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SUMMARY

Thermal superinsulation materials play a key role in reducing energy consump-
tion. In this article, flexible polyimide aerogel-like films are developed by a facile
non-solvent-induced phase separation combined with ambient drying method.
The pore structure and insulation properties are well controlled by changing
the compositions of the coagulation bath. Polyimide films with macro-nano
hierarchical pore structure and uniform nanopores are prepared by adjusting
the content of water and alcohol as the non-solvent. The relationship between
the insulation performance and textured structure of polyimide was studied. Af-
ter optimization, the produced film achieved a low thermal conductivity of 0.019
W-m "-K " but good tensile strength of 89.6 MPa, compared favorably with
literature results. Hence, this article demonstrates that application of the facile
phase inversion method to prepare porous polymers can be expanded from desa-
lination or gas separation fields to insulation for energy-saving purposes.

INTRODUCTION

The energy crisis and environmental deterioration are the greatest challenges facing humankind. To battle
these issues, considerable efforts have been paid on application of renewable energy sources. On the
other hand, reducing energy consumption is also equally important as this reduces energy requirement
burden, but receiving less attention. Among various energy consumption categories, thermal energy ac-
counts for a large proportion. Adopting superthermal insulation is a promising strategy to reduce thermal
energy consumption.'” For this purpose, aerogels have attracted intensive attention because of their ul-
tralow thermal conductivity (2) values.>* In contrast to conventional insulation materials typically having
A in the range of 30-40 W-m~'-K™", opacified silica aerogel has thermal conductivity as low as 0.017
Wem~"-K~"° Resorcinol-formaldehyde aerogel even lowers the A value t0 0.012W+m~"-K~". The ceramic
aerogel composites containing nanoporous silica aerogel and aluminoborosilicate ceramic nanofiber
possess thermal conductivity of 0.0224 W-m~"-K~".” However, the application of these two aerogels is
very limited because of their fragility and the complexity of the production process. To avoid the brittleness
associated with these rigid materials, robust aerogels have been developed using flexible polymers. For
example, polymeric aromatic isocyanate has been used to prepare the gel by supercritical carbon
dioxide drying method. The resultant polyurethane aerogel displays the thermal conductivity of 0.022
Wem~"-K~".% Polydicyclopentadiene aerogels grafted with polymethyl methacrylate can be obtained via
the supercritical drying and exhibits a thermal conductivity of 0.039 W+m~"-K~". The mechanical strength
of flexible aerogels can be further improved by using high strength polymer. Polyimide (Pl) is a high-per-
formance polymer with applications in a wide temperature range (-200-400°C) and with intrinsically low
thermal conductivity and superior mechanical performance. Studies have been rarely reported on Pl aero-
gel preparation. Although these Pl aerogels are promising candidates in thermal insulation, their real ap-
plications are still restricted because of the time-consuming and high-pressure process with safety con-
cerns. Based on supercritical drying method, many types of aerogels have been developed including PI
aerogels from cross-linked poly (amic acid)'® and ring-opening metathesis polymerization.'' The Pl aero-
gels prepared by supercritical drying method achieved low thermal conductivity (0.14-0.31 Wem~"-K™")
and high tensile strength from 0.27 to 11 MPa.'%"'* Freeze drying is another drying method to prepare aero-
gels. Aerogels were prepared by freeze drying including Pl aerogels, elastic aerogels of cellulose-MOF,"®
super flexible boron nitrite aerogel,'® carbon/sulfur aerogel,'” and super elastic cellulose nanofiber aero-
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Scheme 1. The chemistry of thermal imidization process of PAA to obtain PI films

0.0052 to 5.2 MPa.'”?" Generally, the preparation steps for these aerogels include sol-gel polymerization,
solvent-exchange, and control drying (supercritical drying or freeze drying); the overall process is slow
requiring a few days. In these conventional techniques, the supercritical or freezing drying method is
needed to overcome the mechanical stress otherwise the collapse of the pore structure would occur.
The complex process and high pressure requirement severely limits the productivity and greatly increases
the cost. It is vital to develop a simple route to prepare aerogels for super-thermal insulation. Phase sep-
aration or inversion technique has been widely applied for nearly 40 years to prepare various porous poly-
meric membranes for desalination purposes inspired by the invention from Dr. Srinivasa Sourirajan.””?
Dr. Sourirajan were commented by Roberto Goizueta Professor, Menachem Elimelech, in Yale University
that he should have received two Nobel Prizes — one for science and one for peace because his pioneering
work had inspired a multicontinental major, the global membrane separation market worth $50.3 billion
USD in 2021 to nourish life by providing accessible clean water worldwide.”’"** However, the application
of Dr. Sourirajan’s method to prepare porous polymeric film for insulation to save energy consumption
is rarely reported. The techniques to prepare porous membranes for separation cannot be simply bor-
rowed to prepare thin films for insulation purpose as the former requires the porous structure in thorough
connectivity but the latter requires the presence of more closed pores.

Herein, we report the phase inversion and ambient drying method to prepare polyimide aerogel-like films
with super low thermal conductivity and high mechanical property (Scheme 1). In this method, the tedious
procedures of solvent exchange and high pressure supercritical drying normally encountered in conven-
tional processes are no longer needed. An important aspect of this paper is the fundamental understand-
ing of this phase separation method to prepare insulation films by correlating the film structure, thermal
conductivity and mechanic properties. The porous film achieves a low thermal conductivity (0.019
Wem~"-K™") and high tensile strength (89.6 MPa). Compared to conventional technology, this method
via phase inversion has been significantly simplified, paving the way for the development of superior ther-
mal insulation polymer films which are occupying a significant part in the global multi-billion-dollar insula-
tion market.

RESULTS AND DISCUSSION

The porous structure is formed during the phase separation process induced by the non-solvent. Pl films in
different thickness with hierarchal or homogeneous pore structure can be achieved just by manipulating
the compositions of the coagulation solution. In this phase separation process, the composition of non-sol-
vent plays a vital role in the final porosity of the formed Pl aerogel (Figure 1). When pure water was used as
the non-solvent, the resultant films showed typical hierarchical porosity featuring by dense mesoporous
skin-layer, macroporous core, and thick skeletal framework with uniform nanopores (Figure 1A). The effects
of the ethanol content on the pore structure of the Pl films were investigated by adding ethanol into water
at an increasing step of 10%. The gradual evolution of the morphology of the Pl films is shown in Figures 1
and S1. For comparison, a Pl film obtained by solvent evaporation was also examined, which showed a
nonporous structure (Figure S1L). Addition of 20% ethanol in the coagulation bath reduced the number
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surface cross-section

Figure 1. Morphologies and microstructures of polyimide films from coagulation baths comprising different
ethanol and water ratios

Samples from a to e were obtained from coagulation baths containing pure water, 80% water/20% ethanol, 60% water/
40% ethanol, 30% water/70% ethanol; 10% water/90% ethanol, respectively. With the addition of ethanol, the macro voids
disappeared and the film structure changed from hierarchal micro-nano porous to homogeneous porous whereas the
surface of the film changed from slight porous to highly porous (A-C). When the ethanol content reached 70%, the pore
size reduced to a minimum value (D). Further increase of ethanol in coagulation bath resulted in partially fused surface
pores (E left), larger inside pores in thicker walls (E right).

and size of macro-voids (from tens of microns to hundreds of nanometers) (Figure 1B). Many of these pores
are interconnected. With increasing ethanol in the coagulation bath to 40%, the macro-voids disappeared
and the film became symmetric (Figure 1C). The interconnectivity of pores gradually decreased with the
increase of ethanol content in coagulation bath. On further increasing the ethanol content up to 70%,
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Figure 2. Safe drying strategy (A) and insulation mechanisms (B) of hierarchical Pl aerogels

(A) The tunnels between large pores allow the solvent vapor to escape uninhibited. The thin wall skeletons reduce stress
from drying of small pores, leading to a safe drying process without pore collapse.

(B) The reduced heat radiation is because of the reflection and scattering on the interfaces of the pore walls (1). The
phonon conduction is also reduced because of the highly tortuous transport route along with the pore walls (2). Heat
transfer by convective flow gas only occurs in large and connected pores (3). The heat conduction via hot gaseous
transport is reduced by the pores with low interconnectivity (preventing convective flow gas).

the frame walls became thicker and the pore size decreased with lower interconnectivity (Figure 1D). The
film made from the coagulation bath with an ethanol content of 70% produced the smallest pores. When
the ethanol content reached 90%, the pore walls became thicker and the pore size was enlarged (Figure 1E).
Most of the structural differences in the phase inversion films can be rationalized in terms of the basic ther-
modynamic and kinetic relationships of solvent diffusion from PAA phase to non-solvent during phase sep-
aration.”” When the homogeneous PAA casting solution is immersed in the coagulation bath, N,N-Dime-
thylformamide (DMF) solvent diffuses and leaves whereas non-solvent enters the film. At the interface of
DMF and non-solvent, polymer precepted spontaneously because of phase separation.

When using a strong precipitant such as pure water, a dense skin with much reduced porosity immediately
forms on the surface of the film (Figure 1A, left and middle). This skin-layer blocks the inward diffusion of the
non-solvent and the outward diffusion of casting solvent.’® Because of the dilution of the casting solvent by
the entrapped non-solvent, phase separation of the solution beneath the skin slows down, which trans-
forms the PAA solution to a polymer-rich phase and a polymer-lean phase (solvent-rich phase). The SEM
images of the film cross-section (Figure 1) clearly show that the voids were isolated and surround by contin-
uous polymer phase. Such a morphology formation suggests that the phase separation underwent a pro-
cess of nucleation and growth of solvent-rich phase.”’ The solvent-rich phase gradually grew up with the
non-solvent penetration through the surrounding continuous polymer-rich phase. The interfacial boundary
between the polymer-rich phase and the solvent-rich phase gradually transferred to polymer-rich phase,
and the formed macrovoids were originated from the solvent-rich phase. On the other hand, the poly-
mer-rich phase transformed to a solid phase. During solidification, phase separation continues to complete
within the polymer-rich phase, leading to the yield of nanoporous structure. A hierarchical micro-nano in-
terlocking structure was thus formed. When ethanol was added into the coagulation bath, the non-solvent
was not as strong as pure water. This resulted in a higher affinity between PAA and non-solvent, slowing
down the phase separation rate. Therefore, skin-layer phase separation was retarded from initially and
instantaneously fast rate,”’ thus the surface of the film became porous (Figures 1D and 1E left). The porous
skin exerted a lower resistance to the diffusion of solvent and non-solvent, therefore the phase separation
inside the film bulk occurred in a shorter period. The solvent-rich phase could not be sufficiently expanded
because the fast non-solvent diffusion leads to the solidification of polymer-rich phase or the formed film
with homogeneous porous structure consisting of smaller and more closed pores. The further increase of
ethanol in coagulation bath resulted in partially fused structure on the skin which might enhance the
diffusion resistance of the solvent and non-solvent. Furthermore, the higher affinity between the PAA
and the non-solvent resulted in delayed phase separation inside the film bulk, producing thicker solid
walls and enlarged pores. The gradual morphology evolution of the film is shown in Figure S1. The
hierarchical pore structure is beneficial to reduce the drying stress, providing a quick pathway for
solvent removal (Figure 2A). The drying stress is related with the film thickness and porous structure.
The interconnected tunnels between the large pores accelerated the movement of water vapor
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Figure 3. Effects of ethanol content in the coagulation bath on the thermal conductivities (A) and mechanical
performances (B-D) of polyimide aerogel-like films. The error bars indicate standard deviations.

therefore improved the moisture distribution in the thickness direction and decreased the drying stress.
Enormous local surface tension originates from drying of the small pores in the walls of large pores.
However, the local drying stress is kept at a low level by controlling drying layer in the small thickness
(thin pore walls), maintaining the pore structure well during drying process.?” The film thermal conductivity
is closely related to pore structure (Figure 2B). Pore size and connectivity and tortuosity of phonon trans-
port path jointly determine the thermal conductivity of porous materials. Fortunately, just by changing the
composition of the non-solvent, we can optimize the pore structure of film to realize ultralow thermal
conductivity.

With increasing ethanol content in the coagulation bath, thermal conductivity of the PI films gradually
changed (Figure 3A). When pure water was used as non-solvent, the Pl film showed a thermal conduc-
tivity of 0.034 Wem~"-K~". The high porosity and small pores of the film provide a tortuous route along
the skeleton for thermal conduction leading to the decreased thermal conductivity based on phonon vi-
bration (Figure 2). Although the solid conductivity was reduced because of the presence of nanoporous
walls, the gas trapped in the macrovoids should contribute significantly to the heat transfer (Figure 2A).
When the pore size is smaller than the free path of the air (about 70 nm), the gas contribution to the ther-
mal conductivity is mainly through Knudsen diffusion and static gas conduction (Figure 2B). When the
pore size is larger than the mean free path of the air, like the macrovoids in the films made from pure
water coagulation, the gas convective flow occurs in the pores, leading to the enhanced thermal
conduction.

With the increment of ethanol in coagulation bath, the thermal conductivity of Pl film decreased because
of the reduced large macro pores (or voids) (Figures 1A, 1B, and STA-S1D). The exceptional high con-
ductivity of 0.035 W+m~"-K™" for the film from coagulation containing 40% ethanol might be related
with its large and interconnected pores to contribute to fast thermal transferring by gas convective
flow conduction. The minimum thermal conductivity of 0.019 W+m™"-K~" was reached by the film ob-
tained from the coagulation bath containing 70% ethanol, corresponding to its smallest pores mostly
in closed structure (Figures 1D and S1H) effectively reducing the gas/phonon thermal transferring. The
achieved minimum thermal conductivity is comparable to 0.014 Wem™"-K™" of Pl aerogels obtained
by the complex sol-gel process involving supercritical drying.® The further increase of ethanol in coagu-
lation resulted in the film with enlarged pores and thick pore walls (Figure S1). As discussed above, the
larger pore walls increased gas thermal conduction via convective flow. The thicker walls and large pores
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Table 1. Textural characteristics of PI films

Ethanol content Density Porosity Surface area Total pore volume Porosity
in coagulation (%) (g-ecm™) I (%) (m?.g™" (cm3.g7") Il (%)°
0 0.7715 42.6 18.2 0.070 8.6

10 0.7081 47.3 22.0 0.077 9.4

20 0.7475 44.4 14.6 0.082 10.0
30 0.7962 40.8 14.2 0.094 1.2
40 0.9083 324 14.2 0.038 4.8

50 0.8970 333 10.1 0.045 5.6

60 0.7624 433 11.7 0.028 3.7

70 0.7149 46.8 14.0 0.044 5.6

80 0.8579 36.2 55 0.014 1.8

90 0.6457 52.0 4.7 0.014 1.9
100 0.7515 441 7.8 0.016 2.1

*Porosity | was calculated from the apparent density of the porous PI film and dense PI film.
BPorosity Il was calculated from the pore volume from nitrogen adsorption and density of dense Pl film.

lead to a shorter route for phonon conduction, thus promoting the thermal conduction via phonon vibra-
tion (Figure 2A). The thermal conductivity of the PI film was 0.024 Wem~"-K~" when absolute ethanol was
used as the non-solvent to prepare the film.

The measured tensile strength and modulus of the films confirm their high mechanical performance
(Figures 3B-3D). The film with the lowest thermal conductivity also processed a relatively high strength
of 89.6 MPa, a modulus of 1.39 GPa, and an elongation ratio of 25%. These results might be related
with the uniform pore size of the film from the coagulation with 70% ethanol. Actually, all the films
from the coagulation bath with 50-80% ethanol gave relatively high tensile strength (Figure 3B), high
stretch modulus (Figure 3C) and high elongation (Figure 3D). This implies that Pl films with high perfor-
mance for superthermal insulation can be flexibly prepared in wide range composition of coagulation
bath. All films show superior thermal stability and can be stable up to 400°C in nitrogen (as shown in
Figure S2).

Because of the superior toughness and tensile strength, these Pl films can be folded into multiple layers. IR
image analysis can be applied to detect the change of thermal insulation property of Pl films. As observed
from Figure S3, the surface temperature of Pl films gradually decreased with the increase of film layers.
When IR image was captured immediately after placing the Pl films on the hot stage, the surface temper-
ature was decreased from 40.6 to 22.8°C for the film thickness increased from 1 to 48 layers. On the other
hand, the surface temperature of Pl films (48 layers) was slowly improved from 22.8 to 28.7°C as indicated by
IR images captured at 0 to 600 s, respectively. All these observations highlight the effective thermal insu-
lation property of the resultant Pl films.

All the porous Pl films exhibited quite low thermal conductivities varied from 0.019 to 0.035 Wem™"-K™",
correlating with their respective porous structures. Table 1 gives the textural information of these porous
films. Figure S4 shows the effects of ethanol content in coagulation on the nitrogen adsorption isotherms
and pore size distributions of aerogel Pl films. The porosity | (32.4-52.0%) from apparent density of
porous and dense films shows the total porosity including the closed pores and open pores. The porosity
Il (1.9-11.2%) from the pore volume based on nitrogen adsorption reflects the open pores only. The
differences between porosity | and porosity Il indicate that most pores in porous Pl films are closed,
beneficial to lowering the thermal conductivity. In Figure S4, the variation trends of nitrogen adsorption
isotherms and pore size distributions were not in high accordance with SEM observation. For example,
high porosity and uniform pore size are shown in Figure 1D, but not reflected in Figure S4. This phenom-
enon implies that large fraction of pores is closed in the resultant aerogel Pl films made from the
ethanol content of 70% in coagulation bath. The variation trend of porosity | and Il, surface area, nitrogen
adsorption and pore size distributions was not consistent with the thermal conductivity change,
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indicating that the conductivity was affected by other factors more than porosity solely. The lowest ther-
mal conductivity is associated with the uniform nanopores and highly closed porosity (striking difference
between porosity | of (46.8%) and, porosity Il (5.6%)), mirroring the pore structure is playing the key role
in affecting the thermal conductivity. Noteworthy that the film with lowest thermal conductivity also has a
quite high tensile strength, modulus and thermal stability, indicating that the uniform nanoporous struc-
ture is also favorable to enhance the mechanic performance for applications at various temperatures.

Limitations of the study

In this work, we prepared the polyimide aerogel-like films for super-thermal insulation just by adjusting the
relative content of water and ethanol in the non-solvent for polymer phase separation. The developed
polyimide films possess the ideal micro-nano hierarchical pore structure, conferring not only the lowest
thermal conductivity but also a high tensile strength, modulus and thermal stability. Nevertheless, this
approach is limited to the thin sample thickness. The phase separation method is closely related with
the mass transfer rate, which is strongly affected by the sample thickness. If the film samples are too thick
(for example, larger than 1 mm), the described uniform porous structure cannot be guaranteed, which may
pose a limitation to these applications where thick films are required. Fortunately, a thin film can be folded
into a thick one with multiple layers. Film folding may help to find more application scenarios.
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N,N-Dimethylformamide Xilong Scientific Co., Ltd., China CAS:110-70-3
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Data and code availability
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® Any additional information required to reanalyze the data reported in this article is available from the
lead contact request.

EXPERIMENT MODEL AND SUBJECT DETAILS

No experimental model exists for this work.

The synthesis method.

Preparation of films

The process of preparing Pl film is shown in Figure S5. Polyamic acid (PAA, 20 wt%, intrinsic viscosity of 0.18
dL-g7", supplied by Changzhou Sunchem High Performance Polymer Co., Ltd.) was used as the starting
material to prepare porous gel by a phase separation approach. PAA was diluted with N,N-Dimethylforma-
mide (DMF, A.R., Xilong Scientific Co., China) to obtain 10 wt% PAA. The viscous solution was dispersed on
a clean glass plate using an automatic coating machine (Sheen 1132N, UK) with an applicator of width
100 mm and gap size 250 pm (step 1) to obtain PAA film. The film was immersed in a non-solvent (water/
ethanol), phase separation occurred with the formation of a wet porous film, which was then transferred
to a water bath to fully remove the residual DMF as well as ethanol from the film pores (step 2). The Pl
film was obtained by drying and thermal imidization of a wet porous PAA film (step 3). The dried film
was thermally imidized under an argon atmosphere by raising the temperature at 5°C+min~" to 300°C,
heating for 1 hour (h), further rising to 400°C, and heating for another hour. The Scheme 1 shows the change
of the chemical structure of the films during the thermal imidization.

Effects of the coagulation composition on the structure of Pl films

Polyamic solution was cast on a glass plate and then immersed into a coagulation bath with mixture of wa-
ter and ethanol, leading to a wet PAA film. The PAA film was then removed from the coagulation bath and
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dried at ambient pressure and temperature followed a thermal imidization to get a Pl film. The ethanol con-
tent in coagulation bath strongly affects the pore structure of the Pl film (Figure S1). From Figures STA-S1K
the ethanol content in coagulation was increased in increments of 10%. As shown in Figure ST1A, when pure
water was used as non-solvent. The obtained Pl film showed relative dense skin with reduced number of
small pores whereas the cross-section showed hierarchical micro-nano porous structure. With the increase
of the ethanol in coagulation bath, the macro void was reduced gradually (Figures S1B and S1C). When the
ethanol content reached 30%, the macro void disappeared and the film became homogeneously porous
with interconnected pores (Figure S1D). Further increase of ethanol in coagulation resulted in highly
porous surface layer and decreased pore size whereas the pores gradually changed to more and more
closed from highly interconnected structure (Figures STD-STH). The smallest pores were shown in the
film from a coagulation bath with 70% ethanol (Figure STH). When the ethanol in coagulation bath was
increased to 80-100%, the pores in Pl film was enlarged and the pore walls became thicker.

Thermogravimetric stability

The weight loss of PAA films from room temperature to 150°C was corresponding to the evaporation of
solvent entrapped inside the pores. Above 150°C, the weight decrease was mainly related with the loss
of water, released from the imidization process. On the contrary, Pl films display a very stable profile
(Figure S2).

Heat transferring property of the aerogel Pl films

The total thermal conductivity is given by (Figure 2)
At = As+ A+ g (Equation 1)

where &s, Ar, and Ag denotes the solid, radiative, and gas-phase conductivity values, respectively. The solid
thermal conductivity s, based on phonon conductivity along with solid Pl walls, is closely related to the
porosity of the material. The value of As for an aerogel strongly depends on its density p. The porosity
of the film decreased the solid thermal conductivity base on phonon conductivity. Solid thermal conduc-
tivity can be calculated using

As = As,s(pv/psvs) (Equation 2)

where J ¢ is solid thermal conductivity for basic materials, v is the velocity of phonon, vs is the velocity of
phonon for basic materials, ps is the true density of the material, p is the apparent density of the film. Density
p is related with the porosity whilev is related with the vibration of phonon for heat transfer, which is deter-
mined by the pathway for conduction.

The thermal conductivity of the gas phase in an aerogel is given by

Ag = (26/1 + aKn) (Equation 3)

where 2 is the thermal conductivity of the gas in the pores, 6 is the porosity, a is a constant depending on
the gas species (about 2 for air), and K, is the Knudsen number, which is the ratio of the mean free path of
the gas to the pore size.

The radiative thermal conductivity is given by
A, = (wnZtE) / (3sz / p5> (Equation 4)

The weight loss, area shrinkage and thickness change before and after drying or imidization

As expected, the wet PAA films experienced a high weight loss and area shrinkage after drying. It is not
surprising to observe that the weight loss and area shrinkage of PAA films after imidization was much
reduced and the weight was maintained relatively stable (Table S2).

METHOD DETAILS
Thermal conductivity measurement

The thermal conductivity was measured using a Hot Disk TPS 2500 S apparatus. The error bars were gener-
ated by testing different samples with same experiment condition (Figure 3).
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Tensile performance measurement

The tensile performance was tested using an AGS-X 1KN universal test machine (Shimadzu Corporation,
Japan) at a speed of 1 mm-min~" (Figure 3).

Surface morphology

The surface morphology of the polyimide films was investigated by a field emission scanning electron mi-
croscope (SEM, JSM-7500F, JEOL Ltd., Japan) (Figures 1 and S1).

BET surface area, pore volume, and pore size measurement

The BET surface area, pore volume, and pore size of the polyimide films were characterized using a Micro-
metrics ASAP 2020 adsorption instrument at 77 K (Figure S4 and Table 1).

Infrared thermal images

For the thermal insulation performance test, the infrared thermal images were taken by a Testo (865) cam-
era. The working distance was about 30 cm. The temperatures of samples were monitored and recorded to
40°C with hot stage (Figure S3).

Thermogravimetric analysis

The thermogravimetric analysis of the PAA and PI films were analyzed using PerkinElmer TGA 8000 ther-
mogravimetric analyzer at a heating rate of 10°C+=min~" from 50°C to 400°C under a nitrogen atmosphere
(Figure S2).

QUANTIFICATION AND STATISTICAL ANALYSIS

Origin 8 to perform data processing on thermal conductivity, tensile stretch and stretch module data, ther-
mogravimetric, nitrogen adsorption isotherms and pore size distributions (Figures 3, S2, and S4).
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