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TAILORING OF PORES IN AEROGELS
USING 3D PRINTED STRUCTURES

The United States Government has rights in this invention
pursuant to Contract No. DE-ACS52-07NA27344 between
the United States Department of Energy and Lawrence
Livermore National Security, LLC {for the operation of

Lawrence Livermore National Laboratory.

FIELD OF THE INVENTION

The present invention relates to aerogels, and more par-
ticularly, this invention relates to tailoring the pore size in
aerogels using 3D printed structures as templates.

BACKGROUND

Carbon aerogels play an important role 1n a variety of
applications.

Traditional methods of working with carbon aerogels are
limited by the uniformity of the structures to a single length
scale, either millimeter or micrometer or nanometer scale,
resulting in a matertal with uniform density. For some
modern applications, there may be a desire to create aerogel
materials that possess extreme and precise density gradients.
For other applications, 1t may be desirable to control the
morphology of carbon aerogels at a variety of size scales, for
example, the millimeter, micrometer, and nanometer. This
may be used to design a gradient of density, for example, by
increasing the spacing between structural elements the den-
sity may be changed from high to low. However, no solution
was previously found.

SUMMARY

In one embodiment, a method 1includes acquiring a three-
dimensional printed template created using an additive
manufacturing technique, infilling the template with an
acrogel precursor solution, allowing formation of a sol-gel,
and converting the sol-gel to an aerogel.

In another embodiment, a product includes an aerogel
having mner channels corresponding to outer walls of a
three-dimensional printed template around which the aero-
gel was formed.

Other aspects and advantages of the present invention will
become apparent from the following detailed description,
which, when taken 1n conjunction with the drawings, illus-
trate by way of example the principles of the ivention.

BRIEF DESCRIPTION OF THE

DRAWINGS

FIG. 1 1s a flowchart of a method for forming an aerogel,
according to one embodiment.

FIG. 2 1s a computer-aided design rendering of a 3D
printed template according to one embodiment.

FIG. 3A 15 a scanning electron micrograph at relative 500
um resolution of a 3D printed template.

FIG. 3B 1s a scanming electron micrograph at relative 50
um resolution of a 3D printed template.

FIG. 3C 1s a scanning electron micrograph at relative 3
um resolution of a 3D printed template.

FIG. 4A 1s scanning electron micrograph of a carbon
acrogel with 3D interconnected channels according to one
embodiment.

FI1G. 4B 1s scanming electron micrograph of a side view of
a carbon aerogel with 3D interconnected channels according
to one embodiment.
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FIG. 4C 1s a scanning electron micrograph image of an
aerogel at a higher magnification according to one embodi-
ment.

FIG. 4D 1s a scanning electron micrograph image of the
porous morphology of the walls of the aerogel according to
one embodiment.

FIGS. 5A-F 1s a series of scanning electron micrograph
images ol increasing magnification of a single sample of
aerogel according to one embodiment.

FIGS. 6 A-D 1s a series of scanning electron micrograph
images ol increasing magnification of a single sample of
acrogel according to one embodiment.

DETAILED DESCRIPTION

The following description 1s made for the purpose of
illustrating the general principles of the present mmvention
and 1s not meant to limit the inventive concepts claimed
herein. Further, particular features described herein can be
used in combination with other described features in each of
the various possible combinations and permutations.

Unless otherwise specifically defined herein, all terms are
to be given their broadest possible interpretation including
meanings implied from h specification as well as meanings
understood by those skilled in the art and/or as defined in
dictionaries, treatises, etc.

It must also be noted that, as used 1n the specification and
the appended claims, the singular forms “a,” “an” and “the”
include plural referents unless otherwise specified.

The following description discloses several preferred
embodiments ol acrogels and/or systems and methods.

In one general embodiment, a method 1ncludes acquiring
a three-dimensional printed template created using an addi-
tive manufacturing techmque, infilling the template with an
aerogel precursor solution, allowing formation of a sol-gel,
and converting the sol-gel to an aerogel.

In another general embodiment, a product includes an
aerogel having mner channels corresponding to outer walls
of a three-dimensional printed template around which the
acrogel was formed.

A list of acronyms used 1n the description 1s provided
below.

3D three dimensional

CA carbon aerogel

DiLL dip-in laser lithography

IP-DIP Nanoscribe’s proprietary resist

I'TO indium tin oxide

LLNL Lawrence Livermore National Laboratory
RF resorcinol-formaldehyde

TPP two-photon polymerization

UV ultraviolet

There 1s a need for a method to create tunable three-
dimensional (3D) macroscopic porous structures with deter-
ministic multi-length scale morphology control ranging
from the macroscopic object dimensions at the millimeter
length scale (or above) to micro-sized building blocks made
from nanoscale porous materials thus providing tunable
density and pore size. The presently disclosed 1nventive
concepts nclude a new process using a template strategy
based on additive manufactunng techniques. Two different
techniques of tailoring micro-architectured cellular materi-
als may be involved. Additive manufacturing and aerogels
from sol-gel chemistry may be combined to create 3D micro
porous 1nterconnected channels 1 an aerogel. Thus 3D
printed parts may be employed as templates to fabricate
aerogels with engineered macro-pore geometries.
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FIG. 1 shows a method 100 for creating an aerogel with
an integrated 3D interconnected macro-porous system, 1n
accordance with one embodiment. As an option, the present
method 100 may be implemented to construct structures
such as those shown 1n the other FIGS. described herein. Of
course, however, this method 100 and others presented
herein may be used to form structures for a wide variety of
devices and/or purposes which may or may not be related to
the 1llustrative embodiments listed herein. Further, the meth-
ods presented herein may be carried out mn any desired
environment. Moreover, more or less operations than those
shown 1n FIG. 1 may be included in method 100, according,
to various embodiments. It should also be noted that any of
the aforementioned features may be used in any of the
embodiments described in accordance with the various
methods.

An embodiment as 1llustrated in FIG. 1 involves a method
100 to create an acrogel using a 3D printed template created
using an additive manufacturing technique, by infilling the
template with an aerogel precursor solution (the sol), allow-
ing the formation of a gel; and converting the gel to an
aerogel.

In a preferred embodiment illustrated 1n FIG. 1, the
method 100 begins with step 102 in which a 3D printed
template 1s acquired, e.g., purchased, created, etc. The 3D
printed template may be a discrete structure, a roll of
template material, etc.

In one embodiment, the template may be created using
additive manufacturing techniques, such as two-photon
polymerization, two-photon depolymerization (where pat-
terns are inscribed into a positive-tone photoresist), projec-
tion micro-stereolithography, direct ink writing, etc. Accord-
ing to one approach, a printer may be employed that utilizes
two-photon polymernization (TPP) lithography and creates
print structures at or below the resolution of the light source
being used. The outer dimensions of the print structures may
be of any size that may be printed using the selected printing,
technology, e.g., several millimeters, several centimeters,
several meters, etc.

Furthermore, according to a preferred embodiment in
which the 3D printed template of step 102 of FIG. 1 1s
created, a structure may be created using a photo-activated
resist, for example, an acrylic-based resin or a xylene-based
resin. In one approach, following solvent-mediated removal
of residual resist, the structure may be cured under UV light
following conventional techniques. Next, the cured structure
may be removed from the substrate upon which formed, e.g.,
glass slide. This may be carried out using methods to remove
the glass slide without damaging the 3D printed template
structure, for example, but not limited to the following, 1)
substrate and structure may be placed 1n a mixture of Zn/HCI
to dissolve the substrate and gently release the structures, or
2) a razor blade may be used to wedge the disks from the
substrate.

In the final sub-step of a preferred embodiment 1n which
the 3D printed structure 1s created, the process may include
a step whereby the 3D printed structure 1s air-dried. Alter-
natively, a super-critical drying procedure may be employed
to minimize capillary forces. In some approaches, the resul-
tant structure may be composed of polymer material and the
polymer material may be solid. Moreover, the pores 1n the
structure may be defined by the gaps where the polymer 1s
not present.

FIG. 2 1illustrates a Computer-aided Design (CAD) ren-
dering of a 3D printed template that may be infilled with
aerogel. A disk 3D template may have a 1.5 mm length with
individual log-pile blocks of approximately 100 um 1n
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length and 16-32 um thick. Within the log-pile blocks, the
template for the directional macro-pore highway may be
engineered with about 2 um distance between the micropo-
res.

FIGS. 3A-C illustrates an example of 3D printed struc-
tures that may be created, e.g., i step 102 of method 100
(FIG. 1). The images represent a log-pile architecture at
three magnifications of scanmng electron micrographs
(SEM). FIG. 3C depicts an 1llustrative 3D printed template
that may be used to form an engineered directional macro-
pore system for as highways for directional mass transport.

In some approaches, the thickness of the 3D printed
template created using TPP techniques may be at least 1 mm
(1,000 um).

In a preferred embodiment, infilling the gaps of the 3D
printed template with an aerogel precursor solution 1n step
104 of method 100 (see FIG. 1) may imnvolve creating
acrogels using organic sol-gel chemistry. Any known aero-
gel precursor solution may be used. In some approaches,
sol-gel chemistry may involve a resorcinol-formaldehyde
(RF) solution or metal oxide aerogel precursors, for
example, metal dichalcogenide aerogels.

In other approaches, creating aerogels using sol-gel chem-
1stry may 1nvolve metal oxide aerogel precursors, e.g.
known metal oxide aerogel precursors such as metal alkox-
ides. For example, a metal oxide aerogel may be created by
epoxide-assisted sol gel chemistry using an alcoholic solu-
tion (e.g. ethanol, methanol, etc.) of metal salt, such as metal
chlorides or nitrates (e.g. ron nitrate, aluminum chloride,
lanthanum nitrate, etc.)

The aerogel precursor solution may be filled into the
empty space of the 3D printed template via any suitable
method. For example, the aerogel precursor solution may be
poured, dropped, extruded, sprayed, spread, etc. onto the 3D
printed template until the 3D printed template 1s saturated
with the aerogel precursor solution.

Step 106 of method 100 (see FIG. 1) includes allowing
formation of a sol-gel throughout the 3D printed template.
Conventional techniques may be used for step 106. Accord-
ing to an illustrative embodiment, an RF-saturated 3D
printed template may be allowed to form a sol-gel through-
out the 3D printed template by first placing the RF-saturated
3D printed template under vacuum to allow the 3D printed
template to be wicked with the RF solution, and subse-
quently heating the RF-saturated template, e.g., 1n an oven
at approximately 70-90° C. until gelation occurs (e.g., about
48 hours). Once the RF solution infilled in 3D printed
template becomes an organic gel, an aqueous solvent (for
example, water) may be exchanged for an organic solvent,
for example, acetone, ethanol, etc., by repeated soakings of
the template 1n an organic solvent bath. The solvent may be
exchanged periodically, e.g., every 24 hours.

In other approaches, the 3D printed template saturated
with metal alkoxide precursor may be thermally treated and
rinsed following conventional techniques, to form a metal
oxide aerogel.

Formation of the sol-gel in step 106 of method 100 may
involve drying using conventional techniques, for example,
super critical drying with liquid CO,, under pressure. In some
approaches 1n which the sol-gel chemistry may create an
acrogel with metal oxides, the 3D printed template structure
infilled with metal oxide aerogel, may be calcined in air
(rather than 1n mitrogen as oxides are stable in air).

Step 108 of method 100 includes converting the organic
gel to an aerogel throughout the 3D printed template (see
FIG. 1). In a preferred embodiment, carbonization of the 3D
printed template 1nfilled with the dried organic gel includes
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converting the organic gel to a carbon aerogel by pyrolli-
zation. This step may involve carbonizing the super-criti-
cally dried organic gel with the 3D printed template to form
an aerogel that may be carbonaceous.

In some approaches, step 108 of method 100 may create
an aerogel that includes a metal oxide, for example, silica,
alumina, titanium dioxide, tin oxide, iron oxide, magnesium
oxide, cerium oxide, etc.

With continued reference to FIG. 1, in one embodiment of

step 108 of the method 100, the template may remain after
conversion of the sol-gel to the aerogel.

In other embodiments, the template may be removed from
the aerogel. In some approaches, the 3D printed template
within the organic gel may be removed by pyrolization in
which the template 1s removed during the heating process by
forming volatile products containing hydrogen and oxygen.
This may occur during conversion of an organic gel to a
carbon aerogel. In other approaches, the template may be
removed by application of a solvent thereto.

Moreover, in yet another embodiment, the method 100
may create an aerogel that may have defined regions with
different densities upon removal of the template therefrom.
The porosity may be designed by control of the template
and/or sol-gel chemistry.

The product created following the method 100 (see FIG.
1), may include an aerogel having inner channels corre-
sponding to outer walls of a three-dimensional printed
template around which the aerogel 1s formed. In some
approaches, the template may remain 1n the product. In other
approaches, the template may not be present 1n t product.

In a preferred embodiment, the polymer material of the
3D structure template may be created using a photo-acti-
vated resist and be diflerent from e aerogel surrounding the
template such that carbonization simultaneously may car-
bonize the aerogel as well as decompose and remove the
template. Thus, the resultant structure may be a 3D carbon
aerogel structure with continuous open channels defined by
the position of the printed plate that has been removed.

In some approaches, the acrogel of the resultant structure
may include a metal oxide.

Moreover, 1n another embodiment, the aerogel may have
distinct regions with different densities upon removal of the
template therefrom. In yet another embodiment, the struc-
ture may be continuous thereby allowing a continuous
channel through porous material (e.g. the carbon aerogel).

In one embodiment, the template may be present in the
product such that the 3D printed polymer template may
coexist with the aerogel.

In the embodiments included herein, various additive
manufacturing technologies may be combined to create one
aerogel structure with different length scale structures. Pro-
jection micro-stereolithography may be employed for larger,
centimeter-sized 3D printed templates with tens of micron
resolution Two photon polymerization depolymerization
may be employed to create millimeter-sized 3D printed
template structures with sub-micron resolution. The sol-gel
process may be employed to create infill aerogels with
tunable composition and structure on the nanometer scale.

In some approaches, spatially non-uniform materials may
be created with precise control over the shape of the tem-
plate and the corresponding pores in the aerogel. For
example, graded density materials may be engineered to
have a higher density at one end of the sample and lower
density at the other end. Furthermore, yet another approach
may create a sample which has large pores on one side of the
sample and small pores on the other side of the sample.
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In a preferred embodiment, one may control the direc-
tionality of the pores of the aerogel 3D structure created by

template such that at least some of the pores may be oriented
along generally one direction. The material may or may not
be amisotropic. In some approaches, these template-defined
macroporous structures may also provide transport high-
ways, thereby allowing materials to more easily pass
through the length of the structure.

As noted above, discrete structures may be created. In
other approaches, the structures can be created 1n a continu-
ous process. For example, the continuous manufacture of an
acrogel structure with defined channels may be eflected by
creating a continuous 3D printed template followed by
infilling and formation of the acrogel therealong. Large scale
manufacturing techniques such as roll-to-roll processes may
be employed to create sheets of tunable and tailored 3D
aerogels. Portions may be cut from the continuous sheet of
3D aerogels into desired shapes.

In use, aerogels having mner macroporous channels cor-
responding to outer walls of a three-dimensional printed
template may have a hierarchical porous architecture that
have features such as: low electrical resistivity, high surface
area, tunable pore sizes that may substantially improve mass
transport of 10ns for electro-chemaical applications, etc. Vari-
ous products described herein may be used for energy
storage applications, for example fuel cells, rechargeable
batteries, advanced catalyst supports, thermal insulation,
super capacitors, electrode materials, etc.

In biological applications, the embodiments included
herein may create structures that mimic nature’s complex
membrane designs and may provide substrates to support
cell growth. Furthermore, the embodiments described herein
may be applied to desalination industries that utilize large
scale manufacture filters with tunable pore sizes.

In laser physics technology, the embodiments included
herein may provide carbon aerogel materials with tunable
density, e.g., for laser targets. Moreover, engineered density
gradients within the carbon aerogels to help reduce hydro-
dynamic instabilities associated with laser physics experi-
ments.

(L]

EXPERIMENTAL EXAMPL.

Step 1: Create a 3D Printed Template

In one experiment, the mmventors used a NanoScribe
printer to create a 3D printed template in the form of disks
at 100 um thick and 1.5 mm 1n diameter. Each disk in the
experiment was a hierarchical series of structures compris-
ing over 1,500 individually printed 100x100x16 pm> blocks
layered 1n a running brickwork pattern. Each block had a
log-pile architecture, 1.€., a series of stacked linear lines. The
direct laser written lines had about a 3-to-1 (width) aspect
oval shape that was fixed by the nature of TPP. The width of
the voxel was adjusted by tuning the laser power, but was
fixed to approximately 600 nm.

The inventors used NanoScribe’s proprietary resist, 1P-
DIP, an acrylic-based resin of (greater than 75%) of pen-
tacrythritol triacrylate to create the 3D printed templates.
Printing was carried out up-side-down onto indium tin oxide
(ITO)-coated glass slides by dip-1n laser lithography (D1LL)
mode. Following removal of residual resist with propylene
glycol monomethyl ether, structures were immersed in an
1sopropanol bath containing 1 wt % 1rgacure 651 and post-
cured under 365 nm UV light for a period of 0.5 hours. The
3D printed template structures were then allowed to air dry.
Removal of the 3D printed template structures from the
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glass slides were carried out by either dissolving the ITO
layer with Zn/HCL rinse, or using a razor blade to wedge the
3D printed template structures from the substrate.

Step 2: Infill Template with an Aerogel Precursor
Solution

Continuing 1n this experiment, the inventors used an RF
solution to infill the gaps of the 3D printed template to create
aerogel through organic sol-gel chemistry. The water-based
RF solution was prepared by dissolving 1.23 grams (g) of
resorcinol with 1.79 g of 37% solution of formaldehyde and
40 milligrams (mg) of anydrous sodium carbonate with 0.7
g of distilled water.

The inventors carefully placed the 3D printed template
which was a disk of approximately 1.5 mm in diameter and
100 um thick on a glass plate. Droplets of the RF solution
were poured or leaked onto the 3D printed template until the
3D printed template became saturated with the RF solution.

Step 3: Allow the Formation of a Sol-Gel

The mventors placed the RF-saturated 3D printed tem-
plate on the glass plate 1n a vacuum desiccator for an hour
so that the open pores of the 3D printed template completely
filled with the RF solution, Next, the RF-saturated 3D
printed template was placed 1n an oven at 80° C. for 48 hours
for gelation to occur. Once the RF solution. nfilled in the 3D
printed template became an organic gel, aqueous solvent
was removed by soaking the sample 1n an acetone bath for
3 days. During this period, the solvent was exchanged every
24 hours.

Finally, the 3D printed template nfilled with gelled RF
solution was super critically dried 1n liquad CO,, at a critical
temperature of 55° C. and at a pressure range of 1200-1400

psi.

Step 4: Convert the Sol-Gel to Aerogel

In this experiment, the inventors converted the sol-gel to
the aerogel by carbonization. The 3D printed template filled
with RF aerogel was subjected to a heat treatment process in
which the samples were heated in a tube furnace under
nitrogen atmosphere at 1050° C. for 3 hours with a heating
and cooling rate of 2° C./minute. The 3D printed template
within the organic aerogel was simultaneously removed
during the heating process by forming volatile products
containing oxygen and hydrogen as the organic gel was
carbonized.

Aerogel Formation Using a 3D Printed Template
with 100 um Thickness

The product of the experiment using a 3D printed tem-
plate with 100 um thickness 1s illustrated in the scanning
clectron micrographs of FIGS. 4A-D. FIGS. 4A-B show a
carbon aerogel with 3D interconnected channels at low
magnification (10 um) with a top view (FIG. 4A) and a side
view (FIG. 4B). A higher magnification (1 um) of the carbon
acrogel 1s shown in FIG. 4C. The porous morphology of the
carbon aerogel negative structure may be observed in the
even higher magnification (100 nm) of the aerogel 1n FIG.
4D.

Further 1llustrations of this experiment are shown 1n the
scanning electron micrographs in FIGS. 5A-F which shows
a series ol increasing magnification 1mages of one sample
using scanmng electron microscopy. As shown in FIGS.
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5A-B, the aerogel contains large pores that may represent
directional mass transport highways for eflicient and
directed material transport. At higher magnification, shown
in FIGS. 5C-D, smaller features and pores are apparent. And
at even higher magmfication, as shown in FIGS. SE-F,
distinct nanoscale features and pores are present on the
single acrogel sample.

Aerogel Formation Using a 3D Printed Template
with 1000 nm (1 mm) Thickness

The inventors used TPP techniques to create a 3D printed
template with 1000 um (1 mm) thickness. Using the method
described herein, a carbon aerogel was formed using the 3D

printed template with 1000 um thickness, FIGS. 6 A-D show
SEM 1mages of increasing magnification of the aerogel
formed from ese experiments. As shown in FIG. 6A, the
acrogel contains large pores that may represent directional
mass transport highways for eflicient and directed material

transport. At higher magnification, shown in FIGS. 6B-C,
smaller features and pores are apparent. And at even higher
magnification, as shown in FIG. 6D, distinct nanoscale
features and pores are present on the single acrogel sample.

The mventive concepts disclosed herein have been pre-
sented by way of example to illustrate the myriad features
thereol 1n a plurality of illustrative scenarios, embodiments,
and/or implementations. It should be appreciated that the
concepts generally disclosed are to be considered as modu-
lar, and may be implemented 1n any combination, permuta-
tion, or synthesis thereof. In addition, any modification,
alteration, or equivalent of the presently disclosed features,
functions, and concepts that would be appreciated by a
person having ordinary skill in the art upon reading the
instant descriptions should also be considered within the
scope of this disclosure.

While various embodiments have been described above,
it should be understood that they have been presented by
way ol example only, and not limitation. Thus, the breadth
and scope of an embodiment of the present invention should
not be limited by any of the above-described exemplary
embodiments, but should be defined only 1n accordance with
the following claims and their equivalents.

What 1s claimed 1s:

1. A product, comprising:

an aerogel having 1mnner channels corresponding to outer

walls of a three-dimensional printed template around
which the aerogel was formed,

wherein a length of some of the channels extends con-

tinuously along an entire length of the aerogel,
wherein the template 1s present in the product.

2. The product of claim 1, wherein the aerogel 1s carbo-
naceous.

3. The product of claim 1, wherein the aerogel includes a
metal oxide.

4. The product of claim 1, wherein the aerogel has distinct
regions with different densities.

5. The product of claim 1, wherein the template 1s created
using a photo-activated resist.

6. The product of claim 1, wherein at least some of the
channels have straight longitudinal axes of at least 1 micron
in length.

7. product of claim 1, wherein the aerogel i1s spatially
non-uniform.

8. The product of claim 1, wherein the aerogel has a
predefined gradient of density.




US 11,596,916 B2
9

9. The product of claim 1, wherein a shape of the inner
channels corresponds directly to a shape of the outer walls
of the three-dimensional printed template around which the
acrogel was formed.

10. The product of claim 1, wherein the inner channels are 5
interconnected.

11. The product of claim 1, wherein at least some of the
channels have straight longitudinal axes.

12. The product of claim 1, wherein the aerogel comprises
a {irst set of channels having a first size and a second set of 10
channels having a second size, wherein the first size and the
second size are different.

13. A method of forming the product in claim 1, com-
prising;:

acquiring a three-dimensional printed template created 15

using an additive manufacturing technique;

infilling the template with an aerogel precursor solution;

allowing formation of a sol-gel; and

converting the sol-gel to the aerogel.

14. The method of claim 13, comprising removing the 20
template.

15. The method of claiam 14, wherein the template is
removed by a process selected from the group consisting of:
pyrolization and application of a solvent thereto.

16. The method of claim 14, wherein the aerogel has 25
defined regions with different densities upon removal of the
template therefrom.

17. The method of claim 13, wherein converting sol-gel to
the aerogel includes pyrollyzing the sol-gel.

18. The method of claim 13, wherein the template remains 30
alter conversion of the sol-gel to the aerogel.

G e x Gx ex
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