min. In the acetic acid solution, Sigma-Aldrich polyethylene glycol
(PEG, with the average molecular weight of 10,000) had been dis-
solved. The TMOS to PEG mass ratio varied from 3.0 to 7.2, so as to
tailor the pore size. The mixture was then transported into a poly-
propylene plastic vial with the inner diameter of 46.2 mm and the
height of 21.6 mm. After aging at 40 °C for 72 h, the gels were washed
sequentially by 0.1 M aqueous ammonia solution at about 120 °C,
then by 0.1 M nitric acid and deionized water at about 90 °C, and fi-
nally by pure methanol at room temperature. In both methods, each
step of the rinsing process was repeated more than five times. After
that, the silica monoliths were thermally treated in a VWR 1330GM
oven at 80 °C for 72 h.

The obtained silica monoliths had different average pore sizes and
porosities, and the pore size and the porosity were strongly correlated,
as shown in Fig. 1(a). The average pore size was measured by mercury
porosimetry (Table 1), and the porosity was calculated from the
mass density. In order to decouple these two important parame-
ters, a post-processing calcination (PPC) treatment was carried
out on the silica monoliths in a MTI GSL-1700X horizontal tube fur-
nace at selected temperatures (Ts) for 1 h. The PPC temperatures
ranged from 850 °C to 1265 °C; it would affect both of the porosity
and the pore size, but at different rates, as will be discussed in the
next section. The ramp rate was initially set as 3 °C/min to keep the
total heating time relatively short; and when the temperature was
less than 100 °C away from T, was reduced to 1 °C/min, to mini-
mize over-shooting.

To obtain homogeneous samples, the surface layers [34,35] of PPC-
treated silica nanofoams were removed by a set of silicon carbide sand-
papers. Before the PPC treatment, the thickness of the monolithic silica
samples was 10-14 mm. After the PPC treatment, the thickness shrank
to about 8-9 mm. Nearly 1.5 mm thick surface layers from the top and
the bottom of the samples were first removed by 320-grit sandpapers,
followed by further polishing with 600-grit sandpapers until the sample
thickness was around 5 mm. Then, the sample thickness was reduced to
about 4.75 mm by 1200-grit sandpapers and finally to about 4.50 mm
by 2500-grit sandpapers.

The porosities of the silica nanofoams were calculated from their
mass densities [36]: c = 1 — p / pn, where p is the sample density and
Pn = 2.2 g/cm? is the density of solid amorphous silica [25]. The total
specific pore volume was estimated using v = c-V,/m [36], where V; is
the sample volume and m is the sample mass. The dimensions and the
porosities are shown in Table 2 and Fig. 2.

0.85 LEQ (a) |
2 L]
iy &
8 Untreated
= 0.80 F silica nanofoams E3 4
(¥ C]]
0.75F -
[ 1 [l [ L [
0.80 (b) .
iy 5 5
w E @ 1
g 0.60F QOO ® ©
A~ PPC-treated silica nanofoams
0.40 F -
L L A L i L

50 100 150 200 250 300 350
Average pore size (nm)

Fig. 1. The relationship between the pore size and the porosity of (a) untreated and
(b) PPC-treated silica nanofoams.

The pore size was characterized by the well-established Washburn
equation [37,38]: d = 40" cosf / Pug, where Py is the infiltration pres-
sure, 0 = 0.484 N/m is the surface tension of mercury, and 6-140° is
the contact angle. The mercury porosimetry was conducted by immers-
ing 0.5-1.5 g silica nanofoam in mercury in a hardened steel cylinder
with a closed bottom end. The inner diameter of the cylinder was
19.05 mm, and the height was about 40 mm. The top of the cylinder
was sealed by a hardened steel piston, equipped with a reinforced poly-
urethane o-ring. In an Instron 5582 machine, the piston was intruded
into the cylinder at a constant rate of 0.10 mm/min. The piston force
was measured by an Instron 50KN loadcell; the piston displacement
was recorded continuously by an Instron linear voltage displacement
transducer (LVDT). The system volume change, V, was calculated as
the piston displacement multiplied by the piston cross-sectional
area; the piston pressure, P, was calculated as the piston force divid-
ed by the piston cross-sectional area. Fig. 3 shows typical infiltration
curves. The profile of the infiltration plateau, Pyg, indicates the distri-
bution of pore size. The width of the infiltration plateau is associated
with the pore volume. Fig. 4 shows a typical curve of the first deriv-
ative of P with respect to V, dP/dV. It was used to determine the
range of the infiltration plateau. For self-comparison purposes, the
beginning point was taken as the location where dP/dV abruptly
dropped; the ending point was determined by the reference curve,
0.168 cm?® away from the peak loading (dP/dV started to depart
from zero). From the infiltration plateau, according to the Washburn
Equation, the minimum and the maximum pore size were calculated,
and the range of the pore size is listed in Table 1. The average pore
size was set as the average value of the minimum and the maximum
values, and the results are listed in Table 2. To evaluate the subcate-
gory of nanopores, the specific pore volume of macropores was cal-
culated through v’ = V/m, where V is the pore volume determined
from the width of the infiltration plateau. The ratio of v’/v was used
to estimate the volume percentage of macropores. The mercury
porosimetry results and the key processing parameters are summarized
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Table 1
Results of mercury porosimetry.

Component mass ratio TMOS to PEG  Colloidal silica to potassium silicate
5.5:1.0 1.3:98.7 7.5:92.5 12.5:87.5 17.0:83.0 22.5:77.5 27.5:72.5 35:65 40:60
PPC temperature (°C) 1230 1260 1262 1260 1258 1254 1251 1239 1228
Mercury infiltration pressure [0.75-1.89] [3.85-6.21] [5.06-8.01] [6.71-10.20] [8.45-11.87] [10.96-14.93] [14.77-20.55] [19.37-26.80] [24.45-32.91]
range (MPa)
Pore size range (nm) [780-1980] [240-390]  [190-290]  [150-220] [130-180] [100-140] [70-100] [60-80] [40-60]
Specific volume of macropores  0.61 0.61 0.61 0.58 0.57 0.59 0.60 0.58 0.56

(em’/g)

in Table 1. Fig. 1(b) shows the porosity of PPC-treated silica foams as a
function of the pore size.

The PPC-treated silica nanofoams were analyzed through powder
X-ray diffraction, by using a Bruker D8 Advance Diffractometer at
40 kV and 40 mA for Cu Ko (N = 1.5418 A). The scan speed was
0.1 s/step; the step size was 0.02°; the 26 range was 10° to 80°.
The XRD results are shown in Fig. 5. The silica nanofoams were also
observed under a FEI-XL30 environmental scanning electron micro-
scope (SEM) at 20 kV, with a spot size of 3.0. The SEM samples
had been coated with iridium using an Emitech K575X sputter coater
at 85 mA for 6 s prior to the observation. Fig. 6 shows typical SEM
images.

3. Results and discussion

Fig. 1(a) indicates that, without any PPC treatment, the nanoporous
silica samples demonstrate a strong correlation between the porosity
and the pore size. With the increase in the colloidal silica content, on
the one hand, finer structures would be formed during phase separa-
tion, leading to a smaller average pore size [22]; on the other hand,
the weight fraction of potassium silicate, which would be dealkalized
and polymerized [22], is also reduced, so that the porosity becomes
higher. Such a phenomenon is quite common in nanoporous materials
processing [e.g. 22,24,32].

After a silica monolith is synthesized, if it is calcined at a high
temperature, the porous structure could be largely modified. As
shown in Fig. 2 (a), when the PPC temperature, T, varies from 850 °C
to 1265 °C, the porosity (c) can be adjusted in a wide range highly
nonlinearly: From 850 °C to about 1100 °C, the porosity keeps nearly
constant, ~76-85%; from 1100 °Cto 1265 °C, the porosity decreases rap-
idly. For amorphous silica, it is the energy, Ey, obtained by the reduction
in surface area that promotes the viscous flow and the elimination of
pores; the obtained energy is the product of the specific surface energy
(7y) and the variation in surface area (A) [25]. According to Frenkel's
cylinder model [39], the calcination rate is proportional to y/(n-d),
where ) is the viscosity and d is the pore size. When the calcination tem-
perature is at the vicinity of the glass transition point, T, of amorphous
silica ~1200 °C [40], the viscosity of silica is highly dependent on tem-
perature, resulting in a rapid change in porosity [25]. This effect is
more pronounced as the initial colloidal silica to potassium silicate
ratio is higher, since smaller pores have a larger specific surface area;
that is, to reach a similar porosity, within the same treatment time,
lower calcination temperature is needed for smaller pores. According
to Fig. 2(b), the PPC temperature effect on the average pore size (d) is

quite mild. As Ty rises from 850 °C to about 1265 °C, the average pore
size changes somewhat linearly by 10-20%, within the range of pore
size distribution, suggesting that during the PPC process larger pores
tend to shrink more slowly [25,39]. The relatively mild variation in aver-
age pore size should be attributed to the balance between the
configuration change in smaller pores and the reduction of larger
pores [25,41].

The difference in the Ts-c and Ts-d relationships provides a feasible
method to independently adjust the pore size and the porosity. As we
begin with silica monoliths of desired pore sizes but different porosities,
and as the PPC treatment is conducted at appropriate temperatures, the
pore sizes would change only slightly while the porosity can be greatly
adjusted. Fig. 1(b) demonstrates that the PPC technique is quite suc-
cessful. Following the optimized processing parameters listed in
Table 1, the porosity of the treated silica nanofoams is similar, around
60%, while the pore size is controlled from tens of nm to more than
1 pm. Table 2 shows that all the PPC-treated samples have a similar den-
sity of about 0.85 g/cm?>, corresponding to a total specific pore volume of
~0.7 cm’/g.

The pore size distributions in the above discussion are measured
through the classic Washburn method, since the larger pore sizes ex-
ceed the range of gas absorption analysis [42,43]. In Fig. 3, it can be
seen that if no nanofoams are added to the loading cell, the compression
curve is quite rigid, as mercury is nearly incompressible. If a nanofoam is
immersed in mercury, initially when the pressure is low, infiltration
would not occur, due to the capillary effect. When the critical pressure
is exceeded, mercury is forced into the nanopores, causing the forma-
tion of an infiltration plateau in the sorption isotherm curve. The largest
nanopores are involved in the infiltration process first, and as the
pressure increases, smaller nanopores are filled. The relatively flat
infiltration plateaus indicate that the pore size distributions of the
PPC-treated silica nanofoams are narrow. This is shown more clearly
in Fig. 4(b), in which dP/dV fluctuates around zero until almost all
the pores are filled. The steep drop at the beginning of the infiltration
plateau is associated with the large decrease in effective system com-
pressibility. The width of the infiltration plateau was used to estimate
the pore volume of the macropores. As shown in Table 1, the specific
pore volume of macropores is about 0.6 cm>/g, regardless of the pore
size; in Table 2, the total specific pore volume is about 0.7 cm®/g.
Thus, about 85% of the pores are on the macroporous level.

Fig. 5 shows the XRD results. The broad peaks around 26 =~ 22°
suggest that the PPC-treated silica nanofoams all exhibit a short
range order [44]; that is, the PPC temperature, Ts, in the current in-
vestigation does not influence the amorphous nature of the silica

Table 2

The parameters of PPC-treated nanofoams.
Average pore size (nm) 1380 315 240 185 155 120 85 70 50
Diameter (mm) 229409 22.6 +£ 0.1 223403 22.6 + 04 22.6 +0.2 235+03 23.0+03 237+ 05 242403
Thickness (mm) 4.51 4 0.02 4.51 4 0.01 4.53 4+ 0.01 4.51 4+ 0.01 4.53 4 0.01 4.53 4 0.01 4.51 4 0.01 4.52 4 0.01 4.52 4+ 0.01
Porosity (%) 59.6 + 2.7 62.7 +£ 09 61.6 + 0.9 60.7 +£ 1.2 59.5 + 0.8 624+ 14 59.1 £ 2.0 60.0 + 1.5 60.0 + 1.3
Specific pore volume 0.71 4+ 0.12 0.76 4+ 0.03 0.73 4+ 0.03 0.70 + 0.04 0.67 £ 0.02 0.76 4 0.05 0.66 + 0.06 0.68 + 0.04 0.68 + 0.04

(em’/g)
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Fig. 2. Effects of the PPC temperature, T, on (a) the porosity and (b) the average pore size
of silica nanofoams.

phase. Fig. 6 confirms that the porous configurations of PPC-treated
silica nanofoams are similar. All the pores are interconnected and
open. The ligament length is correlated with the pore size, as it
should be.

4. Conclusions

As the calcination temperature varies around the glass transition
temperature of amorphous silica, the overall pore size distribution of
a silica nanofoam does not change much while the porosity can be-
come significantly different. Based on this phenomenon, a post-
processing calcination (PPC) technique is developed to decouple
the pore size and the porosity. When the PPC temperatures are ap-
propriately chosen for silica monoliths of different initial pore
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Fig. 4. Definition of the infiltration plateau: (a) a typical sorption isotherm curve showing
the relationship between P and V; (b) dP/dV.

sizes, their porosities may be adjusted to a similar level while the
variations in pore sizes are quite mild. In the current study, the PPC
parameters are optimized to obtain silica nanofoams of a similar po-
rosity around 60%, with the pore size broadly ranging from dozens of
nm to more than 1 um.
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Fig. 6. Typical SEM images of PPC-treated silica nanofoams, with the average pore sizes of (a) 50 nm, (b) 85 nm, (c) 185 nm, (d) 315 nm, and (e) 1380 nm, respectively; (f) photo of a

nanofoam sample. The porosities of all the silica nanofoams are ~60%.
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