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3D PRINTING OF METAL CONTAINING
STRUCTURES

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of priority to
U.S. Provisional Patent Applications No. 62/734,884 filed
Sep. 21, 2018, and No. 62/734,888, filed Sep. 21, 2018,
which are hereby incorporated by reference in their entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0002] This invention was made with government support
under Grant No. CA194533 awarded by the National Insti-
tute of Health and under DE-AR0000884/5-143484
awarded by the Department of Energy. The government has
certain rights in the invention.

BACKGROUND OF INVENTION

[0003] Technical ceramics are one of the most important
classes of materials being used in the world today. These
engineered ceramics exhibit all kinds of unique mechanical,
electrical, thermal and even biochemical properties, and
have found application in virtually every scientific and
engineering field. However, one key challenge that is still
being faced in industry is in the shaping and production of
these advanced ceramics. Manufacturing processes that
work for metals and polymers, such as casting or machining
cannot be applied to ceramics due to their high melting
points and hardness. To circumvent this, alternative pro-
cesses like pressing, molding and casting have been devel-
oped specifically for ceramics. Unfortunately, these pro-
cesses still have their limitations. For example, while
pressing of ceramic powders is relatively simple and inex-
pensive, only simply shaped parts can be achieved. On the
other hand, techniques like molding or casting all require the
use of expensive molds, making them inappropriate in areas
where rapid prototyping is desired.

[0004] In recent years, 3D printing of ceramics has
become a significant area of interest as it has the potential to
remove the geometrical limitations associated with the cur-
rent state of the art of ceramic processing. Conventional
techniques for additive manufacturing of ceramic materials
suffer from man issues and challenges, however. Issues
include requiring slurries with high loading of ceramic
particles, which results in high viscosity slurry that are
difficult to print and difficult to keep homogeneously dis-
tributed. Furthermore, solid ceramic particles increase the
refractive index of the resin and scatter the incident light,
reducing both the cure depth and the dimensional accuracy
of the print. Some other conventional approaches to printing
ceramic materials are limited to Si-based ceramics.

[0005] The printing of metals also poses a few challenges,
with the state of the art limited to direct metal laser sintering,
selective laser melting, directed energy deposition, electron
beam additive manufacturing, slurry printing with metal
particles (similar to the ceramic slurries above), and aerosol
jet printing. These techniques often require expensive high-
energy lasers and/or specialized set-ups for fabrication.
[0006] As will be evident from the foregoing, there exists
a need in the art for versatile additive manufacture processes
making a wide range of materials, such as metals and
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ceramics. Provided herein are method and materials that
address these and other needs in the art.

SUMMARY OF THE INVENTION

[0007] Provided herein are versatile methods for making
metal-containing materials. These methods can include
additive manufacture processes of these metal-containing
materials, such as ceramic materials and metals. As noted
above, additive manufacturing processes have generally
been limited to producing polymer materials, while conven-
tional approaches for manufacture of ceramic and/or metal
materials are limited in obtainable geometries and/or com-
positions. A wide range of applications require or can benefit
from metallic or ceramic materials with customized sizes
and geometries. For example, materials made by methods
disclosed herein can be useful for thermal management, such
as in applications requiring metallic nano- or micro-scale
features, for energy generation, such as for battery elec-
trodes where customizable composition, porosity, and
geometry can translate to increased performance, and for
medical devices, such as biologically inert, non-decompos-
ing, bio-scaffold or prostheses.

[0008] In an aspect, a method for making a metal-con-
taining material comprises steps of: forming a metal-con-
taining hydrogel from an aqueous precursor mixture using a
photopolymerization; wherein the aqueous precursor mix-
ture comprises water, one or more aqueous photosensitive
binders, and one or more aqueous metal salts; and thermally
treating the metal-containing hydrogel to form the metal-
containing material, wherein the metal-containing hydrogel
is exposed to a thermal-treatment atmosphere during the step
of thermally treating; wherein a composition of the metal-
containing material is at least partially (directly or indi-
rectly) determined by a composition of the thermal-treat-
ment atmosphere during the thermally treating step.

[0009] In an aspect, a method for making a metal-con-
taining material, the method comprising steps of: swelling a
blank hydrogel or a blank organogel using an aqueous metal
salt mixture to form a metal-containing hydrogel; wherein
the aqueous metal salt mixture comprising water and one or
more metal salts; and thermally treating the metal-contain-
ing hydrogel to form the metal-containing material. Option-
ally, the method for making a metal-containing material
comprises a step of forming the blank hydrogel from an
aqueous blank mixture using a photopolymerization;
wherein the aqueous blank mixture comprises water and one
or more aqueous photosensitive binders; wherein the step of
swelling is a step of swelling the blank hydrogel. Optionally,
the method for making a metal-containing material com-
prises a step of forming the blank organogel from a non-
aqueous blank mixture using a photopolymerization;
wherein the nonaqueous blank mixture comprises a water-
miscible non-water solvent and one or more photosensitive
binders; wherein the step of swelling is a step of swelling the
blank organogel.

[0010] Optionally, in any method for making a metal-
containing material, the step of swelling is repeated a
plurality of times, each repetition of the swelling comprises
using the aqueous metal salt mixture having the one or more
metal salts or using a different aqueous metal salt mixture
having a different one or more metal salts. Optionally, in any
method for making a metal-containing material, the metal-
containing hydrogel is exposed to a thermal-treatment atmo-
sphere during the step of thermally treating; and wherein a
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composition of the metal-containing material is at least
partially (directly or indirectly) determined by a composition
of the thermal-treatment atmosphere during the thermally
treating step. Optionally, in any method for making a metal-
containing material, a concentration of each of the one or
more metal salts in the aqueous metal salt mixture is selected
based on a desired composition of the metal-containing
material and on a diffusion rate of each of one or more metal
ions of the one or more metal salts. Optionally, in any
method for making a metal-containing material, the method
comprises a step of changing the diffusion rate the one or
more metal salts in the metal-containing hydrogel using one
or more of magnetic energy, electrical energy, optical
energy, and thermal energy.

[0011] In an aspect, a method for making a metal-contain-
ing material comprises steps of: providing a first metal-
containing hydrogel having a first portion and a second
portion; wherein the first metal-containing hydrogel com-
prises one or more first metal ions in the first portion and in
the second portion; leaching at least a fraction of the one or
more first metal ions from a secondary portion of the first
metal-containing hydrogel; wherein the secondary portion
has a lower concentration of the one or more first metal ions
than the rest (“primary portion™) of the first metal-containing
hydrogel; swelling at least the secondary portion of the first
metal-containing hydrogel using an aqueous metal salt mix-
ture to form a second metal-containing hydrogel; wherein
the aqueous metal salt mixture comprises water and one or
more second aqueous metal salts; wherein the one or more
second metal salts comprise one or more second metal ions,
the second metal ions being different from the first metal
ions; and wherein the second metal-containing hydrogel has
a spatially-varying composition comprising the primary
portion with the one or more first metal ions and the
secondary portion with the one or more second metal ions;
and thermally treating the second metal-containing hydrogel
to form the metal-containing material. Optionally, in any
method for making a metal-containing material, the method
comprises a step of forming the first metal-containing hydro-
gel from an aqueous precursor mixture using a photopoly-
merization; wherein the aqueous precursor mixture com-
prises water, one or more aqueous photosensitive binders,
and one or more first aqueous metal salts; and wherein the
one or more first aqueous metal salts comprise the one or
more first metal ions.

[0012] Optionally, in any method for making a metal-
containing material, the leaching, the swelling, or both the
leaching and the swelling steps can be repeated, optionally
using same or different mixtures and/or salts with each
iteration.

[0013] Optionally, in any method for making a metal-
containing material, the metal-containing material has a
spatially-varying composition comprising a primary com-
position having the first metal ions and a secondary com-
position having the second metal ions. Optionally, in any
method for making a metal-containing material, the metal-
containing material has a primary portion having the pri-
mary composition and a secondary portion having the sec-
ondary composition. Optionally, in any method for making
a metal-containing material, the metal-containing material
comprises a transition region between the primary portion
and the secondary portion; and wherein the transition region
is characterized by a gradient composition between the
primary composition and the secondary composition. Pref-
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erably, in any method for making a metal-containing mate-
rial, the transition region, if present, has a length less than or
equal to 1 cm between the primary portion and the secondary
portion. Optionally, in any method for making a metal-
containing material, the transition region, if present, has a
length less than or equal to 1 mm between the primary
portion and the secondary portion. Optionally, in any
method for making a metal-containing material, the spa-
tially-varying composition of the metal-containing material
corresponds to spatially-varying magnetic characteristics,
spatially-varying electrical characteristics, spatially-varying
mechanical characteristics, spatially-varying thermal char-
acteristics, or any combination of these. Optionally, in any
method for making a metal-containing material, the method
further comprises selecting desired spatially-varying char-
acteristics selected from the group consisting of a desired
spatially-varying composition, desired spatially-varying
magnetic characteristics, desired spatially-varying electrical
characteristics, desired spatially-varying thermal character-
istics, desired spatially-varying mechanical characteristics,
and any combination of these; and the method further
comprising selecting the one or more first metal salts and the
one or more second metal salts based on the desired spa-
tially-varying characteristics. Optionally, in any method for
making a metal-containing material, a concentration of the
one or more first metal ions in the secondary portion of the
second metal-containing hydrogel is less than or equal to
10% of a concentration of the one or more first metal ions
in the primary portion of the second metal-containing hydro-
gel. Optionally, in any method for making a metal-contain-
ing material, the second metal-containing hydrogel is
exposed to a thermal-treatment atmosphere during the step
of thermally treating; and wherein a composition of the
metal-containing material is at least partially (directly or
indirectly) determined by a composition of the thermal-
treatment atmosphere during the thermally treating step.
Optionally, in any method for making a metal-containing
material, the primary composition and the secondary com-
position, if present, are at least partially (directly or indi-
rectly) determined by a composition of the thermal-treat-
ment atmosphere.

[0014] Optionally, in any method for making a metal-
containing material, at least 0.5 mol. %, preferably at least
10 mol. %, more preferably at least 20 mol. %, of the
composition of the metal-containing material is (directly or
indirectly) determined by a composition of the thermal-
treatment atmosphere during the thermally treating step.
Optionally, in any method for making a metal-containing
material, the at least 0.5 mol. %, preferably at least 10 mol.
%, more preferably at least 20 mol. %, of the composition
of the metal-containing material is (directly or indirectly)
determined by a chemical interaction of the metal-contain-
ing hydrogel and the thermal-treatment atmosphere during
the thermally treating step. Optionally, in any method for
making a metal-containing material, at least 0.5 wt. %,
preferably at least 10 wt. %, more preferably at least 20 wt.
%, of the composition of the metal-containing material is
(directly or indirectly) determined by a composition of the
thermal-treatment atmosphere during the thermally treating
step. Optionally, in any method for making a metal-contain-
ing material, the at least 0.5 wt. %, preferably at least 10 wt.
%, more preferably at least 20 wt. %, of the composition of
the metal-containing material is (directly or indirectly)
determined by a chemical interaction of the metal-contain-



US 2022/0314183 Al

ing hydrogel and the thermal-treatment atmosphere during
the thermally treating step. As an illustrative example, a
metal-containing hydrogel comprising Al ions is thermally
treated (e.g. calcined) using an oxidizing thermal-treatment
atmosphere such that the resulting metal-containing material
is Al,O;; wherein the metal-containing material became a
metal oxide (Al,O;) due to a chemical interaction (oxida-
tion) with the oxidizing thermal-treatment atmosphere dur-
ing the thermally treating step; and wherein, assuming no
other source of O-atoms besides the thermal-treatment atmo-
sphere in this illustrative example, 60 mol. % of the metal-
containing material (Al,O;), corresponding to the oxygen
content in Al,Oj, is (directly) determined by the interaction
with the thermal-treatment atmosphere during the thermally
treating step. In some embodiments, a composition of the
metal-containing material is at least partially determined by
anions (e.g., nitrates) of the metal salt present in the metal-
containing hydrogel during the step of thermally treating. In
some embodiments, a composition of the metal-containing
material is at least partially determined by the thermal-
treatment atmosphere and at least partially determined by
the anions (e.g., nitrates) of the metal salt present in the
metal-containing hydrogel during the step of thermally
treating. In some embodiments, anions of metal salt(s) of the
aqueous precursor mixture and/or of the aqueous metal salt
mixture are selected to at least partially determine a com-
position of the metal-containing material. For example, a
chemical interaction (e.g., oxidation or reduction) of anions,
which are present in a metal-containing hydrogel (e.g.,
anions associated with the metal salt(s) taken up by the
metal-containing hydrogel during a swelling step), with the
metal-containing hydrogel or with the forming metal-con-
taining material during the step of thermally treating can
contribute atoms (e.g., oxygen atoms) to the composition of
the resulting metal-containing material during the step of
thermally treating. For example, a decomposition of anions
(e.g., nitrates) present in a metal-containing hydrogel (e.g.,
anions associated with the metal salt(s) taken up by the
metal-containing hydrogel during a swelling step) can con-
tribute atoms (e.g., oxygen atoms) to the composition of the
resulting metal-containing material during the step of ther-
mally treating. For example, oxygen atoms from nitrate
anions can become oxygen atoms of a resulting metal oxide
metal-containing material during the step of thermally treat-
ing the metal-containing hydrogel. For example, decompo-
sition of anions refers a chemical decomposition of the
anions as a result of thermal energy (e.g., thermolysis; e.g.,
decomposition due to high temperature during the step of
thermally treating). For example, anions of metal salts, such
as metal salt(s) of the aqueous metal salt mixture or of the
aqueous precursor mixture, can be oxidizers or reducers,
such that said anions at least partially determine a compo-
sition of the resulting metal-containing material via oxida-
tion or reduction, respectively, by the anions. Optionally, in
any method for making a metal-containing material, the
thermal-treatment atmosphere during the thermal treating
step is selected from the group consisting of a reducing
atmosphere, an oxidizing atmosphere, and an inert atmo-
sphere. Optionally, in any method for making a metal-
containing material, the thermal-treatment atmosphere dur-
ing the thermally treating step is a reducing atmosphere and
at least a portion of the metal-containing structure is metallic
due to chemical interaction of the metal-containing hydrogel
with the reducing thermal-treatment atmosphere during the
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thermally treating step. Optionally, in any method for mak-
ing a metal-containing material, the thermal-treatment atmo-
sphere during the thermally treating step is an oxidizing
atmosphere and at least a portion of the metal-containing
material is a metal oxide ceramic due to chemical interaction
of the metal-containing hydrogel with the oxidizing thermal-
treatment atmosphere during the thermally treating step.
Optionally, in any method for making a metal-containing
material, the thermal-treatment atmosphere during the ther-
mally treating step is an inert atmosphere and at least a
portion of the metal-containing material is a metal carbide
due to the inert thermal-treatment atmosphere, during the
thermally treating step, being an inert atmosphere. For
example, a composition of at least a portion of the metal-
containing material is indirectly determined by the thermal-
treatment being an inert atmosphere. For example, a com-
position of at least a portion of the metal-containing material
is indirectly determined by the thermal-treatment being an
inert atmosphere via the lack of a chemical interaction
between the metal-containing hydrogel or metal-containing
material and the thermal atmosphere, because the inert
atmosphere is not an oxidizing or a reducing atmosphere.
Any method for making a metal-containing material dis-
closed herein can include a step of selecting a composition
of the thermal-treatment atmosphere. In the optional step of
selecting a composition of the thermal-treatment atmo-
sphere, the thermal-treatment atmosphere is selected based
on a desired composition of the metal-containing material
wherein the selected thermal-treatment atmosphere at least
partially determines the composition of the metal-containing
material.

[0015] Optionally, in any method for making a metal-
containing material, a composition of the reducing atmo-
sphere comprises H,, CO, NH;, NO,, forming gas (e.g.,
95% N, and 5% H,), or any combination of these. Option-
ally, in any method for making a metal-containing material,
a composition of the reducing atmosphere comprises a
vacuum. Optionally in some embodiments, a vacuum can be
a reducing atmosphere, such as wherein the hydrogel can
undergo carbothermal reduction from the carbon left behind
by decomposition of polymer at high thermal treatment
temperatures. Optionally, in any method for making a metal-
containing material, a composition of the oxidizing atmo-
sphere comprises O,, air, and any combination of these.
Optionally, in any method for making a metal-containing
material, a composition of the inert atmosphere comprises
nitrogen, argon, a vacuum, and any combination of these.
Low vacuum may be useful for making carbon-containing
metal-containing materials (e.g., metal carbides). As used
herein, vacuum can refer to a regimes of vacuum such as, but
not limited to, low vacuum (e.g., 760 to 25 Torr), medium
vacuum (e.g., 25 Torr to 1 mTorr), high vacuum (1 mTorr to
1 nanoTorr) vacuum, and ultra high vacuum (1 nanoTorr to
1 picoTorr). Optionally, in any method for making a metal-
containing material, the step of thermally treating comprises
using a temperature of at least 100° C., preferably at least
130° C., more preferably at least 150° C. Optionally, in any
method for making a metal-containing material, the step of
thermally treating comprises using a temperature of at least
400° C. Optionally, in any method for making a metal-
containing material, the step of thermally treating comprises
a thermal treatment duration of at least 10 hours, preferably
at least 24 hours, more preferably at least 48 hours, and
further more preferably at least 72 hours.
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[0016] Optionally, in any method for making a metal-
containing material, at least a portion of a composition of the
photoinitiator(s), of the UV-blocker(s), or both, is incorpo-
rated into the metal-containing material during the ther-
mally-treating step(s). For example, the resulting metal-
containing material can include phosphorous due to the
composition of a photonitiator present in a precursor or a
blank dispersion during formation of a hydrogel or organo-
gel. In some embodiments, this can provide a beneficial
route for introducing certain compositional constituents to
the resulting metal-containing material. Optionally, in any
method for making a metal-containing material, the aqueous
metal salt mixture comprises additives, wherein the addi-
tives contribute to a composition of the metal-containing
material during the thermally treating step.

[0017] Optionally, in any method for making a metal-
containing material, the step of thermally treating comprises
a plurality of steps of thermally treating. Optionally, in any
method for making a metal-containing material, the plurality
of thermally treating steps comprises a first thermally treat-
ing step and a second thermally treating step, wherein: the
first thermally treating step comprises using a first thermal-
treatment atmosphere during the first step of thermally
treating; the second thermally treating step comprises using
a second thermal-treatment atmosphere during the second
step of thermally treating; and a composition of the first
thermal-treatment atmosphere is different from a composi-
tion of the second thermal-treatment atmosphere. Option-
ally, in any method for making a metal-containing material,
the first thermally treating step comprises thermally treating
the metal-containing hydrogel to form an intermediate
metal-containing material; and wherein the second ther-
mally treating step comprises thermally treating the inter-
mediate metal-containing material to form the metal-con-
taining material. Optionally, in any method for making a
metal-containing material, the first thermal-treatment atmo-
sphere comprises an oxidizing atmosphere and a composi-
tion of the intermediate metal-containing material comprises
a metal oxide (e.g., a metal oxide ceramic); and wherein the
second thermal-treatment atmosphere comprises a reducing
atmosphere and a composition of the metal-containing mate-
rial comprises a metal or metal alloy. Optionally, in any
method for making a metal-containing material, a first
portion of the metal-containing material has a composition
corresponding to a chemical interaction with the first ther-
mal-treatment atmosphere during the first thermally treating
step; and wherein a second portion of the metal-containing
material has a composition corresponding to a chemical
interaction with the second thermal-treatment atmosphere
during the second thermally treating step.

[0018] Optionally, in any method for making a metal-
containing material, the aqueous precursor mixture substan-
tially or essentially does not comprise metal-containing
particles. Optionally, in any method for making a metal-
containing material, the aqueous precursor mixture does not
comprise metal-containing particles. Optionally, metal-con-
taining particles, if present, are present at most at trace or
impurity level in the aqueous precursor mixture. Optionally,
metal-containing particles, if present, are present at concen-
tration of less than 0.05 wt. %, preferably less than 0.01 wt.
%, more preferably less than 0.005 wt. %, and further more
preferably less than 0.001 wt. %, in the aqueous precursor
mixture. Optionally, in any method for making a metal-
containing material, the aqueous precursor mixture substan-
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tially or essentially does not comprise metal-containing
particles having a diameter of at least 1 nm. Optionally, in
any method for making a metal-containing material, the
aqueous precursor mixture does not comprise metal-con-
taining particles having a diameter of at least 1 nm. Option-
ally, metal-containing particles (having a diameter of at least
1 nm), if present, are present at most at trace or impurity
level in the aqueous precursor mixture. Optionally, metal-
containing particles (having a diameter of at least 1 nm), if
present, are present at concentration of less than 0.05 wt. %,
preferably less than 0.01 wt. %, more preferably less than
0.005 wt. %, and further more preferably less than 0.001 wt.
%, in the aqueous precursor mixture. Optionally, in any
method for making a metal-containing material, the aqueous
metal salt mixture substantially or essentially does not
comprise metal-containing particles. Optionally, in any
method for making a metal-containing material, the aqueous
metal salt mixture does not comprise metal-containing par-
ticles. Optionally, metal-containing particles, if present, are
present at most at trace or impurity level in the aqueous
metal salt mixture. Optionally, metal-containing particles, if
present, are present at concentration of less than 0.05 wt. %,
preferably less than 0.01 wt. %, more preferably less than
0.005 wt. %, and further more preferably less than 0.001 wt.
%, in the aqueous metal salt Optionally, in any method for
making a metal-containing material, the aqueous metal salt
mixture substantially or essentially does not comprise metal-
containing particles. Optionally, in any method for making
a metal-containing material, the aqueous metal salt mixture
substantially or essentially does not comprise metal-contain-
ing particles having a diameter of at least 1 nm. Optionally,
in any method for making a metal-containing material, the
aqueous metal salt mixture does not comprise metal-con-
taining particles having a diameter of at least 1 nm. Option-
ally, metal-containing particles (having a diameter of at least
1 nm), if present, are present at most at trace or impurity
level in the aqueous metal salt mixture. Optionally, metal-
containing particles (having a diameter of at least 1 nm), if
present, are present at concentration of less than 0.05 wt. %,
preferably less than 0.01 wt. %, more preferably less than
0.005 wt. %, and further more preferably less than 0.001 wt.
%, in the aqueous metal salt mixture.

[0019] Optionally, in any method for making a metal-
containing material, the aqueous precursor mixture further
comprises one or more photoinitiators, one or more UV-
blockers, or any combination of these. Optionally, in any
method for making a metal-containing material, the aqueous
blank mixture further comprises one or more photoinitiators,
one or more UV-blockers, or any combination of these.
Optionally, in any method for making a metal-containing
material, the nonaqueous blank mixture further comprises
one or more photoinitiators, one or more UV-blockers, or
any combination of these.

[0020] Optionally, in any method for making a metal-
containing material, the aqueous precursor mixture com-
prises one metal salt. Optionally, in any method for making
a metal-containing material, the aqueous metal salt mixture
comprises one metal salt. Optionally, in any method for
making a metal-containing material, the aqueous precursor
mixture comprises at least two different metal salts, each
characterized by different metal ions. Optionally, in any
method for making a metal-containing material, the aqueous
metal salt mixture comprises at least two different metal
salts, each characterized by different metal ions. Optionally,
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in any method for making a metal-containing material, each
of the one or more metal salts is a nitrate, an acetate, a
chloride, sulfate, bicarbonate, oxynitrate, hydroxide, bro-
mide, fluoride, iodide, chlorate, cyanide, cyanate, thiocya-
nate, phosphate, dichromate, perchlorate, benzoate, chro-
mate, or any combination of these. Optionally, in any
method for making a metal-containing material, each of the
one or more metal salts is selected from those provided in
“Solubility Table” accessed at https://en.wikipedia.org/wiki/
Solubility_table (last accessed, Sep. 18, 2019), which is
incorporated herein by reference. Optionally, in any method
for making a metal-containing material, the one or more
metal ions are selected from the group consisting of Fe, Zn,
Li, Co, Al, N1, Y, Mo, La, In, Sn, and any combination of
these. Optionally, in any method for making a metal-con-
taining material, each of the one or more metal ions is
selected from metals provided in in “Solubility Table”
accessed at https://en.wikipedia.org/wiki/Solubility_table
(last accessed, Sep. 18, 2019). Optionally, in any method for
making a metal-containing material, the method further
comprises a step of selecting relative concentrations of the
at least two different aqueous metal salts in the aqueous
precursor mixture based on a desired composition of the
metal-containing material; wherein the metal-containing
material comprises metal ions of the at least two different
aqueous metal salts. Optionally, in any method for making
a metal-containing material, the method further comprises a
step of selecting relative concentrations of the at least two
different aqueous metal salts in the aqueous metal salt
mixture based on a desired composition of the metal-
containing material; wherein the metal-containing material
comprises metal ions of the at least two different aqueous
metal salts. The term “relative concentrations” as used
herein can refer to a ratio of concentrations or of amounts of
metal salts in a mixture (e.g., 1:1; e.g., 1:1:1).

[0021] Optionally, in any method for making a metal-
containing material, the metal-containing material has a
composition characterized as a binary material. Optionally,
in any method for making a metal-containing material, the
metal-containing material has a composition comprising at
least two metal ions. Optionally, in any method for making
a metal-containing material, the metal-containing material
has a composition characterized as a ternary or higher order
material. Optionally, in any method for making a metal-
containing material, the metal-containing material has a
composition characterized as a metal oxide, a metal alloy, or
a metal carbide comprising at least two metal ions. Option-
ally, in any method for making a metal-containing material,
the metal-containing material has a spatially-varying metal
ion composition. Optionally, in any method for making a
metal-containing material, the metal-containing material has
a spatially-varying anion (e.g., oxide, nitride, carbide, etc.)
composition. Optionally, in any method for making a metal-
containing material, the spatially varying composition cor-
responds to a core-shell configuration. Optionally, in any
method for making a metal-containing material, the metal-
containing material is a metal or metal alloy. Optionally, in
any method for making a metal-containing material, the
metal containing material is a ceramic. Optionally, in any
method for making a metal-containing material, the metal
containing material is a carbide.

[0022] Optionally, in any method for making a metal-
containing material, anions (e.g., nitrate, nitrite, acetate,
hydroxide, chloride, etc.) of the one or more metal salts at
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least partially determine a microstructure of the metal-
containing material; and wherein anions of the one or more
metal salts are selected based on a desired microstructure of
the metal-containing material. For example, use of metal
salts with acetate anions can provide for much denser
structures as compared to use of metal salts with nitrate
anions which provide for a more porous microstructure. Use
of different anions of the metal salts can also determine
resulting surface area of the material. Optionally, in any
method for making a metal-containing material, anions (e.g.,
nitrate, nitrite, acetate, hydroxide, chloride, etc.) of the one
or more metal salts at least partially determine a microstruc-
ture of the metal-containing material, and the method com-
prises a step of selecting anions of the one or more metal
salts based on a desired microstructure of the metal-con-
taining material

[0023] Optionally, in any method for making a metal-
containing material, the metal-containing material has struc-
ture characterized as a lattice. Optionally, in any method for
making a metal-containing material, the metal-containing
material has structure characterized as architected, having a
three-dimensional geometry, and being macroscopically
monolithic. Preferably, but not necessarily, the material has
a nano- or micro-architected three-dimensional geometry.
Optionally, in any method for making a metal-containing
material, a microstructure of the metal-containing material
has grain sizes equal to or within 20% of a size of one or
more features of the structure.

[0024] Optionally, in any method for making a metal-
containing material, the step of forming the hydrogel com-
prises patterning or printing the hydrogel. Optionally, in any
method for making a metal-containing material, the photo-
polymerization is an additive manufacturing process.

[0025] Optionally, in any method for making a metal-
containing material, the method further comprises using the
metal-containing structure in an electrode, as a biological
scaffold, in a mechanical damping device, in a heat
exchanger, as a catalyst, as a solid electrolyte, as a super-
conductor, as a thermal insulator, as an electrical insulator,
as dielectrics, and/or as a sensors.

[0026] Optionally, in any method for making a metal-
containing material, the method further comprises a step of
selecting relative concentrations of the at least two different
aqueous metal salts in the aqueous precursor mixture based
on a desired composition of the metal-containing material;
wherein the metal-containing material comprises metal ions
of the at least two different aqueous metal salts. Optionally,
in any method for making a metal-containing material, the
method further comprises a step of selecting relative con-
centrations of the at least two different aqueous metal salts
in the aqueous metal salt mixture based on a desired com-
position of the metal-containing material; wherein the metal-
containing material comprises metal ions of the at least two
different aqueous metal salts.

[0027] Optionally, in any method for making a metal-
containing material, anions of the one or more metal salts at
least partially determine a composition of the metal-con-
taining material during thermally treating; and wherein the
method comprises a step of selecting anions of the one or
more metal salts based on a desired composition of the
metal-containing material.

[0028] Optionally, in any method for making a metal-
containing material, the step of thermally treating comprises
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pyrolyzing, calcinating, sintering, high temperature anneal-
ing, or a combination of these.

[0029] Optionally, in any method for making a metal-
containing material, the material has a nano- or micro-
architected three-dimensional geometry. Optionally, in any
method for making a metal-containing material, the material
has a structure characterized by a plurality of features
independently having at least one physical dimension less
than or equal to 50 um. Optionally, in any method for
making a metal-containing material, the material has a
structure characterized by a plurality of features indepen-
dently having at least one physical dimension selected from
the range of 10 nm to 300 um, optionally 50 nm to 100 pm.
Optionally, in any method for making a metal-containing
material, the material has a structure characterized by a
plurality of features, wherein at least a portion of said
features independently have one or more average cross
sectional physical dimensions selected over the range of 50
nm to 200 pm.

[0030] In an aspect, an electrode comprises a metal-
containing material characterized as an architected, having a
three-dimensional geometry, and macroscopically mono-
lithic lattice having a composition characterized as a metal
oxide, a metal or metal alloy, a metal carbide, or a combi-
nation of these. Preferably, the electrode has a nano- or
micro-architected three-dimensional geometry. Optionally,
the electrode is a battery electrode.

[0031] Also disclosed herein are electrodes, such as bat-
tery electrodes, having the metal-containing material made
by any combination of embodiments of methods for making
a metal-containing material disclosed herein. Also disclosed
herein are methods for making a metal-containing material
including any one or any combination of embodiments of
methods for making a metal-containing material disclosed
herein.

[0032] Without wishing to be bound by any particular
theory, there may be discussion herein of beliefs or under-
standings of underlying principles relating to the devices and
methods disclosed herein. It is recognized that regardless of
the ultimate correctness of any mechanistic explanation or
hypothesis, an embodiment of the invention can nonetheless
be operative and useful.

BRIEF DESCRIPTION OF THE DRAWINGS

[0033] FIG. 1. The metal-salt containing aqueous photo-
resin is first prepared by dissolving metal salts and water-
soluble photosensitive reagents in water. A 3D printed
metal-containing polymer is then printed using photolithog-
raphy. On calcination of the printed structure, the binder is
burned out and a ceramic part is left behind. The net shape
of the printed part is retained throughout the whole process.
[0034] FIG. 2A. Preparation of the zinc nitrate PEGda
aqueous resin. FIG. 2B. Schematic of the two-photon lithog-
raphy process.

[0035] FIG. 3A. Pillar supported on a cubic lattice before
calcination. FIG. 3B. Same pillar depicted in FIG. 3A after
the calcination process. FIG. 3C. Tetrakaidecahedron unit
cell on a support structure prior to calcination FIG. 3D.
Tetrakaidecahedron unit cell post-calcination. FIG. 3E. Tet-
rakaidecahedron lattice on a support structure before calci-
nation. FIG. 3F. Tetrakaidecahedron lattice after calcination.
[0036] FIG. 4. XRD of samples made by calcining poly-
mers made with the zinc nitrate aqueous resin and a control
resin without the zinc nitrate. It is clear that the polymer
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containing the zinc nitrate resulted in a crystalline material
post-calcination with peaks corresponding to that of zinc
oxide, as indicated by the labeled peaks. The polymer
without the zinc nitrate resulted in an amorphous spectra
after calcination.

[0037] FIG. 5. EDS map of a fabricated tetrakaidecahe-
dron unit cell. Zinc, oxygen and carbon can be clearly seen
in the generated map, further corroborating the fact that the
structure is zinc oxide.

[0038] FIG. 6. TEM diffraction pattern obtained from a
beam of a tetrakaidecahedron unit cell prepared using this
technique. The indexed rings correspond to that of zinc
oxide.

[0039] FIGS. 7A-7B. Compression of the pre-calcined
zinc nitrate polymeric structure. The red dashed line is a
guide to the eye as to the degree of compression.

[0040] FIG. 7C. No voltage change over a compression of
200 nm. FIGS. 7D-7E. Compression of a zinc oxide struc-
ture prepared using the technique described here. The red
dashed line is a guide to the eye as to the degree of
compression. FIG. 7F. A sudden change of voltage on
compression of 200 nm, indicated a piezoelectric response.
[0041] FIG. 8. Left—Cubic lattice printed from the lithum
cobalt aqueous photoresin. Right—Cubic lattice after the
calcination process. The calcined structure is about 40% of
its original size. The structure still maintains its net shape.
[0042] FIG. 9. Calcined structure. The cubic lattice is still
retained and the structure is approximately 40% of its
original size. The black color is also typical of that of lithium
cobalt oxide.

[0043] FIG. 10. Top—XRD spectra from that of the
crushed calcined sample. Bottom—Reference spectra of
lithium cobalt oxide[27]. It is clear that the experimentally
determined peaks are aligned with that of the reference
spectra, indicating that the material is indeed lithium cobalt
oxide.

[0044] FIG. 11. EDS map of the calcined structure. Cobalt
and oxygen can clearly be seen, further corroborating the
fact that the structures are indeed lithium cobalt oxide. The
carbon detected is likely from the organic binder that did not
undergo complete oxidation. Phosphorous and sulfur are
from the photoinitiator and UV blocker respectively.
[0045] FIG. 12. Electrochemical cycling of a slurry elec-
trode fabricated from a pulverized LiCoOQ, lattice. The slurry
contained 80% LiCoO,, 10% C black, and 10% PVDF
binder.

[0046] FIG. 13. Swell in method—The aqueous photo-
resin is first prepared by dissolving water-soluble photosen-
sitive reagents in water. A 3D printed hydrogel template is
then printed using photolithography to form the “blank”
structure. The “blank™ template is then soaked in an aqueous
salt mixture to swell it with salts. The swollen hydrogel
structure is then thermally treated in a thermal-treatment
atmosphere. Depending on the thermal treatment conditions,
such as the thermal-treatment atmosphere composition, dif-
ferent metal-based materials can be formed. The net shape of
the printed part is retained throughout the whole process.
[0047] FIG. 14. Leach and swell-in method—The metal-
salt containing aqueous photoresin is first prepared by
dissolving water-soluble photosensitive reagents and the
desired metal salts in water. A 3D printed hydrogel is then
printed using photolithography. Areas of the structure where
the different metal is desired are then leached selectively, to
form the “semi-blank” template. The “semi-blank™ template
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is then soaked in another aqueous salt mixture to swell it
with salts. The swollen hydrogel structure is then thermally
treated using a thermal-treatment atmosphere. Depending on
the thermal treatment conditions, such as composition of the
thermal-treatment atmosphere, different metal-containing
materials can be formed. The net shape of the printed part is
retained throughout the whole process.

[0048] FIG. 15A. “Blank” template printed using projec-
tion micro-stereolithography. FIG. 15B. Template now
swollen with iron nitrate mixture after immersion in 100
mg/ml mixture of iron nitrate overnight. FIG. 15C. Cal-
cined structure. FIGS. 15D-15F. EDS map of the calcined
cubic lattice. Iron and oxygen can be clearly seen in the
generated map, indicating that the material is likely to be an
iron oxide.

[0049] FIG. 16A. Lithium cobalt hydrogel structure
printed from the lithium cobalt aqueous photoresin. FIG.
16B. The hydrogel is partially soaked in water to leach away
the lithium cobalt salts from part of the structure. FIG. 16C.
The “semi-blank” template after leaching. Half the structure
is colorless, indicating a lack of metal salts. The other half
still retains the red-purple color from the initial printed
hydrogel.

[0050] FIG. 17A. To swell in the iron nitrate salt into the
structure, the “semi-blank” template was immersed into a
100 mg/ml. mixture of iron nitrate for 2 hours. FIG. 17B.
The “semi-blank” template after swelling. The previously
colorless part of the structure turned brown-orange, indicat-
ing the successful swelling of the iron nitrate salt into the
structure.

[0051] FIG. 18A. Swollen hydrogel cubic lattice structure.
Half lithium cobalt containing, the other half iron contain-
ing. FIG. 18B. Cubic lattice after the calcination process.
The thermally treated structure is about 40% of its original
size. The black color is typical of lithium cobalt oxide, and
the red-brown color is typical of iron oxide. The different
parts of the structure shrank by different amounts.

[0052] FIG. 19A. Composite electron image of the inter-
face between both materials taken by combining 4 different
images together. The iron rich portion is to the left of the
image and the cobalt rich portion is to the right. FIG. 19B.
Iron elemental map obtained from the 4 different electron
images. A gradient in iron can be seen, from iron-rich on the
left to iron-deficient on the right. FIG. 19C. Cobalt elemental
map obtained from the 4 different electron images. A gra-
dient in cobalt can be seen, from cobalt-deficient on the left
to cobalt-rich on the right.

[0053] FIG. 20A. The ingredients of the Li* and Co**
containing resin. The magenta color originates from the Co
salt. FIG. 20B. Schematics of the DLP printing process.
[0054] FIG. 21. Thermogravimetric analysis (TGA) of the
Li* and Co®* containing resin under N, flow. Most of the
mass decrease happens between 235 and 450° C.

[0055] FIG. 22A. Image of the lattices before and after
calcination. FIG. 22B. Beams of the as-printed lattice and
(FIG. 22C) calcined lattice at the same magnification.
[0056] FIG. 23A. Low magnification image of pristine
beams of a calcined LCO lattice. FIG. 23B. The pattern of
pixels on a node. FIG. 23C. A node crack on a heavily-
cracked lattice. FIG. 23D. A high magnification image of the
particle microstructure in the node crack. FIG. 23E. FIB
cross section image of the particles microstructure in the
interior of an intact node. FIG. 23F. The side of a beam
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revealing the layers of the print, which can also be seen in
the FIB cross section (FIG. 23G).

[0057] FIG. 24A. FIB cross section of an internal node
illustrating a >100 um pore.

[0058] FIG. 24B. Spherical pores are seen in broken nodes
of very cracked lattices. FIG. 24C. LCO lattice with a
damaged edge. FIG. 24D. Zoomed-in image of the nodes of
the damaged edge demonstrating node failure.

[0059] FIG. 25A. XRD spectrum from a pulverized LCO
lattice and reference spectrum taken from Reference [177].
FIG. 25B. Crystal structure of LCO adapted from Reference
[178]. Co* ions lie in the center of O*~ octahedra and the
gray box outlines a unit cell. FIG. 25C. SEM image of the
lattice with elemental maps from EDS illustrating the four
elements with the highest atomic concentrations.

[0060] FIG. 26A. 2 cycles of a CV scan at 0.005 mV/s
between 3 and 4.2 V. The 3 major LCO peaks fall between
~3.9 and 4.2 V. FIG. 26B. Lower voltage peak of the CV
scan ~3.4 V. The denser data points below 3.6 V on the
anodic scan of the first cycle are due to a different data
acquisition rate. The rate was changed around 3.6 V to
reduce the overall number of data points.

[0061] FIG. 27A. Schematic of the cell stack in the 2032
coin cells. Liquid electrolyte is applied into the cell before
the separator is added. FIG. 27B. LCO lattice attached to a
stainless spacer with the carbon adhesive.

[0062] FIGS. 28A-28D. Electrochemical performance of
the LCO lattice. FIG. 28A. Voltage profile during charge at
C/40 for 1 cycle and C/20 for cycles 2-5. FIG. 28B. Specific
capacity and Coulombic efficiency during the first 50 cycles
at various currents.

[0063] FIG. 28C. Specific capacity and Coulombic effi-
ciency over 231 cycles. FIG. 28D. Voltage profile at various
cycles at C/10. Cycle 7 is the first C/10 cycle and cycle 32
is the sixth C/10 cycle; all subsequent cycling were at C/10.
[0064] FIG. 29A. Voltage profile of the first cycle at
various currents. FIG. 29B. Specific discharge capacity of a
LCO lattice vs. a slurry electrode fabricated from pulverized
LCO lattices. FIG. 29C. Discharge capacity of a LCO lattice
vs. a slurry electrode fabricated from pulverized LCO lat-
tices relative to the first discharge capacity.

[0065] FIG. 30A. Areal capacity and Coulombic efficiency
of a LCO lattice during the first 50 cycles of cycling at
various currents. FIG. 30B. Areal capacity and Coulombic
efficiency of a LCO lattice over 231 cycles.

[0066] FIG. 31A. XRD spectrum from a pulverized NCA
lattice and reference spectrum taken from Reference [192].
FIG. 31B. SEM image of the NCA lattice with elemental
maps from EDS illustrating the four non-Li elements of
NCA. FIG. 31C. Voltage profile during charge at C/40 for 2
cycles and C/20 for cycles 3-5.

[0067] FIG. 32A. The metal-salt containing aqueous pho-
toresin is first prepared by dissolving metal salts and water-
soluble photosensitive reagents in water. A 3D printed
metal-containing polymer is then printed using photolithog-
raphy. FIG. 32B. A “blank” photoresin is prepared by mixing
a hydrophilic binder in either water or a water-miscible
organic solvent. A “blank” polymer 3D structure is then
printed using photolithography. Metal ions are then intro-
duced into the polymer structure by soaking the hydrophilic
polymer in an aqueous solution containing dissolved metal
salts.

[0068] FIG. 33. The metal-salt containing polymer 3D
structure is calcined in air at the appropriate temperature to
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form the corresponding metal oxide structure. The metal
oxide is then reduced under the appropriate reduction con-
ditions to form a metal 3D structure.

[0069] FIG. 34A. 3D Octet lattice printed from the organic
“blank™ photoresin using a projection-microstereolithogra-
phy printer. FIG. 34B. Image of the same octet lattice, as
imaged using a stereomicroscope.

[0070] FIG. 35A. 3D Octet “blank™ hydrogel lattice after
swelling in a copper (1) nitrate solution for 6 hours at room
temperature. FIG. 35B. Image of the same octet lattice, as
imaged using a stereomicroscope. Scale bar to be deter-
mined.

[0071] FIG. 36A. Copper nitrate swollen 3D Octet lattice
after calcination. FIG. 36B. Image of the same octet lattice,
as imaged using a stereomicroscope.

[0072] FIG. 37A. Copper lattices after reduction. FIG.
37B. Image of the same octet lattice, as imaged using a
stereomicroscope.

[0073] FIG. 38. 3D square “blank™ hydrogel lattice (pre-
pared by leaching a salt-in resin) after swelling in a copper
(I) nitrate solution for 6 hours at room temperature.
[0074] FIG.39A. Copper oxide lattices after calcination of
structures swollen with copper nitrate. FIG. 39B. Image of
the same copper oxide square lattice, as imaged using a
stereomicroscope.

[0075] FIG. 40A. Copper lattices after reduction. FIG.
40B. Image of the same copper square lattice, as imaged
using a stereomicroscope.

[0076] FIG. 41. SEM image of the copper lattice made as
described in Example 13.

[0077] FIG. 42. SEM image of the copper lattice made as
described in Example 13.

[0078] FIG. 43. SEM image of the microstructure of the
copper lattice made as described in Example 13.

[0079] FIG. 44. Clockwise from top left—SEM image of
the area being probed with EDS. Corresponding elemental
maps, copper, oxygen, carbon, phosphorous, aluminum, and
silicon were detected. Table of elements in both atomic and
weight percentages. The EDS spectrum, with peaks indexed
to the appropriate element.

[0080] FIG. 45. Clockwise from top left—SEM image of
the area being probed with EDS. Corresponding elemental
maps, copper, oxygen, carbon, phosphorous, aluminum, and
silicon were detected. Table of elements in both atomic and
weight percentages. The EDS spectrum, with peaks indexed
to the appropriate element.

[0081] FIG. 46. Clockwise from top left—SEM image of
the area being probed with EDS. EDS spectra of the copper-
rich region, labeled as Site A. EDS spectra of the copper-
deficient region, labeled as Site B. Table of elements in both
atomic and weight percentages of the elements detected in
Site A and Site B.

[0082] FIG.47A. 3D Octet lattice printed from the organic
“blank™ photoresin using a projection-microstereolithogra-
phy printer. FIG. 47B. Image of the same octet lattice, as
imaged using a stereomicroscope.

[0083] FIG. 48A. 3D Octet “blank™ hydrogel lattice after
swelling in a nickel (II) nitrate hexahydrate solution for 2
hours at room temperature. FIG. 48B. Image of the same
octet lattice, as imaged using a stereomicroscope.

[0084] FIG. 49A. Nickel nitrate swollen 3D Octet lattice
after calcination. FIG. 49B. Image of the same octet lattice,
as imaged using a stereomicroscope.
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[0085] FIG. 50A. Nickel lattices after reduction. FIG.
50B. Image of the same octet lattice, as imaged using a
stereomicroscope.

[0086] FIG. 51. SEM image of the nickel lattice made as
described in Example 14.

[0087] FIG. 52. SEM image of the microstructure of the
nickel lattice made as described in Example 14.

[0088] FIG. 53. Clockwise from top left—SEM image of
the area being probed with EDS. Corresponding elemental
maps, nickel, oxygen, carbon, phosphorous, aluminum, and
silicon were detected. Table of elements in both atomic and
weight percentages. The EDS spectrum, with peaks indexed
to the appropriate element.

[0089] FIG. 54. Clockwise from top left—SEM image of
the area being probed with EDS. Corresponding elemental
maps, nickel, oxygen, carbon, phosphorous, and silicon
were detected. Table of elements in both atomic and weight
percentages. The EDS spectrum, with peaks indexed to the
appropriate element.

[0090] FIG. 55. Clockwise from top left—SEM image of
the area being probed with EDS. EDS spectra of the nickel-
rich region, labeled as Site A. EDS spectra of the nickel-
deficient region, labeled as Site B. Table of elements in both
atomic and weight percentages of the elements detected in
Site A and Site B.

[0091] FIG. 56. 3D octet “blank™ hydrogel lattice after
swelling in a cobalt (II) nitrate hexahydrate solution for 2
hours at 50° C.

[0092] FIG. 57A. Cobalt oxide lattices after calcination of
structures swollen with cobalt nitrate. FIG. 57B. Image of
the same cobalt oxide octet lattice, as imaged using a
stereomicroscope.

[0093] FIG. 58A. Cobalt lattices after reduction. FIG.
58B. Image of the same cobalt octet lattice, as imaged using
a stereomicroscope.

[0094] FIG. 59. SEM image of the cobalt lattice made as
described in Example 15.

[0095] FIG. 60. SEM image of the microstructure of the
cobalt lattice made as described in Example 15.

[0096] FIG. 61. Clockwise from top left—SEM image of
the area being probed with EDS. Corresponding elemental
maps, cobalt, oxygen, carbon, phosphorous, aluminum, and
silicon were detected. Table of elements in both atomic and
weight percentages. The EDS spectrum, with peaks indexed
to the appropriate element.

[0097] FIG. 62. Clockwise from top left—SEM image of
the area being probed with EDS. Corresponding elemental
maps, cobalt, oxygen, carbon, phosphorous, and silicon
were detected. Table of elements in both atomic and weight
percentages. The EDS spectrum, with peaks indexed to the
appropriate element.

[0098] FIG. 63. Clockwise from top left—SEM image of
the area being probed with EDS. EDS spectra of the cobalt-
rich region, labeled as Site A. EDS spectra of the oxygen-
rich region, labeled as Site B. Table of elements in both
atomic and weight percentages of the elements detected in
Site A and Site B.

[0099] FIG. 64. 3D octet “blank™ hydrogel lattice after
swelling in a cobalt (II) acetate solution for 2 hours at 50°
C.

[0100] FIG. 65A. Cobalt oxide lattices after calcination of
structures swollen with cobalt acetate. FIG. 65B. Image of
the same cobalt oxide octet lattice, as imaged using a
stereomicroscope.



US 2022/0314183 Al

[0101] FIG. 66A. Cobalt lattices after reduction. FIG.
66B. Image of the same cobalt octet lattice, as imaged using
a stereomicroscope.

[0102] FIG. 67. SEM image of the cobalt lattice made as
described in Example 16.

[0103] FIG. 68. SEM image of the microstructure of the
cobalt lattice made as described in Example 16.

[0104] FIG. 69. Clockwise from top left—SEM image of
the area being probed with EDS. Corresponding elemental
maps, cobalt, oxygen, carbon, phosphorous, and silicon
were detected. Table of elements in both atomic and weight
percentages. The EDS spectrum, with peaks indexed to the
appropriate element.

[0105] FIG. 70. Clockwise from top left—SEM image of
the area being probed with EDS. Corresponding elemental
maps, cobalt, oxygen, carbon, phosphorous, and silicon
were detected. Table of elements in both atomic and weight
percentages. The EDS spectrum, with peaks indexed to the
appropriate element.

[0106] FIG. 71. Clockwise from top left—SEM image of
the area being probed with EDS. EDS spectra of the cobalt-
rich region, labeled as Site A. EDS spectra of the oxygen-
rich region, labeled as Site B. Table of elements in both
atomic and weight percentages of the elements detected in
Site A and Site B.

[0107] FIG. 72A-72B. FIG. 72A: photograph of 3D octet
“blank™ gel lattice after swelling in a 1:1 volume ratio of
2.5M copper (II) nitrate hemipentahydrate solution and
2.5M nickel nitrate hexahydrate solution for 2 hours, at 50°
C. FIG. 72B: stereomicroscope image of the lattice in FIG.
T2A.

[0108] FIG. 73A. Metal oxide lattices after calcination of
structures swollen with copper and nickel nitrates. FIG. 73B.
Image of the same metal oxide octet lattice, as imaged using
a stereomicroscope.

[0109] FIG. 74A. Metal lattices after reduction. FIG. 74B.
Image of the same metal octet lattice, as imaged using a
stereomicroscope.

[0110] FIG. 75. SEM image of the metal lattice made as
described in Example 17.

[0111] FIG. 76. SEM image of the microstructure of the
metal lattice made as described in Example 17.

[0112] FIG. 77. Clockwise from top left—SEM image of
the area being probed with EDS. Corresponding elemental
maps, coppet, nickel, oxygen, carbon, aluminum, and silicon
were detected. Table of elements in both atomic and weight
percentages. The EDS spectrum, with peaks indexed to the
appropriate element.

[0113] FIG. 78. Clockwise from top left—SEM image of
the area being probed with EDS. Corresponding elemental
maps, copper, nickel, oxygen, carbon, aluminum, phospho-
rous, and silicon were detected. Table of elements in both
atomic and weight percentages. The EDS spectrum, with
peaks indexed to the appropriate element.

[0114] FIG. 79. Clockwise from top left—SEM image of
the area being probed with EDS. EDS spectra of the metal-
rich region, labeled as Site A. EDS spectra of the oxygen-
rich region, labeled as Site B. Table of elements in both
atomic and weight percentages of the elements detected in
Site A and Site B.

[0115] FIGS. 80A-80C. Synthesis route for additive
manufacturing of metal oxides. A Zn** containing aqueous
photoresin is prepared by mixing zinc nitrate, water, PEGda,
DETC, and DMSO (FIG. 80A). Two-photon lithography is
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used to 3D print the photoresin (FIG. 80B) followed by
calcination at 500° C. to produce a ZnO replica with
isotropic linear shrinkage (FIG. 80C)

[0116] FIGS. 81A-81H. Characterization of AM-produced
ZnO. (FIG. 81A) XRD spectra of polymers with zinc
precursor after calcination, (FIG. 81B) EDS chemical com-
position maps of a unit cell after calcination, where atomic
ratio of Zn/O is ~0.92 based on the EDS spectrum in FIG.
81C; (FIG. 81D) Bright field, (FIG. 81E) dark field, and
(FIG. 81G) high-resolution TEM images and (FIG. 81H)
electron diffraction pattern from a calcined 3D ZnO struc-
ture. All reveal nanocrystalline microstructure. (FIG. 81F)
Histogram of grain sizes from DF TEM images reveals
5.1+/-1.6 nm grain size (N=40).

STATEMENTS REGARDING CHEMICAL
COMPOUNDS AND NOMENCLATURE

[0117] In general, the terms and phrases used herein have
their art-recognized meaning, which can be found by refer-
ence to standard texts, journal references and contexts
known to those skilled in the art. The following definitions
are provided to clarify their specific use in the context of the
invention.

[0118] The term “metal-containing species” refers to a
chemical species (e.g., atom, salt, ion, compound, molecule,
material) whose chemical formula includes at least one
metal element. For example, a material, object, chemical
species, compound, molecule, mixture, solution, or disper-
sion that is characterized or referred to as “metal-contain-
ing” is a material, object, chemical species, compound,
molecule, mixture, solution, or dispersion, respectively, that
comprises at least one metal and/or metal-containing spe-
cies. The term “metal-containing material” refers to a mate-
rial that includes at least one metal and/or metal-containing
species. The term “metal-containing hydrogel” refers to a
hydrogel that includes at least one metal and/or metal-
containing species. The term “metal-containing particles”
refers to particles that comprise at least one metal and/or
metal-containing species (e.g., metal oxide or metal nan-
oparticles). A metal-containing material may include one or
more metal atoms and/or metal ions involved in ionic,
covalent, metallic, and/or coordination bonding of the mate-
rial.

[0119] A metal salt is an exemplary metal-containing
species. Exemplary metal salts include, but are not limited
to, metal nitrates and their hydrates and metal acetates and
their hydrates. Exemplary metal salts include, but are not
limited to, zinc nitrate, zinc nitrate hexahydrate, zinc chlo-
ride, zinc acetate, iron nitrate, iron nitrate nonahydrate,
lithium nitrate, cobalt acetate, cobalt nitrate, cobalt nitrate
hexahydrate, aluminum nonahydrate, barium acetate,
yttrium nitrate, and any combinations of these.

[0120] The term “metal element” refers to a metal element
of the periodic table of elements. Preferably, as used herein,
the term “metal” includes elements that are metalloids.
Metalloids elements include B, Si, Ge, As, Sb, and Te.
Optionally, metalloid elements include B, Si, Ge, As, Sb, Te,
Po, At, and Se.

[0121] The term “metal alloy” refers to an alloy of two or
more metals. For example, a metal alloy may be character-
ized as a solid solution of two or more metal elements (e.g.,
the metal elements being in the form of atoms or ions in the
solid solution), a mixture of metallic phases, or an interme-
tallic compound. A metal alloy can be characterized as
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comprising metallic bonding. In certain embodiments, a
metal, rather than a metal alloy, refers to a metallic material
whose chemical formula has one metal element (i.e., its
compositions has substantially or essentially one metal
element).

[0122] The term “‘ceramic” refers to a solid material
comprising an compound of metal, non-metal, or metalloid
atoms substantially or essentially held in ionic or ionic and
covalent bonds. For example, a ceramic material can be
characterized as having cations (e.g., metal ions, which can
be metalloid ions) and anions (e.g., oxygen ions, nitrogen
ions, carbide ions) substantially or essentially held together
in ionic or ionic and covalent bonds. Any metal-containing
material that is made by any method for making a metal-
containing material disclosed herein can be a ceramic (i.e.,
a metal-containing ceramic). Exemplary ceramic materials
include, but are not limited to, barium titanate, bismuth
strontium calcium copper oxide, boron oxide, boron nitride,
ferrite, lead zirconate titanate magnesium diboride, silicon
carbide, silicon nitride, sialon (silicon aluminum oxyni-
tride), aluminum oxide, copper oxide, cobalt oxide, zinc
oxide, steatite, titanium carbide, titanium oxide, uranium
oxide, yitrium barium copper oxide, zirconium dioxide, and
any combinations of these.

[0123] The term “hydrogel” refers to a material compris-
ing a network of one or more polymers, preferably one or
more hydrophilic polymers, and comprising water. Prefer-
ably, but not necessarily, a hydrogel comprises a water
content selected from the range of 1 wt. % to 90 wt. %, more
preferably, but not necessarily, selected from the range of 10
wt. % to 90 wt. %. Optionally, a hydrogel further comprises
one or more co-solvent, in addition to water, where the
co-solvent can be a water-miscible non-water solvent. The
co-solvent(s), if present in a hydrogel, is present in an
amount (e.g., wt. %) less than a corresponding amount (e.g.,
wt. %) of water in the same hydrogel. As used herein, the
term “organogel” refers to a material comprising a network
of'one or more polymers, preferably one or more hydrophilic
polymers, and comprising a water-miscible non-water sol-
vent. Preferably, but not necessarily, an organogel comprises
a water-miscible non-water solvent content selected from
the range of 1 wt. % to 90 wt. %, more preferably selected
from the range of 10 wt. % to 90 wt. % Optionally, an
organogel further comprises water, in addition to the water-
miscible non-water solvent, where the water, if present in the
organogel, is present in an amount (e.g., wt. %) less than a
corresponding amount (e.g., wt. %) of the water-miscible
non-water solvent in the same organogel. Hydrogels are
further characterized and described in Ahmed (“Hydrogel:
Preparation, characterization, and applications: A review”,
Journal of Advanced Research, vol. 6, issue. 2, pgs. 105-121,
published Jul. 18, 2013), which is incorporated herein by
reference to the extent not inconsistent herewith. Organogels
are further characterized and described in Murdan (“Organo-
gels in drug delivery”, Expert Opinion on Drug Delivery,
vol. 2, issue 3, pages 489-505, published May 10, 2005),
which is incorporated herein by reference to the extent not
inconsistent herewith.

[0124] The term “photosensitive binder” refers to a cross-
linkable material or chemical species (e.g., compound or
molecule) that can be induced to cross-link with another
photosensitive binder via electromagnetic radiation, such as
light, such as visible light or ultra-violet light. Exemplary
photosensitive binders include, but are not limited to, mono-
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mers, macromolecules, and polymers. Photosensitive bind-
ers include but are not limited to poly(ethylene glycol)
macromolecules with acrylate functional groups.

[0125] The term “aqueous” refers to a material or chemi-
cal species dispersed in or dissolved in (solvated by) water.
For example, an aqueous chemical species is a chemical
species dispersed or dissolved in water. For example, an
aqueous metal salt is a metal salt dissolved in water. An
aqueous photosensitive binder is a photosensitive binder that
is dispersed or dissolved in water. In reference to a mixture
(e.g., a dispersion or a solution), the term “aqueous” (e.g.,
aqueous solution, aqueous dispersion, aqueous mixture)
refers to a mixture (e.g., a dispersion or a solution) that
includes water as a solvent with material(s) or chemical
species dissolved or dispersed therein. The term “nonaque-
ous” refers to a material or chemical species that is not
dissolve or dispersed in water. The terms non-aqueous and
nonaqueous can be used interchangeably herein and are
intended to be equivalent. In reference to a mixture (e.g., a
dispersion or a solution), the term “nonaqueous” (e.g.,
nonaqueous solution, nonaqueous dispersion, nonaqueous
mixture) refers to a mixture having a non-water solvent with
at least one material and/or chemical species dissolved or
dispersed in the non-water solvent. The term “water-mis-
cible” refers to a chemical species (e.g., a non-water solvent,
a photosensitive binder) that is miscible in water.

[0126] The term “non-water” in reference to a solvent
refers to a solvent other than water. Exemplary non-water
water-miscible solvents include, but are not limited to,
dimethyl sulfoxide (DMSO), N,N-dimethylformamide
(DMF), isopropanol, methanol, glycerol, ethanol, and any
combinations of these.

[0127] The term “mixture” refers to a liquid mixture
comprising one or more liquid solvents (e.g., water and/or a
non-water water-miscible solvent) and one or more chemical
species dissolved and/or dispersed in the one or more
solvents. Solutions, dispersions, and suspensions are exem-
plary mixtures. For example, a mixture can be a solution, a
dispersion, or a suspension. A mixture can be a homoge-
neous or a heterogeneous mixture. Preferably, but not nec-
essarily, a mixture is a homogeneous mixture, wherein the
one or more dissolved and/or dispersed chemical species are
homogeneously, or uniformly, dissolved and/or dispersed in
the one or more solvents of the homogeneous mixture.
Chemical species dispersed and/or dissolved in a mixture
can include, but are not limited to, ions (e.g., ions of salt(s)),
photosensitive binders, polymers, colloidal particles (such
as colloidal nanoparticles), UV-blockers, photoinitiators,
and combinations of these. As used herein, solutions and
colloids are exemplary dispersions. A solution refers to a
homogenous liquid mixture in which one or more chemical
species, such as salts (or ions thereof) and/or molecules are
dissolved (solvated by the one or more solvents). Preferably,
but not necessarily, a solution does not comprise nanopar-
ticles (e.g., metal-containing nanoparticles; e.g., metal nan-
oparticles) dispersed therein. Optionally, a solution can have
only trace or impurity levels of metal-containing nanopar-
ticles dispersed therein. Preferably, a homogeneous mixture,
such as a homogeneous dispersion, is microscopically
homogeneous. Preferably, individual particles of a mixture
(e.g., a dispersion) are not distinctly visible to the naked.
Preferably, individual particles of a mixture (e.g., a disper-
sion) are less than 100 pm in size, preferably less than 60 um
is size, more preferably less than 50 um in size, further more
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preferably less than 10 pum in size, further more preferably
less than 1 um in size, and optionally less than 100 nm in
size. For example, particles in a mixture (e.g., a dispersion)
can be solid objects (e.g., polymer particles; e.g., metal or
ceramic nanoparticles) or liquid objects (e.g., micelles; e.g.,
particles of a liquid immiscible in the continuous liquid
phase, such as in the case of an emulsion). Preferably, a
dispersion is not a suspension having sedimented or sedi-
menting particles is not a dispersion. Preferably, a dispersion
is not a suspension having sedimented or sedimenting par-
ticles that are greater than 10 pm, or greater than 50 um, in
size.

[0128] The term “blank™ in reference to a hydrogel (e.g.,
blank hydrogel) or an organogel (e.g., blank organogel)
refers to a hydrogel or organogel, respectively, that is
capable of and does take up (e.g., swell-in; e.g., via diffu-
sion, absorption, and/or adsorption) metal-containing spe-
cies, such as metal salts or metal ions, during a method for
making a metal-containing material, such as any method for
making a metal-containing material disclosed herein, such
as during a step of swelling of any method for making a
metal-containing material disclosed herein. Preferably, but
not necessarily, each of any blank hydrogel and any blank
organogel has less than or equal to 0.5 wt. % of a metal and
metal-containing chemical species (e.g., metal salts, metal
ions, metal-containing nanoparticles). Preferably, but not
necessarily, each of any blank hydrogel and any blank
organogel has less than or equal to 0.6 wt. %, preferably less
than or equal to less than 0.5 wt. %, more preferably less
than or equal to 0.4 wt. %, optionally less than or equal to
0.3 wt. %, optionally less than or equal to 0.2 wt. %,
optionally less than or equal to 0.1 wt. %, less than or equal
to 0.05 wt. %, and optionally less than or equal to 0.01 wt.
%, of a metal and metal-containing chemical species (e.g.,
metal salts, metal ions, metal-containing nanoparticles).
Preferably, each of any blank hydrogel and any blank
organogel can be independently characterized as being free
of metal and metal-containing species other than photoini-
tiator(s) and UV-blocker(s). Generally, a “blank™ mixture
refers to a mixture that is free of metal and metal-containing
species other than photoinitiator(s) and UV-blocker(s).
Optionally, a blank mixture can have trace or impurity
amounts of metal(s) or metal-containing species. A “blank
aqueous mixture” refers to a mixture capable of and used to
form a blank hydrogel, such as via a photopolymerization
process performed on the blank aqueous mixture. A “blank
nonaqueous mixture” refers to a mixture capable of and used
to form a blank organogel, such as via a photopolymeriza-
tion process performed on the blank nonaqueous mixture. A
“blank mixture”, such as “blank solution,” used during a
leaching step, such as a leaching step according to any
method for making a metal-containing material disclosed
herein, wherein the metal-containing hydrogel leaches
metal-containing species into the blank mixture, refers to a
mixture capable of and used to accept metal-containing
species from a (leaching) metal-containing hydrogel
(thereby facilitating leaching of the metal-containing hydro-
gel. Preferably, a blank mixture, such as a blank aqueous
mixture or a blank nonaqueous mixture, has less than or
equal to 0.5 wt. % of a metal and metal-containing chemical
species (e.g., metal salts, metal ions, metal-containing nan-
oparticles). Optionally, a blank mixture has less than or
equal to 0.6 wt. %, optionally less than or equal to 0.5 wt.
%, optionally less than or equal to 0.4 wt. %, optionally less
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than or equal to 0.3 wt. %, optionally less than or equal to
0.2 wt. %, optionally less than or equal to less than 0.1 wt.
%, optionally less than or equal to 0.05 wt. %, and optionally
less than or equal to 0.01 wt. %, of a metal and metal-
containing chemical species. Optionally, a blank mixture has
less than or equal to 500 mM, optionally less than or equal
to 300 mM, optionally less than or equal to 100 mM,
optionally less than or equal to 50 mM, optionally less than
or equal to 20 mM, optionally less than or equal to 10 mM,
optionally less than or equal to less than 5 mM, optionally
less than or equal to 1 mM, and optionally less than or equal
to 0.1 mM, of a metal and metal-containing chemical
species.

[0129] The term “wt. %” refers to a weight percent by
weight. The term “mol. %” refers to molar percent or percent
by moles.

[0130] As used herein, a resin refers to a mixture that
comprises binders, such as monomers, macromolecules,
and/or polymers. As used herein, a photoresin is a resin
comprising one or more photosensitive binders. An aqueous
precursor mixture comprising one or more aqueous photo-
sensitive binders is an example of a photoresin. An aqueous
blank mixture comprising one or more aqueous photosen-
sitive binders is an example of a photoresin. A nonaqueous
blank mixture comprising one or more nonaqueous photo-
sensitive binders is an example of a photoresin.

[0131] As used herein, the term “polymer” refers to a
molecule composed of repeating structural units connected
by covalent chemical bonds often characterized by a sub-
stantial number of repeating units (e.g., equal to or greater
than 3 repeating units, optionally, in some embodiments
equal to or greater than 10 repeating units, in some embodi-
ments greater or equal to 30 repeating units) and a high
molecular weight (e.g. greater than or equal to 10,000 Da, in
some embodiments greater than or equal to 50,000 Da or
greater than or equal to 100,000 Da). Polymers are com-
monly the polymerization product of one or more monomer
precursors. The term polymer includes homopolymers, or
polymers consisting essentially of a single repeating mono-
mer subunit. The term polymer also includes copolymers
which are formed when two or more different types of
monomers are linked in the same polymer. Copolymers may
comprise two or more monomer subunits, and include
random, block, brush, brush block, alternating, segmented,
grafted, tapered and other architectures. Useful polymers
include organic polymers or inorganic polymers that may be
in amorphous, semi-amorphous, crystalline or semi-crystal-
line states. Polymer side chains capable of cross linking
polymers (e.g., physical cross linking) may be useful for
some applications.

[0132] The term “photopolymerization” refers a process
that uses electromagnetic radiation, such as light, such as
visible light, infrared light, and/or ultra-violet light, to
initiate and propagate a polymerization or cross-linking
reaction between or among cross-linkable materials or
chemical species. Photolithography is a non-limiting
example of a photopolymerization process.

[0133] The term “additive manufacture process™ refers to
a process for forming a material, a structure, or feature via
deposition, or otherwise building up, of a material. The
terms “additive manufacture process” and “additive manu-
facturing process” may be used interchangeably. An additive
manufacture process can involve layer-by-layer and/or con-
tinuous or volume deposition of a material to form a
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three-dimensional structure or element. The deposited mate-
rial may include, but is not limited to, inorganic materials,
hybrid organic-inorganic materials, polymers, metals, or
combinations of these. Exemplary additive manufacture
processes include, but are not limited to, 3D printing,
stereolithography (SLA), continuous liquid interface pro-
duction, fused deposit modeling (FDM), 2-photon lithogra-
phy, digital light processing (DLP), continuous liquid inter-
face production, micro-stereolithographic  (u-SLA),
interference lithography, holographic lithography, stimu-
lated emission depletion (STED) lithography, vat photopo-
lymerization, material extrusion, material jetting, and pow-
der bed fusion. In some embodiments, an additive
manufacture process does not require a subtractive manu-
facture to form the structure or element. Examples of
subtractive manufacture processes include, but are not lim-
ited to, milling, machining, electron discharge machining,
carving, shaping, grinding, drilling, and etching. In an
embodiment, an additive manufacture process involves or is
aided by computer-aided design (CAD).

[0134] As used herein, the term “thermal treatment” or
“thermally treating” refers to a thermal/heat treatment such
as, but not limited to, calcination, pyrolysis, sintering, high-
temperature annealing, and any combinations of these. Dur-
ing thermal treatment, a material being thermally treated,
such as a metal-containing hydrogel, is exposed to heat and
an atmosphere, referred to as a “thermal-treatment atmo-
sphere”. The thermal-treatment atmosphere refers to chemi-
cal species, or lack thereof, in the gas/vapor space to which
the thermally treated material (e.g., a hydrogel) is exposed
during the thermal treatment. For example, the thermal-
treatment atmosphere can include one or more gaseous or
vapor chemical species. For example, the thermal-treatment
atmosphere can be characterized as a vacuum (i.e., the lack
of gaseous or vapor chemical species; i.e., having none or a
low concentration of gaseous or vapor chemical species).
For example, a thermal-treatment atmosphere can be a
reactive atmosphere, such that at least one gaseous or vapor
chemical species of the thermal-treatment atmosphere
chemically interacts with the material being thermally
treated during the thermal treatment. For example, a ther-
mal-treatment atmosphere can be a reducing atmosphere,
such that a chemical interaction of the thermal-treatment
atmosphere (or at least one gaseous or vapor chemical
species thereof) during thermal treatment with the material
being thermally treated chemically reduces the material. For
example, a thermal-treatment atmosphere can be an oxidiz-
ing atmosphere, such that a chemical interaction of the
thermal-treatment atmosphere (or at least one gaseous or
vapor chemical species thereof) with the material being
thermally treated during thermal treatment chemically oxi-
dizes said material. For example, a thermal-treatment atmo-
sphere can be an inert atmosphere, such that no chemical
interaction (or, substantially or essentially no chemical inter-
action) occurs between the gaseous or vapor species of the
thermal-treatment atmosphere and the material being ther-
mally treated during thermal treatment. For example, a
composition of at least a portion of the metal-containing
material is indirectly determined by the thermal-treatment
being an inert atmosphere. For example, a composition of at
least a portion of the metal-containing material is indirectly
determined by the thermal-treatment being an inert atmo-
sphere via the lack of a chemical interaction between the
metal-containing hydrogel or metal-containing material and
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the thermal atmosphere, because the inert atmosphere is not
an oxidizing or a reducing atmosphere. As used herein,
oxidation or oxidizing of a material or species refers to an
increase in an oxidation state of said material or species
(e.g., loss of electrons with respect to the material or species
before its undergoing oxidation). Oxidation can include
incorporation of oxygen atoms, via chemical reaction, in the
oxidized material or species. As used herein, reduction or
reducing of a material or species refers to a decrease in an
oxidation state of said material or species (e.g., gain of
electrons with respect to the material or species before its
undergoing reduction).

[0135] The term “swelling” refers to a first material, such
as a hydrogel or an organogel, taking up at least one other
material and/or chemical species (e.g., metal ion(s)) such
that said at least one other material and/or chemical species
becomes a part of the composition of said first material.
Preferably, but not necessarily, swelling refers to the taking
up of at least one metal and/or metal-containing species
(e.g., metal salt; e.g., metal ions). Swelling, or the “taking
up,” can occur by absorption, adsorption, and/or diffusion,
for example, of said at least one other material and/or
chemical species into said first material. The term “leaching”
refers to a first material, such as a hydrogel or an organogel,
releasing or losing at least one other material and/or chemi-
cal species (e.g., metal ion(s)) such that said first material’s
composition has less of said at least one other material
and/or chemical species due to the leaching thereof. Leach-
ing can occur by absorption, adsorption, and/or diffusion, for
example, of said at least one other material and/or chemical
species out of said first material. Preferably, but not neces-
sarily, leaching refers to the release/loss of at least one metal
and/or metal-containing species (e.g., metal salt; e.g., metal
ions). Preferably, the swelling is a process involving a liquid
mixture wherein the first material (e.g., a hydrogel or an
organogel) is exposed to a liquid mixture (e.g., an aqueous
metal salt mixture), in which the at least one other material
and/or chemical species (preferably, at least one metal
and/or metal-containing species) is dispersed or dissolved,
such that the at least one other material and/or chemical
species (preferably, at least one metal and/or metal-contain-
ing species) is taken up from said liquid mixture (e.g., an
aqueous metal salt mixture) into the first material (e.g., a
hydrogel or an organogel). Optionally, the taken-up at least
one other material and/or chemical species remains dis-
persed or dissolved in a solvent in the first material. For
example, a hydrogel or an organogel may take up a mixture
of water and at least one aqueous metal salt, where at least
a portion of the taken-up at least one metal salt remains
dissolved in the mixture. Preferably, the leaching is a process
involving a liquid wherein the first material (e.g., a metal-
containing hydrogel) is exposed to a liquid solvent, which is
optionally a blank mixture, into which the at least one other
material and/or chemical species (preferably, at least one
metal and/or metal-containing species) is released from the
first material (e.g., a metal-containing hydrogel). Optionally,
the released at least one other material and/or chemical
species becomes dispersed or dissolved in said liquid solvent
during the leaching.

[0136] The term “macroscopically monolithic” refers to a
material, system, structure, geometry, or other element that
is a unitary interconnected and continuous element. In an
embodiment, a macroscopically monolithic element is
formed or composed of a material without joints or seams.
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In an embodiment, the term “interconnected” refers to a
system, structure, geometry, or other element of which every
first portion or first feature is either (i) directly connected to
a second portion or second feature of the system, structure,
geometry, or other element, or (ii) indirectly connected to a
second portion or second feature of the system, structure,
geometry, or other element via a third portion or third feature
of the system, structure, geometry, or other element. In an
embodiment, no portion or feature of an interconnected
system, structure, geometry, or other element is fully iso-
lated from the rest of the system, structure, geometry, or
other element. In an embodiment, the term “continuous”
refers to a system, structure, geometry, or other element of
which every first portion or first feature is directly or
indirectly bonded to, fused with, or otherwise belongs to the
same uninterrupted phase with respect to a second portion or
second feature of system, structure, geometry, or other
element. In an embodiment, two features which are con-
nected merely by superficial contact (e.g., touching) but are
otherwise isolated with respect to each other, are not con-
tinuous. In an embodiment, two distinct features, such as
fibers or particles, which are merely touching or are woven
together may be interconnected but are not continuous with
respect to each other. In an embodiment, a structure or
geometry consisting of a plurality of features, such as fibers
or particles, each of which is merely touching or woven
together with another feature, such as a fiber or particle, may
be an interconnected structure or geometry but is not a
continuous structure or geometry. The term macroscopically
monolithic does not and is not intended to describe a size of
the material or element. An element can be microscopic or
nanoscopic and be characterized as having a macroscopi-
cally monolithic structure as described here.

[0137] The term “deterministic” refers a system, structure,
geometry, or other element characterized by at least one
feature and/or at least one property (e.g., spatial variation of
composition, magnetism, electrical conductivity, and/or
thermal conductivity, etc.) that is known and/or controlled to
be within 20%, preferably within 10%, more preferably
within 5%, more preferably within 1%, or more preferably
within 0.1% of a determined or desired value. In an embodi-
ment, a deterministic geometry is characterized one or more
features each independently having at least one physical
dimension which, prior to or during formation of said
structure, is pre-determined to be within 20%, preferably
within 10%, more preferably within 5%, more preferably
within 1%, or more preferably within 0.1% of a determined
or desired value. For example, a deterministic architected
three-dimensional geometry of a structure comprises a plu-
rality of features, such as trusses, having one or more
physical dimensions (e.g., width, thickness, diameter,
length) the values of which are within 20%, preferably
within 10%, more preferably within 5%, more preferably
within 1%, or still more preferably within 0.1% of the
value(s) of the one or more physical dimensions designed,
such as via a CAD technique, or determined prior to
formation of the structure. Stochastic geometries or struc-
tures, such as random or natural foams, are not deterministic.

[0138] The term “architected” refers to a system, structure,
geometry, or feature having features that are designed and
formed according to the design. In an embodiment, an
architected structure is deterministic or formed according to
deterministic process(es). In an embodiment, substantially
all features, and physical dimensions thereof, are designed,
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or pre-determined, and formed according to the design such
that the substantially all features, and physical dimensions
thereof, are substantially equivalent to those of the design.
Preferably, as used herein, an architected metal-containing
material is a nano- or micro-architected material (having a
nano- or micro-architected structure).

[0139] The term “three dimensional geometry” refers to a
geometry characterized by a three-dimensional geometric
configuration. In an embodiment, a structure has a three
dimensional geometry when a three-coordinate system of
physical space is required to fully describe the physical
dimensions of a unit cell of the structure. A three dimen-
sional geometry may be nano-architected and/or micro-
architected. In an embodiment, a structure characterized by
a nano-architected three dimensional geometry is a structure
characterized one or more features having at least one
physical size dimension (e.g., length, width, diameter, or
height) the value of which is in the range of approximately
1 nm to less than 1 um. The one or more “features” include,
but are not limited to, beams, struts, ties, trusses, sheets,
shells, and nodes. In an embodiment, a structure character-
ized by a nano-architected three dimensional geometry is a
structure characterized by a unit cell having whose at least
one physical size dimension (e.g., length, width, or height)
the value of which is in the range of approximately 1 nm to
less than 1 um. In an embodiment, a structure characterized
by a micro-architected three dimensional geometry is a
structure characterized one or more features having at least
one physical size dimension (e.g., length, width, or height)
the value of which is in the range of approximately 1 um to
1000 um. In an embodiment, a structure characterized by a
micro-architected three dimensional geometry is a structure
characterized by a unit cell having at least one physical size
dimension (e.g., length, width, or height) the value of which
is in the range of approximately 1 pm to 1000 pm.

[0140] As used herein, a “feature” of a system or material,
such as a metal-containing material according to an embodi-
ment, structure, or geometry, such as a three-dimensional
geometry according to an embodiment, refers to an element
such as, but not limited to, a beam, a strut, a tie, a truss, a
sheet, a shell, a sphere, an ellipse, a node, or a combination
of these. In an embodiment, a fillet, a bevel, a chamfer, or
similar attribute is a portion of a feature but is not a feature
itself. For example, a fillet, or rounding of an interior or
exterior corner, is a portion of one or more features but is not
a “feature”, as used herein, itself. For example, a fillet
between a first truss and a second truss is a portion of the first
truss, of the second truss, or a portion of each of the first and
second trusses, but the fillet is not itself a “feature”, as used
herein, of the three-dimensional geometry or structure. A
“longitudinal feature” refers to an element whose length (or,
size along its longitudinal axis) is at least 50% greater than
each of its other characteristic size dimensions (i.e., width,
height, thickness, or diameter). Exemplary longitudinal fea-
ture may include, but are not limited to, beams, struts, ties,
and trusses. In an embodiment, a surface feature is a feature
that may be better characterized as a flat and/or curved
planar feature than a longitudinal feature. In an embodiment,
a surface feature corresponds to a feature that may be
approximated or characterized as a mathematical two-di-
mensional manifold, having a uniform or non-uniform thick-
ness. In an embodiment, a surface feature corresponds to a
feature that may be approximated or characterized as a
mathematical two-dimensional manifold, having a uniform
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or non-uniform thickness, and is an open surface. Exemplary
surface features include, but are not limited to, sheets and
shells.

[0141] The term “cross-sectional physical dimension”
refers to a physical dimension of a feature measured in a
transverse or cross-sectional axis. In an embodiment, the
transverse axis is perpendicular to a longitudinal axis of the
feature. In an embodiment, a cross-sectional physical dimen-
sion corresponds to a width or a diameter of a feature such
as a beam, strut, or tie. In an embodiment, a longitudinal
physical dimension is a dimension of a feature along the
longitudinal axis of the feature, wherein the longitudinal
axis is perpendicular to a cross-sectional axis. Optionally,
the longitudinal physical dimension is measured between
two nodes. Optionally, the longitudinal physical dimensions
is measured between to physical ends of a structure.
[0142] The term “unit cell” refers to the smallest arrange-
ment, configuration, or geometry of a plurality of features
such that an entire structure, or three-dimensional geometry
thereof, characterized by said unit cell can be formed by
repetition of said unit cell. For example, repetition of the unit
cell in three dimensions may form a three-dimensional
structure. The entire structure may be a three-dimensional
structure, such as a three-dimensional porous structure.
[0143] The term “average,” when used in reference to a
material or structure property, refers to a calculated arith-
metic mean of at least two, or preferably at least three,
identical measurements or calculations of said property. For
example, an average density of a structure is the arithmetic
mean of at least two measurements performed identically, of
the density of said structure.

[0144] The term “density” refers to volumetric mass den-
sity. Density is represented in units of mass-per-volume
(e.g., g/lcm®). When referring to a material, the term density
corresponds to the volumetric mass density of the material.
When referring to a structure, the term density corresponds
to the volumetric mass density of the structure, which is a
function of the geometric configuration (geometry) of the
structure as well as a function of the material(s) of which the
structure is formed, such that an increase in porosity of said
structure corresponds to a decrease in density of said struc-
ture. The density of a structure, such as a structure having a
three-dimensional geometry according to an embodiment of
the invention, may be measured according a method con-
ventionally known, or not yet known, in the art. For
example, the density of a structure may be determined by
determining mass, height, and diameter for a disk-shape
sample, and then calculating the determined mass divided by
volume for the sample, with assuming the sample is sub-
stantially a complete circle.

[0145] The term “relative density” refers to a volume
fraction of solid material in a composite material system,
structure, or feature. In an embodiment, a relative density
corresponds to a ratio of density of a structure to density
solid material (or the combination of materials), of which the
structure is composed. Relative density may be represented
as a fraction (the ratio of densities) or as a percentage (the
ratio of densitiesx100%). In an embodiment, relative density
of a structure, or a three-dimensional geometry thereof,
before pyrolysis is substantially the same to that after
pyrolysis.

[0146] The term “specific strength” refers to a ratio of
strength to density of a material, system, structure, or feature
where strength refers to force per unit area at the point of
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failure of the material, element, or structure. Specific
strength may also be referred to as strength-to-weight ratio.
In an embodiment, “strength” refers to compressive
strength. In an embodiment, “strength” refers to tensile
strength. In an embodiment, compressive strength is the
maximum stress a material can sustain under crush loading.
In an embodiment, compressive strength of a material,
structure, or element that fails by shattering fracture can be
defined within fairly narrow limits as an independent prop-
erty. In an embodiment, the compressive strength of a
material, structure, or element that does not shatter in
compression is the amount of stress required to distort the
material an arbitrary amount. In an embodiment, compres-
sive strength of a material, structure, system, feature, or
element that does not shatter in compression can be calcu-
lated as the stress at a 0.2% strain offset from the linear
portion in a stress-strain curve. In an embodiment, compres-
sive strength is calculated by dividing the maximum load, on
the material, structure, or element, by the original cross-
sectional area of the material, structure, or element being
examined.

[0147] The term “stiffness” refers to an extent to which a
material, structure, system, or feature resists deformation in
response to an applied force. Stiffness corresponds to a ratio
of force applied to a material, structure, or element versus
the displacement produced by the applied force along the
same degree of freedom (e.g., same axis or direction)
exhibited by the material, structure, or element. The term
“specific stiffness™ refers to a ratio of stiffness to density of
the material, element, or structure. In an embodiment, the
stiffness of a material, structure, or element is the Young’s
modulus of the material, structure, or element.

[0148] The term “node” may refer to a junction or inter-
section of a plurality of features, such as beams or struts. A
structure may have a three-dimensional geometry that is a
node-free geometry.

[0149] The term “core,” when referring to a feature of a
structure having a three-dimensional geometry, according to
an embodiment, refers to an inner volume of the feature up
to and excluding the external surface of the feature. In an
embodiment, the core of a feature corresponds to the fea-
ture’s internal volume excluding that of any coatings, par-
ticularly coatings introduced after a pyrolysis process, pres-
ent thereon.

[0150] The term “pre-polymer” or “prepolymer” refers to
a monomer or mixture comprising one or more monomers
where the monomer(s) have been reacted to an intermediate
molecular mass state. The prepolymer is capable of under-
going further polymerization to a fully cured higher molecu-
lar weight state. In some embodiments, the terms prepoly-
mer and monomer may be used interchangeably.

[0151] The term “substantially” refers to a property that is
within 10%, within 5%, within 1%, or is equivalent to a
reference property. The term “substantially equal”, “substan-
tially equivalent”, or “substantially unchanged”, when used
in conjunction with a reference value describing a property
or condition, refers to a value that is within 10%, optionally
within 5%, optionally within 1%, optionally within 0.1%, or
optionally is equivalent to the provided reference value. For
example, a ratio is substantially equal to 1 if it the value of
the ratio is within 10%, optionally within 5%, optionally
within 1%, or optionally equal to 1. The term “substantially
greater”, when used in conjunction with a reference value
describing a property or condition, refers to a value that is
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at least 2%, optionally at least 5%, or optionally at least 10%
greater than the provided reference value. The term “sub-
stantially less”, when used in conjunction with a reference
value describing a property or condition, refers to a value
that is at least 2%, optionally at least 5%, or optionally at
least 10% less than the provided reference value.

[0152] The term “electrochemical cell” refers to devices
and/or device components that convert chemical energy into
electrical energy or electrical energy into chemical energy.
Electrochemical cells have two or more electrodes (e.g.,
positive and negative electrodes) and one or more electro-
lytes. For example, an electrolyte may be a fluid electrolyte
or a solid electrolyte. Reactions occurring at the electrode,
such as sorption and desorption of a chemical species or
such as an oxidation or reduction reaction, contribute to
charge transfer processes in the electrochemical cell. Elec-
trochemical cells include, but are not limited to, primary
(non-rechargeable) batteries and secondary (rechargeable)
batteries. In certain embodiments, the term electrochemical
cell includes metal hydride batteries, metal-air batteries, fuel
cells, supercapacitors, capacitors, flow batteries, solid-state
batteries, and catalysis or electrocatalytic cells (e.g., those
utilizing an alkaline aqueous electrolyte).

[0153] The term “electrode” refers to an electrical con-
ductor where ions and electrons are exchanged with the aid
of an electrolyte and an outer circuit. The term “negative
electrode” refers to the electrode that is conventionally
referred to as the anode during discharging of the electro-
chemical cell. During charging of the electrochemical cell,
the negative electrode is one that is conventionally referred
to as the cathode. The negative electrode may comprise a
porous structure. An exemplary negative electrode includes,
but is not limited to, a carbon allotrope such as graphite,
graphitic carbon, or glassy carbon. The term “positive elec-
trode” refers to the electrode that is conventionally referred
to as the cathode during discharging of the electrochemical
cell. During charging of the electrochemical cell, the posi-
tive electrode is one that is conventionally referred to as the
anode. An exemplary positive electrode includes, but is not
limited to, lithium cobalt oxide.

[0154] “Active material” refers to the material in an elec-
trode that takes part in electrochemical reactions which store
and/or deliver energy in an electrochemical cell.

[0155] The term “porous” refers to a material, element, or
structure that has porosity. The term “porosity” refers to the
amount of a material or structure, such as a three-dimen-
sional structure of an electrode, corresponding to an absence
of said material or structure, such as absence corresponding
to pores, such as apertures, channels, voids, etc. Porosity
may be expressed as the percentage of the volume of a
material, structure or device component, such as an elec-
trode or a three-dimensional structure of an electrode, which
corresponds to pores, such as apertures, channels, voids,
etc., relative to the total volume occupied by the material,
structure or device component. In an embodiment, an elec-
trode comprises a porous structure having a three-dimen-
sional geometry, wherein the porous structure is character-
ized by a porosity selected from the range of 20% to 95%,
preferably for some applications a porosity selected from the
range of 50% to 95%, and optionally for some applications
60% to 95%. In some embodiments, porosity of a material,
such as a carbon allotrope material, refers to porosity of
within an individual feature, or portion thereof, that is
formed of said material. For example, porosity of a carbon
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allotrope material of a structure may refer to porosity of a
feature, such as a beam or strut, that is formed of said carbon
allotrope material. Pores of a porous material may be
characterized by an average diameter selected from the
range of 1 nm to 1000 nm. In an embodiment, the average
diameter of the pores of a material is less than the cross-
sectional diameter of a feature formed of the material.
[0156] Greer, et al. (U.S. application Ser. No. 16/151,186,
filed Oct. 3, 2018) and Portela, et al. (U.S. application Ser.
No. 16/206,163, filed Nov. 30, 2018) are incorporated herein
by reference in their entirety, to the extent not inconsistent
herewith. Greer, et al., and Portela, et al., include additional
descriptions of photopolymerization techniques, additive
manufacturing, and structural or geometrical features, for
example.

[0157] In an embodiment, a composition or compound of
the invention, such as an alloy or precursor to an alloy, is
isolated or substantially purified. In an embodiment, an
isolated or purified compound is at least partially isolated or
substantially purified as would be understood in the art. In
an embodiment, a substantially purified composition, com-
pound or formulation of the invention has a chemical purity
ot 95%, optionally for some applications 99%, optionally for
some applications 99.9%, optionally for some applications
99.99%, and optionally for some applications 99.999% pure.

DETAILED DESCRIPTION OF THE
INVENTION

[0158] In the following description, numerous specific
details of the devices, device components and methods of
the present invention are set forth in order to provide a
thorough explanation of the precise nature of the invention.
It will be apparent, however, to those of skill in the art that
the invention can be practiced without these specific details.
[0159] Technical ceramics are one of the most important
classes of materials being used in the world today. These
engineered ceramics exhibit all kinds of unique mechanical,
electrical, thermal and even biochemical properties[1-4],
and have found application in virtually every scientific and
engineering field. However, one key challenge that is still
being faced in industry is in the shaping and production of
these advanced ceramics. Manufacturing processes that
work for metals and polymers, such as casting or machining
cannot be applied to ceramics due to their high melting
points and hardness[5]. To circumvent this, alternative pro-
cesses like pressing, molding and casting have been devel-
oped specifically for ceramics. Unfortunately, these pro-
cesses still have their limitations. For example, while
pressing of ceramic powders is relatively simple and inex-
pensive, only simply shaped parts can be achieved. On the
other hand, techniques like molding or casting all require the
use of expensive molds, making them inappropriate in areas
where rapid prototyping is desired[6].

[0160] In recent years, 3D printing of ceramics has
become a significant area of interest as it has the potential to
remove the geometrical limitations associated with the cur-
rent state of the art of ceramic processing. Currently, there
exist many techniques for additive manufacturing of ceramic
materials. They can be broadly categorized into direct or
indirect processes[7]. In direct processes, the 3D printed
parts are fabricated in a single process where the geometric
shape and the material properties are achieved at the same
time. Examples of these processes are selective laser melting
and selective laser sintering, where thermal energy selec-
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tively fuses regions of a powder bed of ceramics particles
into the desired shape. In indirect processes, the part is
fabricated in a multistep process where the first step shapes
the part, and a subsequent one consolidates the part into the
actual ceramic material. Typical examples of this are binder
jetting and stereolithography, where ceramic powders/pre-
cursors are shaped via the use of a binder material, which is
then removed during a second heat treatment|8].

[0161] Although indirect processes require more process-
ing stages and are thus more time consuming, they have
started to gain popularity due to the versatility of materials
that can be made and the low cost of equipment compared
to that of direct processes[8,9]. In particular, processes
involving photolithography have emerged as one of the most
promising ones due to the high resolution and small feature
sizes achievable[10]. These photolithography systems typi-
cally consist of photosensitive slurries, where fine powders
of the desired ceramic of choice are dispersed in a photo-
sensitive organic binder. By selectively exposing certain
parts of the slurry to radiation of the appropriate wavelength,
the binder can be cured into a desired shape, trapping the
ceramic powder within as well. A subsequent high tempera-
ture treatment then burns off the organic binder and sinters
together the remaining ceramic powders into a dense
ceramic part[11-14]. The advantages of these systems are
that it’s simple and versatile—as long as the desired ceramic
can be obtained in powder form and can be dispersed in a
photosensitive binder, the slurry can be obtained and the part
3D printed. However, for a part to survive the high tem-
perature process, the slurry has to have a high loading of
ceramic particles, somewhere between the ranges of 45-70
volume percent, which results in a host of other issues. At
such high loadings, the viscosity of the slurry increases
significantly, making it difficult to print[15,16]. Homog-
enous dispersion of the ceramic powder also becomes chal-
lenging at such high viscosities[17]. Furthermore, the solid
ceramic particles increase the refractive index of the resin
and scatter the incident light, reducing both the cure depth
and the dimensional accuracy of the print[18,19].

[0162] To circumvent these problems, an alternative tech-
nique centered on the use of preceramic polymers was
developed recently[20], where an inorganic polymer photo-
resist is used in the printing process. These inorganic poly-
mers often have heteroatoms in their backbone such as Si
and B, amongst others, which can then be converted on
pyrolysis into one of many Si-based ceramics[21-23]. In this
case, the inorganic polymer is both the binder and ceramic
precursor at the same time. While this method avoids the use
of slurries, and addresses the problem of loading and homo-
geneity, these preceramic polymers are often not commer-
cially available and need to be synthesized[24-26]. Further-
more, aside from the work by Vyatskikh et al[24], almost all
of the preceramic polymers being used result in Si-based
ceramics, limiting the type of ceramics that can be made.

[0163] There thus exists a need to develop new techniques
that combines the best of both systems, the ease and versa-
tility of using ceramic powders with the homogeneity and
low viscosities afforded by the preceramic polymers.

[0164] The invention can be further understood by the
following non-limiting examples.
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Example 1: 3D Printing of Metal Containing
Structures Via a Metal Salt-Containing Aqueous
Photoresin

[0165] This example presents a method of manufacturing
metal-containing materials via a two-step process: a) fabri-
cation of a metal-containing hydrogel material via photoli-
thography of a metal-salt containing aqueous photoresin and
b) thermal treatment (e.g., pyrolysis or calcination) of the
aforementioned preceramic hydrogel material.

[0166] Demonstrated here are simple inexpensive method
to fabricate 3D printed metal-containing structures via a
multistep process where first, a metal-containing hydrogel
part is printed via photolithography from an aqueous pho-
toresin, followed by thermal treatment (e.g., pyrolysis) of
the aforementioned metal-containing hydrogel. The aqueous
photoresin (or, aqueous precursor mixture) is a homogenous
mixture of dissolved metal salts, water and water-soluble
binders, photoinitiators and UV blockers. Advantageous of
this process include that any water-soluble metal salt can be
used, resulting in a wide variety of ceramics that can be
produced using this methodology. These aqueous resins are
homogenous and have low viscosities since the dissolution
of the metal salts does not increase the viscosity of the water
substantially.

[0167] The present disclosure includes a general approach
for fabricating 3D printed metal-containing parts via a
two-step process where, first, a part is fabricated via stereo-
lithography from a metal-salt containing aqueous photoresin
and then second, thermal treatment (e.g., pyrolysis) of the
aforementioned part. This is described schematically in FIG.
1.

[0168] In terms of the preparation of the metal-salt con-
taining photoresin, a number of different reagents can be
used. Suitable water-soluble photosensitive binders of the
present invention include but are not limited to poly(ethyl-
ene glycol) macromolecules with acrylate functional groups.
Water-soluble photoinitiators that can be used include, but
are not limited to ethyl(2,4,6-trimethylbenzoyl)-phe-
nylphosphinate, Irgacure 2959, 7-diethylamino-3-theonoyl
coumarin and lithium phenyl-2.4,6-trimethylbenzoylphos-
phinate. Similarly, suitable water-soluble UV blockers
include, but are not limited to disodium 4,4-bis(2-
sulfostyryl)biphenyl. Since water is the primary solvent
here, any water-soluble metal salt can be used, including but
are not limited to metal nitrates and their hydrates and metal
acetates and their hydrates. A metal salt is an ionic com-
pound with a metal cation and a counter anion. Examples
include but are not limited to: zinc nitrate, zinc nitrate
hexahydrate, zinc chloride, zinc acetate, iron nitrate, iron
nitrate nonahydrate, lithium nitrate, cobalt acetate, cobalt
nitrate, cobalt nitrate hexahydrate and aluminum nonahy-
drate.

[0169] To fabricate the 3D printed part, any photolithog-
raphy technique can be used. Suitable photopolymerization
methods include but are not limited to: two-photon lithog-
raphy, stereolithography, micro-stereolithography and pro-
jection micro-stereolithography.

[0170] The thermal treatment process is important to the
fabrication process. If the 3D printed part (hydrogel) is
thermally treated in an oxidizing atmosphere, then the final
structure can be made of a metal oxide. On the other hand,
if the hydrogel is thermally treated in an inert atmosphere,
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then metal carbides can be formed. And, if the hydrogel is
thermally treated in a reducing atmosphere, then metal parts
can be made.

Example 2: Zinc Oxide Structures Fabricated Via a
Two-Stage Process of Two-Photon Lithography
Followed by Thermal Treatment (e.g., Calcination)

[0171] 1) Preparation of Metal-Salt Containing Aqueous
Photoresin (an Aqueous Precursor Mixture)

[0172] To make zinc oxide, zinc ions need to be present in
the aqueous precursor mixture. Thus, zinc nitrate was cho-
sen as the metal salt of choice to be dissolved in the aqueous
precursor mixture. 5 g of zinc nitrate hexahydrate is first
dissolved in 1 mL of water. To this mixture, 2.67 mL of
poly(ethylene glycol) diacrylate (Mn=575 g/mol) (PEGda)
is added. A clear homogenous mixture is obtained. In a
separate vial, 5.4 mg of 7-diethylamino-3-theonyl coumarin
(DETC) is added to 400 L. of dimethyl sulfoxide to produce
a yellow mixture. 50 pL. of the DETC mixture is then added
to 500 pL of the zinc/PEGda mixture to obtain an orange
mixture. This is represented schematically in FIGS. 2A-2B.
[0173] 2) Two-Photon Lithography of the Zinc Nitrate
PEGda Aqueous Precursor Mixture

[0174] Two-photon lithography was then used to fabricate
3D structures from the using the prepared zinc nitrate
PEGda aqueous precursor mixture. This is depicted in FIGS.
2A-2B.

[0175] 3) Calcination Process

[0176] The fabricated structures were then subjected to the
following thermal treatment: a slow ramp of 0.5° C./min to
500° C. in air, followed by slow cooling to room temperature
at a rate of 1° C./m in in air. The structures before and after
the thermal treatment process are shown in FIGS. 3A-3F. As
seen, the net shapes of the structures are retained. The use of
support structures is also critical to the thermal treatment
process as evidenced by its use in all the structures shown in
FIGS. 3A-3F.

[0177] 4) Characterization

[0178] To determine the identity of the calcined material,
a variety of characterization techniques were used. X-ray
diffraction (XRD) was first used to determine the phase of
the material. To prepare a large enough sample for XRD, the
zinc nitrate PEGda aqueous resin was casted onto a mold
and then exposed to UV light, resulting in the curing and
formation of a large sample. As a control, another sample
was made using a resin where the zinc nitrate was omitted.
The samples were then treated with the same high tempera-
ture treatment described above. FIG. 4 shows the XRD
pattern obtained from both calcined samples. It is clear from
the spectra that calcination of the zinc nitrate containing
polymer resulted in the formation of zinc oxide, as indicated
by the labeled peaks.

[0179] Energy-dispersive X-ray spectroscopy (EDS) was
also conducted on calcined samples fabricated via two-
photon lithography. The elemental map of one of the tet-
rakaidecahedron unit cells is shown in FIG. 5. From the
map, it can be seen that zinc, oxygen and carbon are present
throughout the structure. With the data obtained from XRD,
it is thus likely that the sample is primarily zinc oxide with
either some zinc carbide or some amount of organic that did
not fully oxidize away.

[0180] Transmission electron microscopy (TEM) was also
conducted on one of the tetrakaidecahedron samples to
determine the final material of the structure. FIG. 6 shows
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the diffraction pattern obtained from the TEM. As seen, rings
are observed, indicating the crystalline nature of the mate-
rial. The indexed rings correspond to that expected of zinc
oxide, confirming that calcination of structures printed from
the zinc nitrate PEGda aqueous precursor mixture resulted in
a monolithic zinc oxide structure.

[0181] As proof of their piezoelectric behavior, the 3D
printed zinc oxide structures were subjected to a compres-
sive load and then their voltage measured. As a control, zinc
nitrate containing polymeric structures were used. The volt-
age responses of both the zinc oxide structure and the
pre-calcined structure is shown in FIGS. 7A-7F.

[0182] This example highlights the following:

[0183] 1) Preparation of a metal-salt containing aqueous
precursor mixture. In this example, zinc nitrate is used.
[0184] 2) Polymerization of the metal-salt containing
aqueous precursor mixture via photolithography. In this
example, two-photon lithography is used.

[0185] 3) Thermal treatment of the metal-salt containing
structure in air to give the corresponding metal oxide. In this
case, zinc oxide is obtained from the zinc nitrate structure.
[0186] 4) Multiple characterization techniques point to the
fact that the calcined structures are indeed zinc oxide.

[0187] 5) The zinc oxide structures exhibit piezoelectric
behavior.

[0188] It is important to note the following:

[0189] 1) Any photopolymerization method can be used to

3D print with the zinc nitrate containing aqueous precursor
mixture.

[0190] 2) The approach is general for all metal salts, as
long as the metal salt can be dissolved in water.

Example 3: Lithium Cobalt Oxide Structures
Fabricated Via a Two-Step Process of Projection
Micro-Stereolithography Followed by Calcination

[0191] 1) Preparation of Metal-Salt Containing Aqueous
Precursor Mixture

[0192] To make lithium cobalt oxide, it is not only nec-
essary to have lithium and cobalt ions, it is also important
that they are present in equal amounts. Thus, lithium nitrate
and cobalt nitrate hexahydrate are chosen as the metals salts
of choice for this example and added such that the ratio of
Li to Co ions was 1:1. 20 mL of a 5M cobalt nitrate
hexahydrate mixture was added to 20 mL of a 5M lithium
nitrate mixture. To that, 60 mL of poly(ethylene glycol)
diacrylate (Mn=575 g/mol) was added and then stirred. The
resulting mixture was a deep purple color. In a separate vial,
343.5 mg of lithium phenyl-2.4,6-trimethylbenzoylphosphi-
nate and 328.7 mg of disodium 4,4'-bis(2-sulfostyryl)biphe-
nyl was added to 9 ml of water, resulting in a yellow
mixture. Both mixtures re then added together to give the
lithium cobalt aqueous precursor mixture.

[0193] 2) Fabrication of 3D Structure Via Projection
Micro-Stereolithography

[0194] The lithium cobalt aqueous photoresin was then
used in an Autodesk Ember printer to fabricate 3D struc-
tures. In this example, cubic lattices measuring approxi-
mately 2 cm in diameter and about 1.5 cm tall were made.
[0195] 3) Calcination Process

[0196] The fabricated structures were then subjected to the
following thermal treatment: a slow ramp of 1° C./min to
700° C. in air, followed by slow cooling to room temperature
at a rate of 2° C./min in air. The structures before and after
the calcination process are shown in FIG. 8 and FIG. 9.
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[0197] 4) Characterization

[0198] To determine the identity of the calcined material,
a variety of characterization techniques were used. X-ray
diffraction (XRD) was first used to determine the phase of
the material. The calcined structure was crushed into a
powder and then subjected to XRD. FIG. 10 shows the XRD
spectra from the crushed calcined sample and a reference
spectrum of lithium cobalt oxide obtained from a previous
study on lithium cobalt oxide[27].

[0199] Energy-dispersive X-ray spectroscopy (EDS) was
also conducted on the calcined samples fabricated via pro-
jection micro-stereolithography. The elemental map of the
cubic lattice is shown in FIG. 11. As would be expected
based on the XRD data, both cobalt and oxygen are present
in large quantities and can clearly be seen in the EDS map.
Some amount of carbon can also be detected. The presence
of phosphorus and sulfur can be attributed to the lithium
phenyl-2.4,6-trimethylbenzoylphosphinate ~ photoinitiator
and the disodium 4,4'-bis(2-sulfostyryl)biphenyl UV
blocker respectively. Both the XRD and EDS data point to
the fact that the calcined cubic lattices are indeed made of
lithium cobalt oxide.

[0200] To test for the electrochemical activity of the
material, a lithium cobalt oxide cubic lattice was crushed
and then made into a slurry electrode containing 80 wt %
lithium cobalt oxide, 10% carbon black, and 10% of a
polyvinylidene fluoride binder. The electrode had a specific
capacity of 115 mAh/g at C/10 on the second charge and was
stable over 50 cycles with a specific capacity of 65 mAh/g
at C/5, as seen in the cycling data shown in FIG. 12. The first
charge was omitted in the figure due to a very large anoma-
lous capacity, possibly due to side reactions from an incom-
pletely dry slurry. The relatively low specific capacity is
likely due to some delamination of the electrode from
inhomogeneities in the slurry-making process.

[0201] This example highlights the following:

[0202] 1) Preparation of a metal-salt containing aqueous
precursor mixture. In this example, lithium nitrate and cobalt
nitrate is used.

[0203] 2) Polymerization of the metal-salt containing
aqueous precursor mixture via photolithography. In this
example, projection micro-stereolithography is used.
[0204] 3) Calcination of the metal-salt containing struc-
ture in air to give the corresponding metal oxide. In this case,
lithium cobalt oxide is obtained from the lithium nitrate and
cobalt nitrate structure.

[0205] 4) Multiple characterization techniques point to the
fact that the calcined structures are indeed lithium cobalt
oxide.

[0206] 5) The lithium cobalt structures are electrochemi-
cally active.

[0207] It is important to note the following:

[0208] 1) Any photopolymerization method can be used to

3D print with the lithium cobalt containing aqueous precur-
sor mixture.

[0209] 2) The approach is general for all metal salts, as
long as the metal salt can be dissolved in water.

[0210] References corresponding to Examples 1-3

[0211] 1. Somiya, S., Advanced technical ceramics. 2012:
Elsevier.

[0212] 2. Basu, B. and K. Balani, Advanced structural

ceramics. 2011: John Wiley & Sons.
[0213] 3. Kokubo, T., Bioceramics and their clinical
applications. 2008: Elsevier.
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properties, processing, and use in design. 2005: CRC
press.
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Example 4: 3D Printing of Metal-Containing
Materials Via the Swelling in of Metal Salts into a
Printed Hydrogel

[0238] This disclosure includes a method of manufactur-
ing metal-containing materials via the swelling in of metal-
salts into a structure. This process can be broken down into
three general steps: a) fabrication of a hydrogel material via
photolithography of an aqueous precursor mixture, b) swell-
ing in a metal salt via immersion in a aqueous metal salt
mixture and c) thermal treatment of the aforementioned
preceramic hydrogel material.

[0239] Swell-in: In this multistep process, a blank hydro-
gel part is first printed via photolithography from an aqueous
blank mixture to form a “blank™ hydrogel template. This
“blank” hydrogel is then immersed into a salt mixture, which
swells it with the new salt. The final step of the process is the
thermal treatment of the swollen preceramic hydrogel. This
process allows for the possibility of a) making structures of
a single ceramic, b) making structures out of multiple
ceramics by preferentially only swelling certain parts of the
structure.

Example 5: Leach and Swell-In

[0240] Leach and swell-in: In this multistep process, a
metal-salt containing hydrogel part is first printed via pho-
tolithography from a metal-salt containing aqueous photo-
resin. The hydrogel is then partially immersed in water to
leach out the metal salt to form a “semi-blank” having a
secondary portion from which metal ions are leached and an
un-leached primary portion (secondary portion has lower
concentration of metal ions than primary portion). The
“semi-blank™ hydrogel template is then immersed into an
aqueous metal salt mixture, swelling it with the new metal
salt. The final step of the process is the thermal treatment
(e.g., calcination) of the swollen preceramic hydrogel. This
process allows for the possibility of a) making structures of
a single ceramic, b) making structures out of multiple
ceramics by preferentially only leaching and then swelling
certain parts of the structure
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Example 6: Embodiments of Swell-In Methods

[0241] Swell-in: In the “swell-in” method, a blank hydro-
gel is first fabricated via stereolithography from an aqueous
blank mixture and then second, the incorporation of a metal
salt into the blank hydrogel (which may also be referred to
as a hydrogel template), followed by thermal treatment of
the swollen hydrogel to give the desired material. This is
described schematically in FIG. 13.

[0242] In terms of the preparation of the initial aqueous
blank mixture, a number of different reagents can be used.
Suitable water-soluble photosensitive binders of the present
invention include but are not limited to poly(ethylene gly-
col) macromolecules with acrylate functional groups. Water-
soluble photoinitiators that can be used include, but are not
limited to ethyl(2,4,6-trimethylbenzoyl)-phenylphosphinate,
Irgacure 2959, 7-diethylamino-3-theonoyl coumarin and
lithium phenyl-2,4,6-trimethylbenzoylphosphinate. Simi-
larly, suitable water-soluble UV blockers include, but are not
limited to disodium 4,4'-bis(2-sulfostyryl)biphenyl.

[0243] To fabricate the 3D printed part, any photolithog-
raphy technique can be used. Suitable photopolymerization
methods include but are not limited to: two-photon lithog-
raphy, stereolithography, micro-stereolithography and pro-
jection micro-stereolithography.

[0244] During the swelling process, any water-soluble
metal salt or combination of water-soluble metal salts can be
used. A metal salt is an ionic compound with a metal cation
and a counter anion. Examples include but are not limited to:
zinc nitrate, zinc nitrate hexahydrate, zinc chloride, zinc
acetate, iron nitrate, iron nitrate nonahydrate, lithium nitrate,
cobalt acetate, cobalt nitrate, cobalt nitrate hexahydrate and
aluminum nonahydrate.

[0245] The thermal treatment process is important to the
fabrication process. If the 3D printed hydrogel is thermally
treated in an oxidizing atmosphere, then the final structure
can be made of a metal oxide. On the other hand, if the
hydrogel is thermally treated in an inert atmosphere, then
metal carbides can be formed. And, if the part is thermally
treated in a reducing atmosphere, then metal parts can be
made.

[0246] If a single water-soluble metal salt is used during
the swelling process, then the resulting material of the
thermally treated structure will be primarily of a single
phase. The use of a combination of salts is not trivial, with
the potential for multiple different phases to be formed. It is
important to consider the diffusion rates of the different ions
into the hydrogel during the swelling process, and how the
non-stoichiometry will affect the final material formed.

Example 7: Embodiments of Leach and Swell-In
Methods

[0247] Leach and swell-in: In the “leach and swell-in”
method, a metal-containing hydrogel part is first printed via
photolithography from a metal-salt containing aqueous pre-
cursor mixture. Parts of the hydrogel are then immersed in
water (or a blank mixture) to leach out the metal salt to form
a “semi-blank™ structure, having an un-leached primary
portion and a secondary portion from which metal ions are
leached (secondary portion has lower concentration of metal
ions than primary portion). The “semi-blank™ template is
then immersed into a salt solution (an aqueous metal salt
mixture), swelling it with the new salt. Thermal treatment of
the swollen hydrogel then gives the desired materials. This
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is depicted schematically in FIG. 14. This process allows for
the possibility of making structures out of multiple materials
by preferentially only leaching and then swelling certain
parts of the structure. If all the salts are leached out form the
structure and then swollen with the new salt, then this
method becomes the same as the “swell-in” method
described above.

[0248] In terms of the preparation of the initial metal-salt
containing aqueous precursor mixture, a number of different
reagents can be used. Suitable water-soluble photosensitive
binders of the present invention include but are not limited
to poly(ethylene glycol) macromolecules with acrylate func-
tional groups. Water-soluble photoinitiators that can be used
include, but are not limited to ethyl(2,4,6-trimethylbenzoyl)-
phenylphosphinate, Irgacure 2959, 7-diethylamino-3-theon-
oyl coumarin and lithium phenyl-2,4,6-trimethylbenzo-
ylphosphinate. Similarly, suitable water-soluble UV
blockers include, but are not limited to disodium 4,4'-bis(2-
sulfostyryl)biphenyl. Since water is the primary solvent
here, any water-soluble metal salt can be used, including but
are not limited to metal nitrates and their hydrates and metal
acetates and their hydrates. A metal salt is an ionic com-
pound with a metal cation and a counter anion. Examples
include but are not limited to: zinc nitrate, zinc nitrate
hexahydrate, zinc chloride, zinc acetate, iron nitrate, iron
nitrate nonahydrate, lithium nitrate, cobalt acetate, cobalt
nitrate, cobalt nitrate hexahydrate and aluminum nonahy-
drate.

[0249] To fabricate the 3D printed part, any photolithog-
raphy technique can be used. Suitable photopolymerization
methods include but are not limited to: two-photon lithog-
raphy, stereolithography, micro-stereolithography and pro-
jection micro-stereolithography.

[0250] During the swelling process, any water-soluble salt
or combination of water-soluble salts can be used.

[0251] The thermal treatment process is important to the
fabrication process. If the 3D printed hydrogel is thermally
treated in an oxidizing atmosphere, then the final structure
can be made of a metal oxide. On the other hand, if the
hydrogel is thermally treated in an inert atmosphere, then
metal carbides can be formed. And, if the hydrogel is
thermally treated in a reducing atmosphere, then metal
materials can be made.

[0252] Since the stoichiometry of ions in the initial aque-
ous photoresin can be controlled, it is possible to create
single-phase ternary compounds using this method. How-
ever, similar to the “swell-in” method, the swelling of the
new salt into the “blank” portion of the structure still carries
the considerations as described above.

Example 8: Iron Oxide Structures Fabricated Via
the “Swell-In” Method

[0253] 1) Preparation of Aqueous Blank Mixture

[0254] 60 ml. of poly(ethylene glycol) diacrylate
(Mn=575 g/mol) was added to 40 ml of water and then
stirred. In a separate vial, 343.5 mg of lithium phenyl-2.4,
6-trimethylbenzoylphosphinate and 328.7 mg of disodium
4.4'-bis(2-sulfostyryl)biphenyl was added to 9 mL of water,
resulting in a yellow solution. Both solutions were then
added together to give the aqueous blank mixture.

[0255] 2) Fabrication of 3D Structure Via Projection
Micro-Stereolithography

[0256] The aqueous blank mixture was then used in an
Autodesk Ember printer to fabricate the “blank” 3D tem-
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plates. In this example, cubic lattices measuring approxi-
mately 2 cm in diameter and about 0.3 cm tall were made.
[0257] 3) Swelling in Process

[0258] The iron nitrate mixture was prepared by dissolv-
ing 1 g of iron(Il) nitrate nonahydrate in 10 mL of water,
giving a concentration of 100 mg/ml.. The “blank” 3D
templates were then soaked in the iron nitrate mixture
overnight. The colorless “blank™ structure turned brown-
orange after the soaking process. This is shown in FIGS.
15A-15F.

[0259] 4) Calcination Process

[0260] The swollen structures were then subjected to the
following thermal treatment: a slow ramp of 1° C./min to
700° C. in air, followed by slow cooling to room temperature
at a rate of 2° C./min in air. The samples before and after
calcination are shown in FIGS. 15A-15F.

[0261] 5) Characterization

[0262] Energy-dispersive X-ray spectroscopy (EDS) was
conducted on the calcined samples to determine the make-up
of the material. The elemental map of the cubic lattice is
shown in FIGS. 15A-15F. From the map, it can be seen that
iron and oxygen are present throughout the structure, indi-
cating that the material is a form of iron oxide.

[0263] This example highlights the following:
[0264] 1) Preparation of an aqueous blank mixture.
[0265] 2) Polymerization of the aqueous blank mixture via

photolithography to form the “blank” template. In this
example, projection micro-lithography was used.

[0266] 3) Swelling of the “blank™ hydrogel in a metal-salt
mixture. In this example, the “blank hydrogel was swollen
in an iron nitrate mixture.

[0267] 4) Thermal treatment of the metal-salt containing
structure in air to give the corresponding metal oxide. In this
case, iron oxide was obtained from the swollen structure.

[0268] 5) EDS shows the presence of iron and oxygen in
the structure.

[0269] It is important to note the following:

[0270] 1) Any photopolymerization method can be used to

3D print with the aqueous photoresin.

[0271] 2) The “blank™ hydrogel can be swollen in any
aqueous metal salt mixture.

Example 9: Lithium Cobalt Oxide+Iron Oxide
Structures Fabricated Via the “Leach and Swell In”
Method

[0272] 1) Preparation of Metal-Salt Containing Aqueous
Precursor Mixture

[0273] To make lithium cobalt oxide, it is not only nec-
essary to have lithium and cobalt ions, it is also important
that they are present in equal amounts. Thus, lithium nitrate
and cobalt nitrate hexahydrate were chosen as the metals
salts of choice and added such that the ratio of Li to Co ions
was 1:1. 20 mL of a 5M cobalt nitrate hexahydrate mixture
was added to 20 mL of a 5M lithium nitrate mixture. To that,
60 mL of poly(ethylene glycol) diacrylate (Mn=575 g/mol)
was added and then stirred. The resulting mixture was a deep
purple color. In a separate vial, 343.5 mg of lithium phenyl-
2,4,6-trimethylbenzoylphosphinate and 328.7 mg of diso-
dium 4,4'-bis(2-sulfostyryl)biphenyl was added to 9 mL of
water, resulting in a yellow solution. Both mixtures were
then added together to give the lithium cobalt aqueous
precursor mixture.
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[0274] 2) Fabrication of 3D Structure Via Projection
Micro-Stereolithography

[0275] The lithium cobalt aqueous precursor mixture was
then used in an Autodesk Ember printer to fabricate 3D
structures. In this example, cubic lattices measuring approxi-
mately 2 cm in length and width and about 0.2 cm tall were
made.

[0276] 3) Leaching Process

[0277] The lithium cobalt hydrogel is then partially sub-
merged in a beaker of water for 2 hours to leach out the
lithium cobalt salts. The “semi-blank” template is left
behind. This is seen in FIGS. 16A-16C.

[0278] 4) “Swell-In” Process

[0279] A iron nitrate mixture was prepared by dissolving
1 g of iron(I]) nitrate nonahydrate in 10 mL of water, giving
a concentration of 100 mg/mL. The “semi-blank” 3D tem-
plate was then soaked in the iron nitrate mixture for 2 hours.
The colorless part of the “semi-blank™ template turned
brown-orange after the soaking process. This is shown in
FIGS. 17A-17B.

[0280] 5) Calcination Process

[0281] The swollen structures were then subjected to the
following thermal treatment: a slow ramp of 1° C./min to
700° C. in air, followed by slow cooling to room temperature
at a rate of 2° C./min in air. The structures before and after
the calcination process are shown in FIGS. 18A-18B.
[0282] 6) Characterization

[0283] To determine the identity of the calcined material,
energy-dispersive X-ray spectroscopy (EDS) was conducted
on different parts of the calcined samples to determine the
elements across the structure. The composite elemental map
of the cubic lattice is shown in FIGS. 19A-19C. The oxygen
map was omitted.

[0284] From FIGS. 19A-19C, it can be seen that a gradient
in both iron and cobalt can be seen across the interface. Far
from the interface, only iron or cobalt can be detected,
indicating the successful spatial localization of either of the
elements in their respective materials. A sharp interface was
not observed due to the diffusion of ions both during the
leaching and swelling processes.

[0285] This example highlights the following:

[0286] 1) Preparation of the initial metal-salt containing
aqueous precursor mixture. In this case, a lithium cobalt
aqueous precursor mixture was used.

[0287] 2) Polymerization of the metal-salt containing pho-
toresin via photolithography. In this example, projection
micro-stereolithography was used.

[0288] 3) Formation of the “semi-blank” template by
partial immersion of the structure in water.

[0289] 4) Swelling of the “blank™ part of the gel structure
by immersion of that part of the structure into an aqueous
metal salt mixture. In this example, iron nitrate solution was
used.

[0290] 5) Thermal treatment of the metal-salt containing
hydrogel in air to give the corresponding metal oxides. In
this case, both lithium cobalt oxide and iron oxide was
formed.

[0291] 6) EDS shows the distribution of iron and cobalt
across the interface. Far from the interface, only either iron
or cobalt could be detected. This indicates the successful
formation of the respective oxide on either side of the
interface.
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[0292] It is important to note the following:

[0293] 1) Any photopolymerization method can be used to
3D print with the initial metal-salt containing aqueous
photoresin.

[0294] 2) The approach is general for all metal salts, as
long as the metal salt can be dissolved in water.

[0295] References corresponding to Examples 4-9

[0296] 1. Somiya, S., Advanced technical ceramics. 2012:
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Example 10: 3D Architected Li-Ion Cathodes

[0322] Using a Li metal anode can improve energy den-
sity, but changes to the battery architecture itself can also
improve performance, especially to take advantage of the
favorable properties of Li solid-state cells. This Example
describes fabrication and characterization of efficient 3D
architected LIB cathodes using a methods for making metal-
containing materials, optionally including additive manu-
facturing process.

[0323] Three-Dimensional Batteries

[0324] The traditional planar design of lithium-ion batter-
ies (LIBs) presents a fundamental trade-off between energy
and power density. To increase the energy of a battery
without changing materials, more active material must be
added. However, as the active material layer becomes
thicker, the transport length of Li ions and electrons through
the electrode increases as the thickness increases, reducing
capacity at higher rates and reducing power [129, 130]. The
energy density is usually dependent on the active material
mass loading, defined as mass per areal footprint (mg/cm?).
Mass loading is particularly important for Li anode solid-
state batteries and microbatteries, which require thin solid
electrolytes (SEs) due to the electrolytes’ relatively low
ionic conductivity as wellas thin layers of Li and the cathode
to maximize the overall energy density [2, 41, 129-132]. In
conventional LIBs, comprised of liquid electrolytes and
electrodes formed of powders of an active material, con-
ductive additive, and binder (“slurry electrodes™), thin cells
can be wound around a central post in the “jelly-roll” design
to increase energy density without increasing film thickness
[133]. However, SEs, which are commonly brittle ceramics,
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and monolithic electrodes, such as sputtered ceramic cath-
odes, would likely fracture in this configuration [130, 131].

[0325] One promising approach to realize both high
energy and power densities in solid-state batteries is to
change the two-dimensional (2D) planar design into a three-
dimensional (3D) architecture. By intelligently utilizing the
height of the electrode, the mass loading can be increased
while maintaining short Li ion and electron transport lengths
[129, 130]. 3D electrodes are commonly measured by their
areal capacity (mAh/cm?®), which can be improved by
increasing the mass loading using the height of the electrode
[130]. “3D batteries” commonly refer to any type of elec-
trode design that utilizes an architected or porous design
used to increase mass loading with shorter transport lengths
[130]. However, many 3D electrode designs are “pseudo-
3D, i.e. their cross sections do not change with at least one
spatial dimension. A common 3D battery electrode design is
to use 1D structures like posts or nanowires [134, 135]. The
1D structures are often created by depositing active material
into a template [134, 136-138], depositing the active mate-
rial on a scaffold [139, 140], or directly growing the indi-
vidual structures [141, 142]. These structures can increase
the mechanical stability of the thin active material [141] and
increase the areal capacity over a thin film [139], but they
require high aspect ratios to greatly decrease Li ion diffusion
paths, which limits their heights as the structures often fail
or agglomerate when they are too tall [41]. 2D patterned
electrodes can achieve similar increases in areal capacity,
but have similar issues with height [143-145]. While many
pseudo-3D and 3D electrodes can perform well in a liquid
electrolyte by simply replacing a planar electrode, different
electrode configurations must be utilized to exploit the
advantages of 3D batteries with a full solid-state cell (anode,
electrolyte, and cathode) [130]. One of the most common
electrode configurations is to use interdigitated electrodes,
which decreases the diffusion path between electrodes [146-
148]. Interpenetration beyond planar interdigitation is diffi-
cult to achieve with only a few known examples [149, 150].

[0326] An ideal 3D electrode would include a large con-
nectivity, controllable and ideal pore size, and be comprised
of an ordered structure to optimize the material loading and
pore size. A single active material thickness and pore size is
usually required to optimize the energy and power density of
a cell, and a stochastic material will contain deviations of the
optimum thickness and/or pore size [41, 151]. An ordered,
periodic structure reduces defects that could short circuit the
cell or increase the ion diffusion path [135, 152] and would
be stronger than a stochastic foam at the same densities
[153]. True 3D electrodes are less common and can be
fabricated by depositing onto a 3D current collector/scaffold
(often carbon or metal foam) [154-156], or by directly
forming the active material using a heat treatment [ 149, 157,
158].

[0327] Additive manufacturing, commonly referred to as
3D printing, provides a promising route to create 3D elec-
trodes with tunable geometries and dimensions. Currently,
the majority of 3D printed LIB electrodes are created by
adding powders of active materials to a slurry or ink [148,
159-162] or polymer [163]. These methods add inactive
ingredients into the electrodes, thereby reducing energy
density, and are often limited in geometry. Inks sometimes
cannot be printed over free space and must be supported by
a printed layer underneath [164]. To our knowledge, there is
only one existing study that developed a 3D printed elec-
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trode comprised of just the active material, in that case a Ag
microlattice electrode fabricated using Aerosol Jet 3D print-
ing [158]. One of the largest challenges for 3D printing LIB
electrodes is the difficulty in printing non-polymeric mate-
rials that are commonly used in LIBs [165]. Recently, we
have developed a new additive manufacturing technique
called photopolymer complex synthesis to 3D print oxides
[166].

[0328] Utilizing this method, 3D architected transition
metal oxide LIB cathodes were fabricated. This technique
incorporates metal salts with desired cations into a photo-
resin that can be 3D printed into hydrogel structures using
digital light processing (DLP). The cubic lattices were
manufactured and calcined in air to produce structures 7.5-8
mm wide and ~1.3 mm tall. The primary material studied
was LiCoO, (LCO) because of its well understood electro-
chemical properties and its common use as a LIB cathode
material. The largest challenge for 3D solid-state batteries is
the conformal deposition of solid electrolytes on 3D struc-
tures [130, 131], normally performed using atomic layer
deposition (ALD) [167, 168] or polymer electrodeposition
[169, 170].

[0329] A conventional liquid electrolyte was is described
in this Example to investigate the electrochemical perfor-
mance of the lattices, though a solid electrolyte can be used
with three-dimensional metal-containing materials made as
described herein. The lattices have a porous microstructure
formed of ~230 nm diameter crystallites and have reason-
able gravimetric discharge capacities of 122 mAh/g and
areal capacities up to ~8 mAh/cm?® with a capacity retention
of 82% over 100 cycles.

[0330] Fabrication of 3D Architected LCO Electrodes

[0331] To fabricate the 3D electrodes, a custom aqueous
photopolymer resin with the necessary metal cations was
formulated. The aqueous resin contains LiNO; and
Co(NO,).6H,O aqueous salt mixtures mixed with poly
(ethylene glycol) diacrylate (PEGDa, Mw=575 g/mol) and a
lithium phenyl-2,4,6 trimethylbenzoylphosphinate (LAP)
photoinitiator and Benetex OB-M1 UV blocker with a salt
loading of 230 mg/mL resin (FIG. 20A). The resin was
poured into the tray of the DLP 3D printer (Autodesk
Ember) and cubic lattices were printed. DLP printing utilizes
a digital micromirror display to project a 2D pattern of UV
light into the photoresin that polymerizes at the pixels in the
pattern, as illustrated in FIG. 20B. The structure is then
moved slightly higher and the subsequent layers are printed
similarly in a layer-by-layer fashion [164]. Because of the
relatively low volume fraction of polymerizable material
and the need for a highly cross-linked, insoluble material, a
relatively large dose of UV light is needed to print this resin.
Consequently, a UV blocker is necessary to reduce the
amount of UV light that is absorbed beyond the plane of
focus to cause unwanted polymerization.

[0332] Thermogravimetric analysis (TGA) was performed
(PerkinElmer STA 6000) from 30 to 900° C. at a heating rate
of 5° C./min under N, with a flow rate of 20 mL. min_, to
evaluate at which temperatures the resin changes mass. The
TGA data, shown in FIG. 21, revealed that between 30 and
110° C., a 14% mass loss was seen, likely from the evapo-
ration of water. Around 235° C., a large, somewhat gradual
decrease of 59% in mass occurred until 450° C. In this range,
the combustion of the nitrate salts and PEGda has occurred
in addition to the thermal decomposition of organic material.
The mass then decreases more gradually by 15% until 850°
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C. An important caveat is that this was done under N, gas
instead of air (like the calcination process) because the TGA
under air was not available. We would expect the mass
change during calcination to be more similar to that in
Reference [166] (TGA performed in air), where the com-
bustion happens ~130° C. with a sharp decrease in mass and
most of the mass loss is completed around 400° C. However,
that resin had a salt loading of 760 mg/mL, much larger than
the LCO resin, so the mass loss will likely be somewhat
slower for this work. Based on this information, we chose
our burn profile to minimize the thermal ramp rate in the
temperature range with the largest mass loss (100-500° C.)
while increasing the ramp rate over other temperatures to
minimize the overall time of the calcination. The samples
were calcined in a furnace (MTI OTF-1500X) in air at ~22
torr at 1° C./min to 100° C., 0.25° C./min to 500° C., 2°
C./min to 700° C., a 3 hour hold at 700° C., then cooled
down to room temperature at 2° C./min. 700° C. was chosen
as the maximum temperature because it has been shown to
optimize the rate capabilities of LCO [171]. This process has
some similarities with solution combustion synthesis, where
a metal salt with an oxidizing anion and fuel are mixed in a
solvent and heated, producing metal oxide nanoparticles of
compounds involving the metal cation due to the heat and
gas produced by the combustion reaction [172]. Our pro-
cess’s combination of solution combustion synthesis with
photolithograpy and polymer complex solution has been
termed “photopolymer complex synthesis” [166].

[0333] Free-standing lattices were printed with cubic unit
cells and beam diameters of ~870 um and ~240 pum, respec-
tively. The overall shape was roughly cylindrical with 15-20
unit cells in width and 3 unit cells in height producing
overall dimensions of 15-16 mm wide and ~2 mm tall
(FIGS. 22A-22B). The water content in the printed struc-
tures gradually evaporated, so the size of the structures
fluctuated due to the time between printing and calcination.
Features could be seen on the surface in an ordered pattern
with a spacing of ~48 pm. The ordered pattern on the surface
of'the lattices likely arises from the pixels from the projector.
The relative density of the structure, the volume of material
in the unit cell divided by the length of the unit cell cubed,
is 43%.

[0334] Post calcination, the lattices turned black with unit
cell and beam diameters of ~410 um and ~140 pm, respec-
tively (FIG. 23A) with a mass loading (mass/area) of 50-60
mg/cm?. The overall dimensions were 7.5-8 mm wide and
~1.3 mm tall and the ordered pattern on the surface of the
beams, with a spacing of 23 pm, became more evident (FIG.
23B). FIGS. 23D-23E show the microstructure formed of
crystallites with sizes of 230+76 nm with a microscale
porosity of ~36% determined by image analysis. The lattices
contained some cracks on the surface, mostly located at the
nodes (FIG. 23C). These cracks were more common if the
thermal ramp rate of the calcination process was relatively
high (1° C./min); ramp rates of 0.5° C./min and below
produced few surface cracks at the nodes.

[0335] The layers of the printing process were also visible
on the sides of the beams, seen in FIG. 23F. FIB cross
sections of the beams showed a similar porosity as the
surface, sometimes with small ~2 um spacing between the
print layers (FIG. 23G). In some materials, at the nodes, the
cross sections revealed large pores of at least 123 pm tallx34
um wide, illustrated in FIG. 24A. In some materials, nodes
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of damaged lattices that contained more surface cracks
showed large spherical pores between 33 and 146 um in
diameter (FIG. 24B).

[0336] The cubic unit cell was chosen as an illustrative
example for its simplicity and because some other printing
methods, such as inkjet printing, struggle to print overhang-
ing features over free space, which DLP printing easily
performs [164]. During the calcination process, water is
driven off and the nitrate salts combust the organic mol-
ecules in the resin around 130° C. During this combustion
and the heat treatment, the cations in the salt oxidize to
become oxide nanoparticles [172], which gives rise to the
lattice porosity. Theoretical linear shrinkage was calculated
as 77% following the method in Reference [166]. Briefly, all
the Li and Co in the resin are assumed to fully transform into
LCO during calcination and the radius shrinkage of a sphere
of resin to a sphere of monolithic LCO is calculated. The
calcination decreased the mass of the lattice to an average of
5.44% of the original mass. The measured structural linear
shrinkage after heating is 52.7%, so volumetrically it shrinks
89.4% assuming isotropic shrinkage, while the decrease in
mass is 94.6%. The pixel pattern on the lattices also shrinks
by 52%. The shrinkage in height of about 35% is less than
that of the other linear dimensions. This may be due to the
difficulty measuring the height of the L.CO lattices because
of their lack of mechanical robustness and any warping after
calcination would increase the apparent height of the lat-
tices. The discrepancy in the leftover material (10.6% of
original volume and 5.44% of the original mass) can be
explained by the porosity: the mass shrinkage is 51% of the
volume shrinkage, somewhat larger than the measured
porosity of 36%. However, this porosity is the microscale
porosity of the crystallites; it does not take into account the
many large pores in the nodes or any other large pores in the
lattice, so it is underestimated. The “true” porosity is thus
likely close to 51%. To compare the shrinkage to the
theoretical shrinkage, the measured linear shrinkage should
be multiplied by the porosity, which gives 79.6%, similar to
the theoretical linear shrinkage of 77%. The discrepancy
may be due to the impurities in the material and non-
linearities in shrinkage. The full porosity of the lattices,
including both the prescribed structural relative density and
porosity, is ~80%.

[0337] Cracks and pores, if present, located on the nodes
likely result from the v/2 times longer distance that gas needs
to escape in the node vs. a beam. A slower thermal ramp rate
should allow more time for the gas to escape during calci-
nation and produce fewer cracks, especially at the nodes.
Our observations are consistent with this explanation, as a
0.2° C./min ramp rate produces many fewer cracks than a 1°
C./min ramp rate.

[0338] The porous, particle-like microstructure seen in
these lattices is distinct from the monothilic morphology of
lattices with submicron features printed using a similar
photoresin and calcination process [166]. That work fabri-
cated structures using two-photon lithography, where a laser
is rastered in a photoresin that polymerizes at the laser voxel
when the polymer locally absorbs two photons, which
allows for a much higher resolution (~1 pum as printed) and
smaller throughput (~1000 um>/hr as printed). Because DLP
printing produces feature sizes much larger than the grain
size and gas has larger distance to escape compared to
two-photon lithography, the structures in this work are
porous instead of monolithic. In addition, the lower mass
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loading of salts in our work produce more shrinkage, which
also leads to a more porous structure.

[0339] The mechanical robustness of the lattices is related
to their morphology, which can be tuned by varying param-
eters of the methods of making the metal-containing mate-
rials. In some cases, the porous structure can contain many
crystallites that are connected at only a few points, similar
to poorly consolidated granular material, which have low
strength when poorly connected [173]. The contribution of
the nodes plays an important role in the deformation of
lattice architectures [174]. Internal pores at the nodes can
significantly weaken the lattice as there is less material there
to support any applied stress, resulting in failure controlled
by beam failure at the nodes (see FIGS. 24C-24D). The
strength of brittle materials is largely governed by the flaw
size and population inherent in the material due to its
processing, with the stress to propagate a crack proportional
to 1/pa, where a is the flaw length [175]. The large pores and
defects in the lattices can contribute to their low toughness
by greatly decreasing the stress necessary to propagate
cracks to fracture the structure. The surface cracks from
faster thermal ramp rates provide large flaw sizes to further
decrease toughness, consistent with our observations that the
low thermal ramp rate lattices better resist failure.

[0340] Materials Characterization of LCO Structures
[0341] Samples were pulverized into a fine powder
between glass slides in order to perform powder x-ray
diffraction (XRD) on a PANalytical X’Pert Pro x-ray powder
diffractometer at 45 kV and 40 mA with a Cu k,. source.
FIG. 25A shows the XRD spectrum of the lattices with peaks
consistent with the a-NaFeO, layered structure of LCO
(FI1G. 25B). The (003)/(104) peak ratio is 1.52; ratios greater
than one signal that the cations in the structure are well
ordered, improving cycle life [176]. A small peak shift of
0.7° compared to the reference sample [177] was consistent
between all samples, even a commercial LCO powder
(Sigma Adrich), and so was likely an instrument artifact.
[0342] The chemical composition of the lattices were
investigated by energy-dispersive X-ray spectroscopy
(EDS), performed on a Zeiss 1550VP FESEM with an
Oxford X-Max SDD EDS detector at 10 kV (FIG. 25C).
EDS spectra of the lattice exhibited mostly Co and O with
the composition shown in Table 1. Unfortunately, Li cannot
be seen in EDS without specialized equipment due to its low
scattering cross-section and absorption of the produced
x-rays by the detector window [179]. The ratio of O to Co
was 1.9, similar to the ratio in stoichiometric LiCoO,. The
impurities in the structure were, in descending order of
atomic percentage (at %), C, P, S, Na, and S. The combined
at % of impurities was 6.6 at %, assuming an equivalent
atomic percentage of [i and Co. The impurities arise from
incompletely combusted organic material (C), the photoini-
tiator (P), the counter ion of the UV blocker (Na), and the
UV blocker (S). The elemental maps were generally uni-
form, even at the pixel level (~20 pum), with a few spots
containing excess S around 2 at %. It is possible that S and
P reacted with oxygen and another cation to form sulfates or
phosphates. These were not detected in XRD; Co fluoresces
under Cu k, radiation which produces a strong background
that can obscure any trace impurities [180]. The amount of
material that is likely LCO is therefore ~93 at %/~95 wt %.
Quantitative elemental data from EDS is somewhat inaccu-
rate, especially for lighter elements, so the exact composi-
tions may vary by a few at %.
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TABLE 1

Atomic percentages taken from EDS spectra. The first
at % column is the data from the instrument and
the second at % column assumes the same at % for
Li and Co and recalculates the overall composition.

At % At % w/Li
O 59.5 45.1
Co 31.8 24.1
Li — 24.1
C 5.1 3.9
P 2.7 2.0
Na 0.5 0.4
S 0.4 0.3

[0343] To further confirm the lattices were indeed com-
prised of electrochemically active LCO, cyclic voltammetry
(CV) was performed on slurry electrodes fabricated from
lattices pulverized by crushing between glass slides. Ina CV
experiment, the voltage is swept from the OCV up to an
upper voltage, where it is swept back down to a lower
voltage. The cycles can then be repeated. Cyclic voltammo-
grams reveal at which voltages electrochemical reactions
take place by measuring a peak in current at these voltages.
[0344] To fabricate the slurry electrodes, the powder from
the crushed LCO structure was first mixed in vortex mixer
in a polyethylene vial with isopropyl alcohol and zirconia
ball-mill balls for 2 hours. The resulting mixture was poured
into a glass dish and dried at 60° C. for 2 hours then at 100°
C. in vacuum for 18 hours. The electrode slurry was com-
prised of 80 wt % of this active material, 10 wt % conductive
additive (super C65 carbon black), and 10 wt % binder
polyvinylidene fluoride (PVDF) in N-methyl-2-pyrrolidone
(NMP). The slurry was mixed in a polyethylene vial with
zirconia ball-mill balls for 5 hours. It was then cast onto Al
foil with various thickness using a film applicator blade and
dried for 12 hours at 50° C. 11.1 mm diameter electrode
discs were punched out of the foil and the electrodes were
dried for 18 hours at 100° C. under vacuum. Samples were
tested in CR2032 coin cells that were assembled in an
argon-filled glovebox. 30 pL. of 1MLiPF6 in 1:1 ethylene
carbonate:diethyl carbonate electrolyte (EC:DEC, BASF
Selectilyte LP 40) was used as the electrolyte. Li foil was
used as the counter electrode (Sigma Aldrich, purity: 99.9%)
with a 25 um thick polypropylene (PP) separator. CV was
performed using a BioLogic BCS-805 battery cycler scan-
ning between 3 V and 4.2 V at a scan rate of 0.005 mV/s,
slow enough to approach equilibrium.

[0345] FIG. 26A illustrates the primary peaks in the CV
scan. During the first cycle, the anodic scan exhibited a large
peak at 3.929 V with two smaller peaks at 4.068 and 4.184.
The reverse cathodic scan showed corresponding peaks at
3.893 V, 4.056 V, 4.170 V. During the second cycle, the
peaks shifted slightly t0 3.928 V, 4.071 V, and 4.181 V in the
anodic scan and 3.894 V, 4.053 V, and 4.107 V in the
cathodic scan. The peaks in the CVs performed on slurry
electrodes from L.CO lattices are virtually identical to the
peaks observed in literature [181, 182]. The redox couple at
3.929/3.893 V corresponds to a first order phase transition
between two hexagonal phases, while the peaks at 4.068/4.
056 V and 4.184/4.170 V correspond to an order/disorder
transition of Li ions with a distortion to a monoclinic phase
[181, 183, 184].

[0346] The peaks in the second cycle were only 11 mV
different on average compared to the first cycle, illustrating

25
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the reversibility of Li ion intercalation and deintercalation in
the fabricated LCO. On the first cycle, there was a broad low
voltage peak at 3.38 V that did not have a corresponding
cathodic peak (second cycle: 3.35 V), seen in FIG. 26B. The
difference in current between the anodic and cathodic scans
at this peak for the first cycle was 7.66 HA and decreased on
the second cycle to 4.96 pA. This peak is likely due to some
impurity in the LCO material or in some other part of the
cell, such as the electrolyte, because LCO is not electro-
chemically active in this range [181]. The current decay
between cycles is indicative of the irreversibility of this peak
and the small currents suggest that the peak is due to a low
concentration impurity.

[0347] Electrochemical Performance of 3D LCO Elec-
trodes
[0348] To electrochemically probe the structures, they

need to be electrically connected to the cathode current
collector and infilled with the electrolyte. A conductive
adhesive can connect the lattice to a current collector (stain-
less steel spacer) and taller-than-sample rings can be placed
around the lattice so direct pressure is applied to the rings
instead of the lattice (see FIG. 27A). PP rings were used
because PP is a common LIB separator material and is stable
under cycling conditions. The conductive adhesive cannot
react with the electrolyte and needs to be stable under the
chemical environment and large voltages applied to the cell.
Carbon glue (Ted Pella) was first used to stick the lattice to
the spacer, and the cell showed no capacity. Upon dissem-
bling, the lattice was not attached to the spacer and the
electrolyte was black, i.e. the electrolyte dissolved the
carbon glue. This highlights the reactivity of the cell envi-
ronment and the importance of a conductive adhesive that is
stable during cycling.

[0349] Carbon black and PVDF are very commonly added
to LIB electrodes as a conductive additive and binder,
respectively, and are therefore stable under cycling condi-
tions. A conductive adhesive was fabricated by mixing 75 wt
% conductive super C65 carbon black and 25 wt % PVDF
binder in NMP in a 1.28 m[.:100 mg solvent:solid ingredi-
ents ratio. The mixture was mixed in a vortex mixer in a
polyethylene vial with zirconia ball-mill balls for 24 hours.
The mixture was drop-casted onto a 0.2 mm stainless steel
spacer and thinned to ~0.5 mm thickness using a film
applicator blade to minimize cracking. The LCO lattice was
then carefully placed into the middle of the adhesive and the
whole stack was dried at 35° C. for 4 hours (FIG. 27B).
Cracks still occurred in the adhesive but the lattices were
firmly attached and did not move when the spacer was
flipped upside down and shaken with tweezers. PP rings
with thickness of 1.6 mm and 0.18 mm with inner and outer
diameters of 9.5 mm and 15.9 mm, respectively, were
thinned using a rotary power tool to an inner diameter of ~11
mm to more easily fit around the lattices. The rings were
placed around the LCO structure to support the stress of the
coin cell spring. A 0.18 mm thick PP ring is added if
necessary to increase height. FIG. 27A illustrates the cell
stack from bottom to top: smaller coin cell case, spacer with
lattice attached, a 1.6 mm thick PP ring, a PP separator, Li
counter electrode, spacer, spring, and top case. Cells were
assembled in an argon-filled glovebox and the electrolyte (1
M LiPF in 1:1 EC:DEC) is inserted into the cell cavity until
the cell case is full of electrolyte (~400 pl) after the PP rings
are placed down. Some electrolyte spilled out the cell during
crimping, so the actual amount of electrolyte in the cell is
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less than 400 pL. The available volume in the cell cavity for
the electrolyte is approximately 150-200 uL. Control cells
that contain PP rings and the carbon adhesive did not exhibit
any capacity.

[0350] Coin cells were analyzed by either a BioLogic
BCS-805 battery cycler or Neware BTS4000 cycler and
were cycled galvanostatically between 3.0 and 4.2 V at C/40
for two cycles, slow enough to minimize polarization, then
at increasing rates for 5 cycles each to 2C, then for up to 200
cycles at C/10. A rate of 1C corresponds to a discharge or
charge in 1 hour based on the theoretical capacity of LCO
(155 mAh/g), 2C corresponds to a 30 minute half-cycle, etc.
The voltage profiles for LCO lattices seen in FIG. 28 A show
a plateau around 3.93 V on charge and 3.88 V on discharge
and small plateaus ~4.15 V and 4.2 V on charge and
discharge with a first cycle irreversibility of 20 mAh/g at
C/40. This voltage profile is similar to that of LCO reported
in the literature, with a plateau ~3.9 V and small plateaus
~4.1 and 4.2 V around 10 mAh/g of charge or discharge
[182]. These plateaus correspond to the peaks in the CV,
which arise from a first order phase transition and order/
disorder transition, respectively [183]. The combination of
CV, voltage profiles, XRD, and EDS all provide confidence
that the 3D architected electrodes are comprised of electro-
chemically active LCO, essentially identical to that com-
monly used in LIB cathodes.

[0351] The first specific discharge capacity at C/40 was
122 mAbh/g, and the first discharge capacities at C/20, C/10,
C/5, and 2C/5 are 96.6%, 91.4%, 85.0%, and 57.2% of the
first discharge capacity at C/40, respectively (FIG. 28B).
The lattices did not show capacity at rates of 1C or 2C. Two
samples cycled at 2C/3 showed a capacity of 21.9% com-
pared to C/40. The average Coulombic efficiency (CE), the
ratio between the discharge and charge capacities, for the
first 88 cycles at C/10 (110 overall cycles) was 99.0% with
a standard deviation of 0.373. Interestingly, during the
subsequent cycles, the variance in CE increased, with an
average of 98.4% and standard deviation of 0.608. Small
sections of the structure losing and regaining electrical
contact during the later cycles could explain the variance
increase. FIG. 28C illustrates the extended cycling, with a
linear capacity decay of 0.18% per cycle over 231 cycles.
The first specific discharge capacity at C/40 of 122 mAh/g
is lower than the theoretical capacity of 155 mAh/g for
LiCoO, ! Li, sC00,, although it is very similar to LCO
particles fabricated by conventional combustion synthesis
[186, 187].

[0352] Factors that can influence capacity of the cell
include impurity content, mechanical failure (e.g., breakage)
of the metal-containing lattice, and loss of electrical com-
munication in the cell, such as during fabrication, such as if
some parts of the lattice are covered by the C adhesive,
incomplete electrolyte infiltration, and the Ohmic drop
across the electrode. If there is no conductive additive and
the electrode is relatively tall, the electrical resistance from
LCO (a semiconductor in the lithiated state [188]) contrib-
utes to a large Ohmic drop. The addition of a large (~30 wt
%) amount of conductive additive has been shown to
increase gravimetric capacity [171]; this amount of inactive
materials can decrease the absolute capacity, however.
[0353] The polarization, defined as the difference in volt-
age between charge and discharge at 10% state of charge,
gradually increased during extended cycling at C/10, with a
polarization of 0.14 V for cycle 7 (first C/10 cycle), 0.15 V
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for cycle 32, 0.19 V for cycle 77, 0.41 V for cycle 122, 0.51
for cycle 167, and 0.62 V for cycle 212 (FIG. 28D). Cycle
32 is the sixth C/10 cycles and all subsequent cycles were at
C/10. Polarization increasing during cycling is typical for
LIB electrodes and is normally attributed to disconnection of
active material and a gradually thickening SEI layer [189].
These degradation mechanisms may be somewhat exacer-
bated in the LCO structures due to their lack of mechanical
stability and larger surface area.

[0354] The polarization also increased for increasing cur-
rent, with values of 0.046 V for C/40, 0.090V for C/20, 0.14
V for C/10, 0.29 V for C/5, and 0.52 V for 2C/5. The voltage
curves for the first cycle at each current are shown in FIG.
29A. Polarization almost always increases with current, as
the Ohmic drop, activation polarization, and concentration
polarization increase with current [16]. The lack of conduc-
tive additive and large electrode height will increase the
Ohmic drop, reducing the capacity at larger currents. If the
polarization, which is linear with current, is extrapolated to
1C, the polarization would be 1.3 V, greater than the
experimental voltage range, resulting in no measured capac-
ity.

[0355] Slurry electrode fabricated from pulverized lattices
exhibited lower gravimetric capacities around 97 mAh/g at
C/40. The capacities at C/20, C/10, C/5, 2C/5, 1C, and 2C
are 95.8%, 86.0%, 84.1%, 79.9%, 65.2%, and 37.9% of the
first discharge capacity, respectively (FIG. 29B). The areal
capacity of the lattice was 35x larger than the areal capacity
of the slurry electrodes, largely driven by the 28x increase
in mass loading provided by the relatively tall structure.
Because of the thinness of the slurry (~25 um thick), the
transport length for Li ions during cycling is greatly reduced,
allowing for much higher relative capacity at 2C/5, 1C, and
2C compared to the lattice. In addition, the 10 wt % of C
conductive additive improves the high rate performance of
the slurry electrodes. The decay rate was also roughly linear
and smaller than that of the lattices, at 0.12% per cycle (FIG.
28C). The larger decay rate and worse high current perfor-
mance of the 3D LCO structures is again likely due to the
lack of conductive additive and structural features that can
disconnect during cycling. The lower specific capacity for
the slurry is surprising, as it should be similar to that of the
lattice. Likely, the slurry-making procedure resulted in the
lower specific capacity, possibly due to film delamination;
the slurry electrodes exhibited lower gravimetric capacity
compared to the lattice electrodes over all 9 samples. Nev-
ertheless, this comparison allows us to decouple the elec-
trochemical properties of the 3D structure vs. the material;
the poor performance of the 3D electrodes at higher rates is
due to the structure and height, while the low current
capacity of the architected electrodes is limited by the
inherent material.

[0356] The first areal discharge capacity of the lattices at
C/40 is 7.6 mAh/cm?, ~2 times larger than conventional
slurry electrodes. The areal capacity during cycling is shown
in FIGS. 30A-30B. The improvement in areal capacity is due
to the large increase in height made feasible by the additive
manufacturing process. It is difficult to create electrodes
with these heights using other methods, often requiring
densely sintered electrodes [188] or ink based 3D printing
[159]. Areal capacities over 10 mAh/cm? have been dem-
onstrated using various deposition methods. For example,
Wei et al. 3D printed 1 mm L[i,Ti;O,, and LiFePO, elec-
trodes using an ink-based printing process and measured
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~13 mAh/cm?® for a full cell at low current densities (0.2
mA/cm?) [159]. Using LCO electrodeposited onto a carbon
foam, Zhang et al. achieved ~20 mAh/cm? at C/5 [154]. Lu
et al. fabricated ~1 mm thick LCO electrodes by infilling a
wood template and infilling the resulting structure again to
reach 22.7 mAh/cm?® [190]. The 3D printed LCO lattices in
this work did not reach the large areal capacities of these
other works due to their mass loading limitations from the
overall porosity of the structure ~80%. However, the lattices
still provided a ~2 increase in areal capacity over traditional
planar electrodes and provide other advantages, such as the
ability to print arbitrary structures that are binder and
scaffold-free. DLP printing is also inherently a faster and
more scalable technology compared to many other 3D
printing technologies [164]. The time to print scales almost
exclusively with height because each layer prints simulta-
neously, so the printing of structures that are much larger in
the x-y directions or many smaller structures of the same
height happens in virtually the same time as one coin
cell-sized structure.

[0357] There are multiple routes that are contemplated to
improve and optimize the electrochemical performance of
printed LCO structures. Other unit cell geometries, such as
an octet, could increase mass loading with the same beam
diameter and provide more stiffness and strength. The burn
profile can be optimized to reduce porosity and defects by
reducing the thermal ramp rate and burning at the maximum
temperature for longer times. A second infill step could be
used to greatly increase mass loading, similar to Li et al.
[190]. The chemistry in the resin can also be tuned; salts that
are less oxidizing than nitrates, such as acetates, could
reduce the violence of combustion and therefore increase
mechanical robustness and mass loading. The concentration
of salts could be optimized to control the resolution and
porosity of the structure. Reduction in pixel size in the
micrometer display of DLP printers could also improve
resolution. If the calcination profile is optimized to increase
mechanical stability and carbon content, then the electro-
chemical performance may also be enhanced by reducing
polarization.

[0358] The metal cations in the photoresin and their con-
centrations can be tuned to produce oxide 3D structures of
various LIB-relevant materials. This chapter was focused on
fabricating and characterizing L.CO lattices, but some resins
were made with salts in the correct stoichiometric ratios to
produce another common LIB cathode, LiNi, ,Co, ;sAl,
50O, (NCA). Using a very similar procedure as discussed in
this chapter, NCA lattices were fabricated with similar
dimensions to LCO lattices. FIG. 31A shows the XRD
spectrum from pulverized NCA lattices that reveals peaks
from the lattices that match with the a-NaFeO, layered
structure of NCA with a (003):(104) peak ratio of 1.12. EDS
reveals that the lattices are comprised of mostly 0 and Ni in
addition to Co and Al (FIG. 31B), with impurities of C, P, S,
and Na. The molar ratio of Ni/Co and Ni/Al was 5.4 and
13.6, respectively, similar to the ideal ratio of 5.3 and 16 for
NCA. The deviation in the Ni/Al ratio is likely due to the
inaccuracies of EDS for light elements and small at %.
However, the measured ratio of Ni/0 is 0.63, much higher
than the ideal ratio of 0.4. The reason for this is currently
unclear, but the composition may be corroborated with other
techniques, such as x-ray photoelectron spectroscopy and
mass spectroscopy. The voltage profile of the NCA lattices,
measured by cycling at C/40 and C/20 between 3 and 4.3 V,
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is shown in FIG. 31C, which reveals a sloping voltage with
a sharp drop ~3.4 Von discharge and a first discharge specific
capacity of 135 mAl/g. This profile is similar to the char-
acteristic voltage profile of NCA, while the specific capacity
of NCA can reach 200 mAh/g [191]. The lower capacity is
likely due to similar reasons as the lower capacity from the
LCO lattices, in addition to deviations from the ideal stoi-
chiometry. The capability of photopolymer complex synthe-
sis to fabricate efficient LIB electrodes out of more compli-
cated oxides, such as NCA, is still currently under
investigation.

[0359] In summary of this Example: Free-standing archi-
tected 3D LCO electrodes were fabricated at coin cell
dimensions using a novel photopolymer system with DLP
3D printing. Metal salts in the photopolymer resin were
oxidized during calcination to create an architected oxide
structure. The lattices were printed with ~120 pm beam
diameters with overall (structural and microscale) porosities
~80%. XRD, EDS, and CV all provide complimentary
evidence that the lattices were indeed comprised of LCO,
with ~5 wt % of impurities. The LCO lattices exhibited
gravimetric capacities of 122 mAh/g and areal capacities up
to ~8 mAh/cm? with a capacity retention of 82% over 100
cycles. This represents a reasonable gravimetric capacity
and cycle life with an areal capacity ~2x higher than
conventional electrodes. The large variable space of this
fabrication process could be optimized to improve the
electrochemical properties of printed structures and can be
adapted to manufacture architected 3D electrodes out of
many other LIB-relevant materials, such as NCA. 3D archi-
tected cathodes such as those discussed in this chapter may
eventually be utilized in Li solid-state batteries with high
energy and power densities.
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Example 11: 3D Printing of Metal Structures Via a
Metal-Salt Containing Photopolymer

[0552] Disclosed here are simple inexpensive methods to
fabricate 3D printed metal structures via a multistep process
where first; a metal-containing hydrogel part is created via
one of the following procedures, for example: a) photoli-
thography from an aqueous precursor mixture containing the
relevant metal salts, b) the swelling in of metal salts into a
blank hydrogel fabricated from an aqueous blank mixture
using photolithography, and c) the swelling in of metal salts
into a blank organogel fabricated from an organic photoresin
(nonaqueous precursor mixture) using photolithography. In
case a), the aqueous precursor mixture is a homogenous
solution of dissolved metal salts, water, water-soluble bind-
ers/monomers, and photoactive molecules. In case b), the
aqueous blank mixture is a homogenous solution of water,
water-soluble binders/monomers, and photoactive mol-
ecules. In case ¢), the organic (nonaqueous) blank mixture is
a homogenous solution of a water-miscible organic solvent,
water-soluble binders/monomers, and photoactive mol-
ecules.

[0553] The metal-containing hydrogel part is then cal-
cined in air to obtain the corresponding metal oxide, which
is then reduced to its corresponding metal in a subsequent
high-temperature treatment.

[0554] Advantages of this process include that any water-
soluble metal salt can be used, resulting in a wide variety of
metal oxides that can be produced, from simple binary
oxides to more complex multi-element oxides. Under the
appropriate reducing condition (temperature, thermal-treat-
ment atmosphere, reagent), the metal oxides can then be
reduced to metals. If complex oxides (ternary and above
oxides) were the starting materials, then alloys can be
produced.

[0555] The present disclosure includes a general approach
for fabricating 3D printed metal parts via a multi-step
process, where first, a metal-salt containing hydrogel is
produced via stereolithography. This can be done in a variety
of ways. In a “salt-in” approach, an aqueous photoresin
containing dissolved metal salts, water, water-soluble bind-
ers/monomers, and photoactive molecules can be used to
directly print the metal-salt containing hydrogel. This
approach is described schematically in FIG. 32A. In terms of
the preparation of the metal-salt containing photoresin, a
number of different reagents can be used. Suitable water-
soluble photosensitive binders of the present invention
include but are not limited to poly(ethylene glycol) macro-
molecules with acrylate functional groups. Water-soluble
photoinitiators that can be used include, but are not limited
to ethyl(2,4,6-trimethylbenzoyl)-phenylphosphinate, Irga-
cure 2959, 7-diethylamino-3-theonoyl coumarin and lithium
phenyl-2.4,6-trimethylbenzoylphosphinate. Similarly, suit-
able water-soluble UV blockers include, but are not limited
to tatrazine, and disodium 4,4'-bis(2-sulfostyryl)biphenyl.
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Since water is the primary solvent here, any water-soluble
metal salt can be used, including but are not limited to metal
nitrates and their hydrates and metal acetates and their
hydrates. A metal salt is an ionic compound with a metal
cation and a counter anion. Examples include but are not
limited to: zinc nitrate, zinc nitrate hexahydrate, zinc chlo-
ride, zinc acetate, iron nitrate, iron nitrate nonahydrate,
lithium nitrate, cobalt acetate, cobalt nitrate, cobalt nitrate
hexahydrate and aluminum nonahydrate.

[0556] In a “swell-in” approach, metal salts are swollen
into a hydrophilic polymer, fabricated via stereolithography,
as described schematically in FIG. 32B. This can be done
using an aqueous photoresin or an organic photoresin that
contains a water-miscible organic solvent.

[0557] If an aqueous photoresin is desired, a number of
different reagents can be used. Suitable water-soluble hydro-
philic binders of the present invention include but are not
limited to poly(ethylene glycol) macromolecules with acry-
late functional groups. Water-soluble photoinitiators that can
be used include, but are not limited to ethyl(2.4,6-trimeth-
ylbenzoyl)-phenylphosphinate, Irgacure 2959, 7-diethyl-
amino-3-theonoyl coumarin and lithium phenyl-2,4,6-trim-
ethylbenzoylphosphinate. Similarly, suitable water-soluble
UV blockers include, but are not limited to tatrazine, and
disodium 4,4'-bis(2-sulfostyryl)biphenyl.

[0558] If an organic photoresin is desired, a number of
different reagents can be used. Suitable water-miscible
organic solvents include but are not limited to N,N-dimeth-
ylformamide, dimethyl sulfoxide, and isopropanol. Suitable
hydrophilic binders include but are not limited to poly
(ethylene glycol) macromolecules with acrylate functional
groups. Photoinitiators that can be used include, but are not
limited to ethyl(2,4,6-trimethylbenzoyl)-phenylphosphinate,
Irgacure 2959, 7-diethylamino-3-theonoyl coumarin and
lithium phenyl-2,4,6-trimethylbenzoylphosphinate. Simi-
larly, suitable UV blockers include, but are not limited to
tatrazine, and disodium 4,4'-bis(2-sulfostyryl)biphenyl. The
organogel approach allows for a greater variety of photoac-
tive molecules that can be used in the photoresin.

[0559] To fabricate the 3D printed part, any photolithog-
raphy technique can be used. Suitable photopolymerization
methods include but are not limited to: two-photon lithog-
raphy, stereolithography, micro-stereolithography and pro-
jection micro-stereolithography.

[0560] The 3D printed part is then calcined in air to
produce the corresponding metal oxide, which is then sub-
sequently reduced under the appropriate conditions to form
the desired metal part. This is shown schematically in FIG.
33.

Example 12: Copper Structures Fabricated Via the
Four-Stage Process of
Projection-Microstereolithography, Swell-In,
Calcination, and then Reduction

[0561] 1) Preparation of Organic (Nonaqueous) “Blank”
Photoresin (i.e., a Nonaqueous Blank Mixture)

[0562] To make the photoresin, 120 g of poly(ethylene
glycol) diacrylate IMw=700 g/mol) (PEGda) was first mixed
with 270 mg of Mayzo OB-M1. In a separate vial, 37.5 mL
of N,N-dimethylformamide was mixed with 270 mg of
Mayzo OB-ML1. To this vial, 540 mg of Lucrin TPO-L was
added and mixed till a homogenous solution was formed.
This was then added to the PEGda solution to give a clear
photoresin.
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[0563] 2) Projection-Microstereolithography of the
Organic “Blank” Photoresin (the Nonaqueous Blank Mix-
ture)

[0564] Projection-microstereolithography was then used
to fabricate 3D structures from the prepared “blank™ pho-
toresin. An octet structure printed from this resin is shown
in FIGS. 34A-34B.

[0565] 3) Swelling-In Process

[0566] The 3D octet was then swollen in a copper (II)
nitrate solution (200 mg/mL) for 6 hours, at room tempera-
ture. The structure then turned blue, as shown in FIGS.
35A-35B.

[0567] 4) Calcination of Copper-Containing 3D Structure
[0568] The copper-containing 3D structure was then cal-
cined in flowing air, at a high throughput pressure of 20 Torr.
In brief, the sample was placed on an alumina boat inside a
quartz tube, and then evacuated with a vacuum until a
pressure of 2 Torr was reached. Air was then allowed to flow
in, with the vacuum running, until a steady pressure of 20
Torr was reached. The sample was then heated at a rate of
1° C./min until 100° C., followed by a ramp of 0.25° C./min
to 500° C., and then a ramp of 2° C./min to 700° C. The
sample was then held at 700° C. for 180 minutes, before
cooling at a rate of 2° C./min to room temperature. The
calcined structures are seen in FIGS. 36A-36B. The blue
structure turned black, which is indicative of its conversion
to copper oxide.

[0569] 5) Reduction of Copper Oxide Structures

[0570] The copper oxide structures were then reduced in
forming gas (95% N,, 5% H,) at high temperatures. The
structure was placed on an alumina boat, inside a quartz
tube, and then evacuated using a vacuum. When the pressure
inside the tube was approximately 2 Torr, forming gas was
slowly introduced into the tube until the tube was at atmo-
spheric pressure. The sample was then heated using the
following temperature profile: 3° C./min to 900° C., hold at
900° C. for 6 hours, followed by cooling at 3° C./min to
room temperature. Forming gas was flowing through the
tube at all times. The black copper oxide structure turned
into a shiny bronze color, which is indicative of its conver-
sion to copper. This can be seen in FIGS. 37A-37B.

Example 13: Copper Structures Fabricated Via the
Five-Stage Process of
Projection-Microstereolithography, Leach, Swell-In,
Calcination, and then Reduction

[0571] 1) Preparation of Lithium and Cobalt Nitrate Pho-
toresin (LCO Resin)

[0572] To make the photoresin, 13.3 mL of 5M lithium
nitrate solution was first mixed with 26.7 mL of 2.5M cobalt
nitrate hexahydrate solution. To this salt solution, 60 mL of
poly(ethylene glycol) diacrylate (Mw=575 g/mol) (PEGda)
was added and mixed. In a separate vial, 343 mg of lithium
phenyl-2.4,6-trimethylbenzoylphosphinate and 328 mg of
Mayzo OB-M1 was mixed with 10 mL of deionized water
to form a pale yellow solution. This was then added slowly
to the metal nitrate/PEGda solution to give a deep purple
photoresin.

[0573] 2) Projection-Microstereolithography of the LCO
Resin
[0574] Projection-microstereolithography was then used

to fabricate 3D structures from the prepared LCO resin. A
cubic lattice was printed in this example.
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[0575] 3) Leaching of Salts

[0576] The printed cubic lattice was placed in 30 mL of
deionized water for 6 hours. The solution was decanted and
30 mL of deionized water added, and the sample left to soak
for another 6 hours. The sample was a slight tinge of yellow
after this, likely due to some yellowing during the print

process.
[0577] 4) Swell-In of Copper (II) Nitrate
[0578] The clear sample was then soaked in a copper (II)

nitrate solution (100 mg/mlL.) for 6 hours, at room tempera-
ture. The structure then turned a blue-green color, as seen in
FIG. 38.

[0579] 5) Calcination of Copper Containing 3D Structure
[0580] The copper-containing 3D structure was then cal-
cined in flowing air, at a high throughput pressure of 20 Torr.
In brief, the sample was placed on an alumina boat inside a
quartz tube, and then evacuated with a vacuum until a
pressure of 2 Torr was reached. Air was then allowed to flow
in, with the vacuum running, until a steady pressure of 20
Torr was reached. The sample was then heated at a rate of
1° C./min until 100° C., followed by a ramp of 0.25° C./min
to 500° C., and then a ramp of 2° C./min to 700° C. The
sample was then held at 700° C. for 180 minutes, before
cooling at a rate of 2° C./min to room temperature. The
calcined structures are seen in FIGS. 39A-39B. The blue
structure turned black, which is indicative of its conversion
to copper oxide.

[0581] 6) Reduction of Copper Oxide Structures

[0582] The copper oxide structure was then reduced in
forming gas (95% N,, 5% H,) at high temperatures. The
structure was placed on an alumina boat, inside a quartz
tube, and then evacuated using a vacuum. When the pressure
inside the tube was approximately 2 Torr, forming gas was
slowly introduced into the tube until the tube was at atmo-
spheric pressure. The sample was then heated using the
following temperature profile: 3° C./min to 900° C., hold at
900° C. for 6 hours, followed by cooling at 3° C./min to
room temperature. Forming gas was flowing through the
tube at all times. The black copper oxide structure turned
into a shiny bronze color, which is indicative of its conver-
sion to copper. This can be seen in FIGS. 40A-40B.
[0583] FIGS. 41, 42 and 43 show scanning electron micro-
scope (SEM) images of the copper lattice described in FIGS.
40A-40B, with increasing magnification.

[0584] FIG. 43 clearly shows microstructural features that
are typically associated with metals, such as grains, and
possibly annealing twins. To confirm the composition of the
material, energy dispersive X-ray spectroscopy (EDS) was
used to obtain elemental maps of the material, as shown in
FIG. 44.

[0585] As seen, the majority element detected with cop-
per, followed by oxygen. Closer inspection of the micro-
structure revealed that the copper was phase segregated from
the other elements, as shown in FIG. 45. Spot analysis of the
copper-rich and copper-deficient regions are shown in FIG.
46.

Example 14: Nickel Structures Fabricated Via the
Four-Stage Process of
Projection-Microstereolithography, Swell-In,
Calcination, and then Reduction

[0586] 1) Preparation of Organic “Blank™ Photoresin (a
Nonaqueous Blank Mixture)

[0587] To make the photoresin, 120 g of poly(ethylene
glycol) diacrylate IMw=700 g/mol) (PEGda) was first mixed
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with 270 mg of Mayzo OB-M1. In a separate vial, 37.5 mL
of N,N-dimethylformamide was mixed with 270 mg of
Mayzo OB-ML1. To this vial, 540 mg of Lucrin TPO-L was
added and mixed till a homogenous solution was formed.
This was then added to the PEGda solution to give a clear
photoresin.

[0588] 2) Projection-Microstereolithography of the
Organic “Blank” Photoresin (the Nonaqueous Blank Mix-
ture)

[0589] Projection-microstereolithography was then used

to fabricate 3D structures from the prepared “blank™ pho-
toresin. An octet structure printed from this resin is shown
below in FIGS. 47A-47B.

[0590] 3) Swelling-In Process

[0591] The 3D octet was then swollen in a nickel (II)
nitrate hexahydrate solution (250 mg/mL.) for 2 hours, at
room temperature. The structure then turned green, as shown
in FIGS. 48A-48B.

[0592] 4) Calcination of Nickel-Containing 3D Structure
[0593] The nickel-containing 3D structure was then cal-
cined in flowing air, at a high throughput pressure of 20 Torr.
In brief, the sample was placed on an alumina boat inside a
quartz tube, and then evacuated with a vacuum until a
pressure of 2 Torr was reached. Air was then allowed to flow
in, with the vacuum running, until a steady pressure of 20
Torr was reached. The sample was then heated at a rate of
3° C./min until 700° C., followed by hold at 700° C. for 180
minutes, before cooling at a rate of 3° C./min to room
temperature. The calcined structures are seen in FIGS.
49A-49B. The green structure turned black, which is indica-
tive that some degree of conversion to nickel oxide took
place.

[0594] 5) Reduction of Nickel Oxide Structures

[0595] The nickel oxide structures were then reduced in
forming gas (95% N,, 5% H,) at high temperatures. The
structure was placed on an alumina boat, inside a quartz
tube, and then evacuated using a vacuum. When the pressure
inside the tube was approximately 2 Torr, forming gas was
slowly introduced into the tube until the tube was at atmo-
spheric pressure. The sample was then heated using the
following temperature profile: 3° C./min to 900° C., hold at
900° C. for 6 hours, followed by cooling at 3° C./min to
room temperature. Forming gas was flowing through the
tube at all times. The black nickel oxide structure turned into
a shiny silver color, which is indicative of its conversion to
nickel. This can be seen in FIGS. 50A-50B.

[0596] FIGS. 51 and 52 show scanning electron micro-
scope (SEM) images of the nickel lattice described in FIGS.
50A-50B, with increasing magnification.

[0597] To confirm the composition of the material, energy
dispersive X-ray spectroscopy (EDS) was used to obtain
elemental maps of the material, as shown in FIG. 53.
[0598] As seen, the majority element detected with nickel,
followed by oxygen. Closer inspection of the microstructure
revealed that the nickel was phase segregated from the other
elements, as shown in FIG. 54. Spot analysis of the nickel-
rich and nickel-deficient regions are shown in FIG. 55.

Example 15: Cobalt Structures Fabricated Via the
Four-Stage Process of
Projection-Microstereolithography, Swell-In,
Calcination, and then Reduction

[0599] 1) Preparation of Organic “Blank™ Photoresin (a
Nonaqueous Blank Mixture)

[0600] To make the photoresin, 120 g of poly(ethylene
glycol) diacrylate (Mw=700 g/mol) (PEGda) was first mixed
with 270 mg of Mayzo OB-M1. In a separate vial, 37.5 mL
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of N,N-dimethylformamide was mixed with 270 mg of
Mayzo OB-ML1. To this vial, 540 mg of Lucrin TPO-L was
added and mixed till a homogenous solution was formed.
This was then added to the PEGda solution to give a clear
photoresin.

[0601] 2) Projection-Microstereolithography of the
Organic “Blank” Photoresin

[0602] Projection-microstereolithography was then used
to fabricate 3D structures from the prepared “blank™ pho-
toresin. An octet structure was printed from this resin.
[0603] 3) Swelling-In Process

[0604] The 3D octet was then swollen in a cobalt (II)
nitrate hexahydrate solution (1.2M) for 2 hours, at 50° C.
The structure then turned pink, as shown in FIG. 56.
[0605] 4) Calcination of Cobalt Containing 3D Structure
[0606] The cobalt-containing 3D structure was then cal-
cined in flowing air, at a high throughput pressure of 20 Torr.
In brief, the sample was placed on an alumina boat inside a
quartz tube, and then evacuated with a vacuum until a
pressure of 2 Torr was reached. Air was then allowed to flow
in, with the vacuum running, until a steady pressure of 20
Torr was reached. The sample was then heated at a rate of
1° C./min until 700° C., followed by hold at 700° C. for 180
minutes, before cooling at a rate of 2° C./min to room
temperature. The calcined structures are seen in FIGS.
57A-57B. The pink structure turned black, which is indica-
tive of its conversion to cobalt oxide.

[0607] 5) Reduction of Cobalt Oxide Structures

[0608] The cobalt oxide structure was then reduced in
forming gas (95% N,, 5% H,) at high temperatures. The
structure was placed on an alumina boat, inside a quartz
tube, and then evacuated using a vacuum. When the pressure
inside the tube was approximately 2 Torr, forming gas was
slowly introduced into the tube until the tube was at atmo-
spheric pressure. The sample was then heated using the
following temperature profile: 3° C./min to 900° C., hold at
900° C. for 6 hours, followed by cooling at 3° C./min to
room temperature. Forming gas was flowing through the
tube at all times. The black cobalt oxide structure turned into
a shiny silver color, which is indicative of its conversion to
cobalt. This can be seen in FIGS. 58A-58B.

[0609] FIGS. 59 and 60 show scanning electron micro-
scope (SEM) images of the cobalt lattice described in FIGS.
58A-58B, with increasing magnification.

[0610] To confirm the composition of the material, energy
dispersive X-ray spectroscopy (EDS) was used to obtain
elemental maps of the material, as shown in FIG. 61.
[0611] As seen, the majority element detected with cobalt,
followed by oxygen. Closer inspection of the microstructure
revealed that the oxygen was phase segregated from the
other elements, as shown in FIG. 62. Spot analysis of the
cobalt-rich and oxygen-rich regions are shown in FIG. 63
below.

Example 16: Cobalt Structures Fabricated Via the
Four-Stage Process of
Projection-Microstereolithography, Swell-In,
Calcination, and then Reduction

[0612] 1) Preparation of Organic “Blank™ Photoresin (a
Nonaqueous Blank Mixture)

[0613] To make the photoresin, 120 g of poly(ethylene
glycol) diacrylate IMw=700 g/mol) (PEGda) was first mixed
with 270 mg of Mayzo OB-M1. In a separate vial, 37.5 mL
of N,N-dimethylformamide was mixed with 270 mg of
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Mayzo OB-ML1. To this vial, 540 mg of Lucrin TPO-L was
added and mixed till a homogenous solution was formed.
This was then added to the PEGda solution to give a clear
photoresin.

[0614] 2) Projection-Microstereolithography of the
Organic “Blank” Photoresin

[0615] Projection-microstereolithography was then used
to fabricate 3D structures from the prepared “blank™ pho-
toresin. An octet structure was printed from this resin.
[0616] 3) Swelling-In Process

[0617] The 3D octet was then swollen in a cobalt (II)
acetate solution (1.2M) for 2 hours, at 50° C. The structure
then turned pink, as shown in FIG. 64.

[0618] 4) Calcination of Cobalt Containing 3D Structure
[0619] The cobalt-containing 3D structure was then cal-
cined in flowing air, at a high throughput pressure of 20 Torr.
In brief, the sample was placed on an alumina boat inside a
quartz tube, and then evacuated with a vacuum until a
pressure of 2 Torr was reached. Air was then allowed to flow
in, with the vacuum running, until a steady pressure of 20
Torr was reached. The sample was then heated at a rate of
1° C./min until 700° C., followed by hold at 700° C. for 180
minutes, before cooling at a rate of 2° C./min to room
temperature. The calcined structures are seen in FIGS.
65A-65B. The pink structure turned black, which is indica-
tive of its conversion to cobalt oxide.

[0620] 5) Reduction of Cobalt Oxide Structures

[0621] The cobalt oxide structure was then reduced in
forming gas (95% N,, 5% H,) at high temperatures. The
structure was placed on an alumina boat, inside a quartz
tube, and then evacuated using a vacuum. When the pressure
inside the tube was approximately 2 Torr, forming gas was
slowly introduced into the tube until the tube was at atmo-
spheric pressure. The sample was then heated using the
following temperature profile: 3° C./min to 900° C., hold at
900° C. for 6 hours, followed by cooling at 3° C./min to
room temperature. Forming gas was flowing through the
tube at all times. The black cobalt oxide structure turned into
a shiny silver color, which is indicative of its conversion to
cobalt. This can be seen in FIGS. 66A-66B.

[0622] FIGS. 67 and 68 show scanning electron micro-
scope (SEM) images of the cobalt lattice described in FIGS.
66A-66B, with increasing magnification.

[0623] To confirm the composition of the material, energy
dispersive X-ray spectroscopy (EDS) was used to obtain
elemental maps of the material, as shown in FIG. 69.
[0624] As seen, the majority element detected with cobalt,
followed by oxygen. Closer inspection of the microstructure
revealed that the oxygen was phase segregated from the
other elements, as shown in FIG. 70. Spot analysis of the
cobalt-rich and oxygen-rich regions are shown in FIG. 71.

Example 17: Copper-Nickel Alloy Structures
Fabricated Via the Four-Stage Process of
Projection-Microstereolithography, Swell-In,
Calcination, and then Reduction

[0625] 1) Preparation of Organic “Blank™ Photoresin (a
Nonaqueous Blank Mixture)

[0626] To make the photoresin, 120 g of poly(ethylene
glycol) diacrylate (Mw=700 g/mol) (PEGda) was first mixed
with 270 mg of Mayzo OB-M1. In a separate vial, 37.5 mL
of N,N-dimethylformamide was mixed with 270 mg of
Mayzo OB-ML1. To this vial, 540 mg of Lucrin TPO-L was
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added and mixed till a homogenous solution was formed.
This was then added to the PEGda solution to give a clear
photoresin.

[0627] 2) Projection-Microstereolithography of the
Organic “Blank” Photoresin

[0628] Projection-microstereolithography was then used
to fabricate 3D structures from the prepared “blank™ pho-
toresin. An octet structure was printed from this resin.
[0629] 3) Swelling-In Process

[0630] The 3D octet was then swollen in a 1:1 volume
ratio of 2.5M copper (II) nitrate hemipentahydrate solution
and 2.5M nickel nitrate hexahydrate solution for 2 hours, at
50° C. The structure then turned blue-green/turquoise, as
shown in FIGS. 72A-72B.

[0631] 4) Calcination of Copper-Nickel Containing 3D
Structure
[0632] The copper-nickel containing 3D structure was

then calcined in flowing air, at a high throughput pressure of
20 Torr. In brief, the sample was placed on an alumina boat
inside a quartz tube, and then evacuated with a vacuum until
a pressure of 2 Torr was reached. Air was then allowed to
flow in, with the vacuum running, until a steady pressure of
20 Torr was reached. The sample was then heated at a rate
of 1° C./min until 700° C., followed by hold at 700° C. for
180 minutes, before cooling at a rate of 2° C./min to room
temperature. The calcined structures are seen in FIGS.
73A-73B. The turquoise structure turned black, which is
indicative of its conversion to an oxide.

[0633] 5) Reduction of Metal Oxide Structures

[0634] The metal oxide structure was then reduced in
forming gas (95% N,, 5% H,) at high temperatures. The
structure was placed on an alumina boat, inside a quartz
tube, and then evacuated using a vacuum. When the pressure
inside the tube was approximately 2 Torr, forming gas was
slowly introduced into the tube until the tube was at atmo-
spheric pressure. The sample was then heated using the
following temperature profile: 3° C./min to 900° C., hold at
900° C. for 6 hours, followed by cooling at 3° C./min to
room temperature. Forming gas was flowing through the
tube at all times. The black metal oxide structure turned into
a shiny silver color, which is indicative of its conversion to
metal. This can be seen in FIGS. 74A-74B.

[0635] FIGS. 75 and 76 show scanning electron micro-
scope (SEM) images of the metal lattice described in FIGS.
74A-74B, with increasing magnification.

[0636] To confirm the composition of the material, energy
dispersive X-ray spectroscopy (EDS) was used to obtain
elemental maps of the material, as shown in FIG. 77.
[0637] As seen, the majority element detected with copper
and nickel, followed by oxygen. Closer inspection of the
microstructure revealed that the oxygen was phase segre-
gated from the other elements, as shown in FIG. 78 below.
Furthermore, the grains had a homogenous distribution of
copper and nickel, implying a single phase—and thus an
alloy. Spot analysis of the metal-rich and oxygen-rich
regions are shown in FIG. 79.

Example 18: The (Materials) Science of Additive
Manufacturing: Chemically-Derived, Fatigueless
Ceramics

[0638] Additive manufacturing (AM), or three-dimen-
sional (3D) printing, represents a set of processes that enable
layer-by-layer fabrication of complex 3D structures using a
wide range of materials that include ceramics, polymers, and
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metals. AM has allowed exploiting novel material proper-
ties, especially those that arise at the nano-scale, that do not
occur in conventional materials. The development of small-
scale AM has revolutionized the production of complex
parts for aerospace, military, automotive and medical appli-
cations, and is enabling major innovations in these areas.
Shapes as complex as fractal trusses and as simple as cubes,
with vastly multi-scale dimensions, from nanometers for
nanophotonics to millimeters for sensors to centimeters for
space-relevant technologies been demonstrated. The genesis
of materials that are created through virtually every AM
method is that they are derived from a photoinitiation-based
chemical reaction, with post-processing that requires resist
development and (often) heat treatment.

[0639] One key distinction of materials science from other
disciplines, like physics and chemistry, is its focus on
studying material microstructure as its central thread.
“Microstructure” generally describes the characteristic fea-
tures of a material, typically above the atomic scale and
often below the continuum scale; and plays a central and
critical role in defining and governing material properties
through Structure-Processing-Properties triangle of Materi-
als Science. Fully laying out the range of unique microstruc-
tures attainable through chemically-derived materials repre-
sents a key glaring unknown that is being ubiquitously
neglected in virtually all AM processes. The chemical nature
of AM'd materials provides a pathway to explore and to
eventually engineer unexpected, far-from-equilibrium and
convention, microstructures that can drive emergent, unique
properties. The overarching goal of this proposal is to
develop additive manufacturing syntheses of complex,
multi-component and multi-material ceramics (metal
oxides, carbides, etc.) that are derived from metal salt-based
aqueous photoresins, analyze their microstructure to estab-
lish attainable property space, and utilize this knowledge to
create fatigueless ceramics with versatile geometries, and
when necessary, sub-micron resolution with a vision of
developing fatigueless 3D-printed structures.

[0640] Additive manufacturing (AM) is of interest where
a relatively small number of complex parts is required. In a
truly multi-scale enterprise, 3D-printing has been utilized to
create a broad range of shapes at different length scales:
from nanometers (photonics) to microns (phononics) to
millemeters (sensors), etc. Multifunctional metal oxides
represent an important class of materials because they
exhibit unique properties such as piezoelectricity’ supercon-
ductivity” and semiconductivity,> rendering them useful in
virtually every type of micro/nanosystem device technology.
Additive manufacturing (AM) has recently emerged as a
frontrunner for the fabrication of three-dimensional metal
oxide structures with various geometries. A wide variety of
AM techniques currently exist to 3D print metal oxides:*¢
from laser-based processes like selective laser sintering’®,
selective laser melting,”*! and photolithography,'*** to ink-
based ones such as fused deposition modeling,'>'® and
inkjet printing.'”'® These and most other additively manu-
factured materials are currently being understood in the
framework of “enlightened empiricism” at best, i.e. multiple
3D printing processes exist: from 3D printers to two-photon
and (micro) stereolithography but the microstructure, chemi-
cal composition, and properties of such-produced materials
are being cursorily described at best. Nearly each AM
technique relies on light to sculpt the prescribed 3D shapes
via a photoinitiation reaction, which implies that the mate-
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rial is formed through chemical routes. This is diametrically
opposite to the conventional processing of materials via
“processes-of-record,” as it serves to establish a pathway to
create entirely new classes of materials with unique and
far-from-equilibrium microstructures and properties. One
key aspect of 3D printing processes that gets ubiquitously
overlooked is that the chemical synthesis that is used to
create the precursor-to-printing resin and the post-process-
ing steps that often involve exposure to focused laser light,
development using chemicals, post-development heat treat-
ment, etc. may lead to an altered, far-from-conventional and
far-from-equilibrium, microstructure.

[0641] Another example of enlightened empiricism is our
understanding of fatigue, the most ubiquitous form of frac-
ture, especially in structural materials, that accounts for
more than 80% of all in service failures in structural com-
ponents.'® Structural integrity criteria depending upon arbi-
trary and simplistic assumptions®’: ** and despite numer-
ous investigations over a half a century, only
phenomenological and an incomplete mechanistic models
have been established, which cause typical fatigue design
approaches to be deterministic and uselessly repetitive.'® A
particularly glaring lack of information exists for AM-
produced complex geometries under non-trivial loading
scenarios.>!»*

[0642] Contemplated here are ranges of possible, often
transient attainable microstructures of small-scale, chemi-
cally-derived, additively manufactured ceramics with a
vision of enabling fatigue-resistant properties. Developing a
fundamental scientific understanding of the link between
material microstructure generated through chemical synthe-
sis and measurable material properties, i.e. fatigue is critical.
Contemplated here are properties, composition, and micro-
structure of additively manufactured (i.e. 3D printed) ceram-
ics, fatigueless structures, and non-equilibrium, chemically-
derived material microstructures

[0643] Creating materials with multiple functionalities
using a minimal number of processing steps represents one
of key challenges in our society. Technological demands of
21st century require realizing additive manufacturing (AM)
at multiple length scales and in three dimensions (3D). The
emergence of a new field of three-dimensional (3D) nano-
and micro-architected structural “meta-materials” serves as
a testament to the unique properties and combinations of
de-coupled properties that demand the development of addi-
tive manufacturing capabilities to be utilized in society. One
common aspect of AM-produced materials is that they are
created through chemical synthesis that often involves mul-
tiple organic constituents, liquid-state reactions, (laser or
UV) light-matter interactions, post-processing, and heat
treatment. This chemically-derived nature of AM materials
may lead to significantly different solid microstructures,
which gives rise to substantially different material proper-
ties, defect populations, and susceptibility to failure, espe-
cially under fatigue loading. A particularly conspicuous
example of this is AM of metals whose strength deteriorates
at a dangerously high rate even with modest reductions in
size?®, such a drastic reduction in strength inevitably leads
to premature failure. The multi-scale nature and sophistica-
tion of these materials renders progress in this field to be
possible only through massive inter-disciplinary advances in
materials science, chemistry, materials processing, optics,
mechanics, applied physics, and broad-range computations.
Of particular importance is the need to recognize the sig-
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nificant deviations in the (commonly overlooked) attainable
microstructures of additively manufactured materials from
those of the same materials that are conventionally pro-
duced; the importance of developing a deep understanding
of the parameter space of chemically-produced materials
cannot be overestimated. Beyond the fundamental theme of
this proposal, our vision is to utilize the obtained knowledge
to eventually create ceramics with 3D geometries and micro-
structures that are particularly resilient against fatigue.
Fatigue is currently the most ubiquitous mode of fracture,
responsible for more than 80% of all in service failures in
structural components, with available design approaches
being empirical, deterministic and practically useless, espe-
cially at small scales.

[0644] The overarching goal of this proposal is to develop
a chemical synthesis route for additive manufacturing of
multi-material, multi-component metal oxide-based ceram-
ics, to fully layout their microstructural parameter space as
a function of chemically-derived variables, and to realize
their potential in creating fatigueless ceramic components.
Solving this grand challenge of additively manufacturing
fatigueless ceramics through microstructural control of
chemically-derived materials will open pathways to enable
breakthrough advances in almost every branch of manufac-
turing and technology.

[0645] Technical ceramics are one of the most important
classes of materials being used in the world today. These
engineered ceramics exhibit unique mechanical, electrical,
thermal and even biochemical properties,®*>” and have
found application in virtually every scientific and engineer-
ing field. Two key challenges that plague 3D-printed ceram-
ics, especially at small scales, is their shaping and suscep-
tibility to defects because they are brittle and fracture easily
at reduced dimensions. Manufacturing processes that are
suitable for metals and polymers, such as casting or machin-
ing cannot be applied to ceramics due to their high melting
points and lack of deformability®®. Alternative processes
like pressing, molding and casting developed specifically for
ceramics have severe limitations in terms of accessible
geometries, dimensions, and quality because they rely on
excessive materials, binders, ceramic precursors and mul-
tiple sacrificial steps®.

[0646] Contemplated herein are additive manufacturing
syntheses of complex, multi-component and multi-material
metal oxides (ceramics) that are derived from metal salt-
based aqueous photoresins, analyze their microstructure to
establish attainable property space, and utilize this knowl-
edge to create fatigue-less ceramics with versatile geom-
etries and sub-micron resolution. To our knowledge, aque-
ous metal-salt based resins have not been synthesized or
reported for additive manufacturing before.

[0647] 2.1 Synthesis and 3D Printing of Metal Salt-Con-
taining Aqueous Photoresins

[0648] To fabricate arbitrarily shaped 3D metal oxide
microstructures, a process that combines the advantages of
existing approaches: (1) the simplicity and versatility of
slurry methods and (2) high resolution of organic-inorganic
photoresists, has to be developed.

[0649] Disclosed herein are simple, inexpensive methods
to fabricate 3D printed metal oxide ceramics via a facile,
aqueous-resin chemical synthesis process where a prece-
ramic hydrogel part is first 3D printed via photolithography
from an aqueous photoresin and then pyrolized®°. In this
process, the aqueous photoresin is a homogenous solution of
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dissolved metal salts, water and water-soluble binders, pho-
toinitiators and UV blockers. The novelty of this process is
that any water-soluble metal salt can be used, which opens
a pathway to produce a wide variety of 3D-shaped ceramics.
These aqueous resins are homogenous and non-viscous,
which renders them particularly amenable to processing.
FIG. 80 demonstrates the basic proposed approach for
fabricating 3D printed metal oxides via a three-step process
of synthesis, sculpting, and pyrolysis, as well as our pre-
liminary results on synthesizing ZnO and analyzing its
microstructure™®.

[0650] 3.2 Multi-Component, Multi-Material AM Via
“Leach and Swell-In” Method (Specific Aim 2)

[0651] In the “leach and swell-in” method, a metal-salt
containing hydrogel part is first printed via photolithography
from a metal-salt containing aqueous photoresin. Site-spe-
cific regions of the hydrogel are then immersed in water to
leach out the metal salt to form a “semi-blank™ hydrogel
template, which is then immersed into a salt solution to swell
it with the new salt. The swollen hydrogel is proposed
synthesis and AM approach to create multi-material shapes
by selectively leaching and swelling the designed regions.**
[0652] The disclosed methods lend themselves to multiple
additive manufacturing approaches and to a broad range of
ceramics and metals. Multiple reagents can be used to
prepare the metal-salt-containing photoresins. Examples
include any water-soluble metal salts, i.e. metal nitrates and
hydrates, metal acetates and their hydrates; water-soluble
photosensitive binders, i.e. poly(ethylene glycol) macromol-
ecules with acrylate functional groups; water-soluble pho-
toinitiators, i.e. ethyl(2,4,6-trimethylbenzoyl)-phenylphos-
phinate; and water-soluble UV blockers, i.e. disodium 4,4'-
bis(2-sulfostyryl)biphenyl. Any photolithography technique
can be used to 3D print, including two-photon lithography,
stereolithography (SL), micro-SL. and projection micro-SL.
Pyrolysis process is critical to fabrication process: oxidizing
atmosphere will facilitate the formation of metal oxides;
inert atmosphere will create metal carbides, and reducing
atmosphere will enable pure metal parts.

[0653] These methods can make a multitude of multi-
component, multi-material ceramics, with a wide range of
fully characterized microstructures, that can elicit fatigue-
less materials that can be used in applications that cannot be
addressed with conventional material systems.

REFERENCES CORRESPONDING TO
EXAMPLE 18

[0654] [1] C. Bowen, H. Kim, P. Weaver, S. Dunn, Energy
Environ. Sci. 2014, 7, 25.

[0655] [2] R. J. Cava, J. Am. Ceram. Soc. 2000, 83, 5.

[0656] [3] T. Zhai, X. Fang, M. Liao, X. Xu, H. Zeng, B.
Yoshio, D. Goldberg,

[0657] [4] X. Zhou, C.j. Liu, Adv. Funct. Mater. 2017, 27,
1701134.
[0658] [5]7J.C.Ruiz-Morales, A. TarancoALn, J. Canales-

VaALzquez, J. MeALndez-Ramon, L. HernaALndez-
Afonso, P. Acosta-Mora, J. M. Rueda, R. FernaALndez-
GonzaALlez, Energy Environ. Sci. 2017, 10, 846.

[0659] [6] 1. Cooperstein, E. Sachyani-Keneth, E.
Shukren-Farrell, T. Rosental, X. Wang, A. Kamyshny, S.
Magdassi, Adv. Mater. Interfaces 2018, 5, 1800996.

[0660] [7] P. Bertrand, F. Bayle, C. Combe, P. Goeuriot, 1.
Smurov, Appl. Surf. Sci. 2007, 254, 989.



US 2022/0314183 Al

[0661] [8] H. Exner, M. Horn, A. Streek, F. Ullmann, L.
Hartwig, P. Regenfuss, R. Ebert, Virtual Phys. Prototyp-
ing 2008, 3, 3.

[0662] [9] J. Wilkes, Y.-C. Hagedorn, W. Meiners, K.
Wissenbach, Rapid Prototyping J. 2013, 19, 51.

[0663] [10] H. Yves-Christian, W. Jan, M. Wilhelm, W.
Konrad, P. Reinhart, Phys. Procedia 2010, 5, 587.

[0664] [11] H. Pan, N. Misra, S. H. Ko, C. P. Grigoro-
poulos, N. Miller, E. E. Haller, O. Dubon, Appl. Phys. A
2009, 94, 111

[0665] [12] H. Wu, W. Liu, R. He, Z. Wu, Q. Jiang, X.
Song, Y. Chen, L. Cheng, S. Wu, Ceram. Int. 2017, 43,
968.

[0666] [13] M. Schwentenwein, J. Homa, Int. J. Appl.
Ceram. Technol. 2015, 12, 1.

[0667] [14] G. Mitteramskogler, R. Gmeiner, R. Felz-
mann, S. Gruber, C. Hofstetter, J. Stampfl, J. Ebert, W.
Wachter, J. Laubersheimer, Addit. Manuf. 2014, 1-4, 110.

[0668] [15] A. Salea, R. Prathumwan, J. Junpha, K. Sub-
annajui, J. Mater. Chem. C 2017, 5, 4614.

[0669] [16] J. Zhang, S. Zhao, M. Zhu, Y. Zhu, Y. Zhang,
Z. Liu, C. Zhang, J. Mater. Chem. B 2014, 2, 7583.

[0670] [17]J. Wang, L. L. Shaw, J. Am. Ceram. Soc. 2006,
89, 3285.
[0671] [18] E. Saleh, P. Woolliams, B. Clarke, A. Gregory,

S. Greedy, C. Smartt, R. Wildman, 1. Ashcroft, R. Hague,
P. Dickens, C. Tuck, Addit. Manuf. 2017, 13, 143.
[0672] [19] Z. S. Hosseini, M. Dadfarnia, B. P. Somerday,
P. Sofronis, R. O. Ritchie, J. Mech. Phys. Solids 2018, 121
341.
[0673] [20] P. C. Paris, M. P. Gomez, W. E. Anderson,
Trend Eng. 1961, 13, 9.

[0674] [21] A. Fatemi, N. Shamsaei, Int. J. Fatigue, 2011,
33, 948.
[0675] [22] F. Berto, A. Campagnolo, P. Lazzarin, Fatigue

Fract. Engng. Mater. Struct. 2015, 38, 503.

[0676] [23] A. Vyatskikh, S. Delalande, A. Kudo, X.
Zhang, and J. R. Greer “Additive Manufacturing of 3D
Nano-Architected Metals” Nature Comms 9, 593 (2018)

[0677] [24] Somiya, S., Advanced technical ceramics.
2012: Elsevier.

[0678] [25] Basu, B. and K. Balani, Advanced structural
ceramics. 2011: John Wiley & Sons.

[0679] [26] Kokubo, T., Bioceramics and their clinical
applications. 2008: Elsevier.

[0680] [27] Richerson, D. W., Modern ceramic engineer-
ing: properties, processing, and use in design. 2005: CRC
press.

[0681] [28] Rahaman, M. N., Ceramic processing and
sintering. 2003: CRC press.

[0682] [29] Bauer, W., H.-J. Ritzhaupt-Kleissl, and J.
Hausselt, Slip casting of ceramic microcomponents.
Microsystem technologies, 1998. 4(3): p. 125-127.

[0683] [30] Yee, D., Lifson, M., Greer, J. R. “Additive
Manufacturing of 3D Architected Multifunctional Metal
Oxides” Advanced Materials doi.org/10.1002/adma.
201901345 (2019).

STATEMENTS REGARDING INCORPORATION
BY REFERENCE AND VARIATIONS

[0684] All references throughout this application, for
example patent documents including issued or granted pat-
ents or equivalents; patent application publications; and
non-patent literature documents or other source material; are
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hereby incorporated by reference herein in their entireties, as
though individually incorporated by reference, to the extent
each reference is at least partially not inconsistent with the
disclosure in this application (for example, a reference that
is partially inconsistent is incorporated by reference except
for the partially inconsistent portion of the reference).

[0685] The terms and expressions which have been
employed herein are used as terms of description and not of
limitation, and there is no intention in the use of such terms
and expressions of excluding any equivalents of the features
shown and described or portions thereof, but it is recognized
that various modifications are possible within the scope of
the invention claimed. Thus, it should be understood that
although the present invention has been specifically dis-
closed by preferred embodiments, exemplary embodiments
and optional features, modification and variation of the
concepts herein disclosed may be resorted to by those skilled
in the art, and that such modifications and variations are
considered to be within the scope of this invention as defined
by the appended claims. The specific embodiments provided
herein are examples of useful embodiments of the present
invention and it will be apparent to one skilled in the art that
the present invention may be carried out using a large
number of variations of the devices, device components,
methods steps set forth in the present description. As will be
obvious to one of skill in the art, methods and devices useful
for the present methods can include a large number of
optional composition and processing elements and steps.
[0686] As used herein and in the appended claims, the
singular forms “a”, “an”, and “the” include plural reference
unless the context clearly dictates otherwise. Thus, for
example, reference to “a cell” includes a plurality of such
cells and equivalents thereof known to those skilled in the
art. As well, the terms “a” (or “an”), “one or more” and “at
least one” can be used interchangeably herein. It is also to
be noted that the terms “comprising”, “including”, and
“having” can be used interchangeably. The expression “of
any of claims XX-YY” (wherein XX and YY refer to claim
numbers) is intended to provide a multiple dependent claim
in the alternative form, and in some embodiments is inter-
changeable with the expression “as in any one of claims
XX-YY”

[0687] When a group of substituents is disclosed herein, it
is understood that all individual members of that group and
all subgroups, including any isomers, enantiomers, and
diastereomers of the group members, are disclosed sepa-
rately. When a Markush group or other grouping is used
herein, all individual members of the group and all combi-
nations and subcombinations possible of the group are
intended to be individually included in the disclosure. When
a compound is described herein such that a particular isomer,
enantiomer or diastereomer of the compound is not speci-
fied, for example, in a formula or in a chemical name, that
description is intended to include each isomers and enan-
tiomer of the compound described individual or in any
combination. Additionally, unless otherwise specified, all
isotopic variants of compounds disclosed herein are
intended to be encompassed by the disclosure. For example,
it will be understood that any one or more hydrogens in a
molecule disclosed can be replaced with deuterium or tri-
tium. Isotopic variants of a molecule are generally useful as
standards in assays for the molecule and in chemical and
biological research related to the molecule or its use. Meth-
ods for making such isotopic variants are known in the art.
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Specific names of compounds are intended to be exemplary,
as it is known that one of ordinary skill in the art can name
the same compounds differently.

[0688] Certain molecules disclosed herein may contain
one or more ionizable groups [groups from which a proton
can be removed (e.g., —COOH) or added (e.g., amines) or
which can be quaternized (e.g., amines)]. All possible ionic
forms of such molecules and salts thereof are intended to be
included individually in the disclosure herein. With regard to
salts of the compounds herein, one of ordinary skill in the art
can select from among a wide variety of available counte-
rions those that are appropriate for preparation of salts of this
invention for a given application. In specific applications,
the selection of a given anion or cation for preparation of a
salt may result in increased or decreased solubility of that
salt.

[0689] Every material, lattice, device, system, formula-
tion, combination of components, or method described or
exemplified herein can be used to practice the invention,
unless otherwise stated.

[0690] Whenever a range is given in the specification, for
example, a temperature range, a time range, or a composi-
tion or concentration range, all intermediate ranges and
subranges, as well as all individual values included in the
ranges given are intended to be included in the disclosure. It
will be understood that any subranges or individual values in
a range or subrange that are included in the description
herein can be excluded from the claims herein.

[0691] All patents and publications mentioned in the
specification are indicative of the levels of skill of those
skilled in the art to which the invention pertains. References
cited herein are incorporated by reference herein in their
entirety to indicate the state of the art as of their publication
or filing date and it is intended that this information can be
employed herein, if needed, to exclude specific embodi-
ments that are in the prior art. For example, when compo-
sition of matter are claimed, it should be understood that
compounds known and available in the art prior to Appli-
cant’s invention, including compounds for which an
enabling disclosure is provided in the references cited
herein, are not intended to be included in the composition of
matter claims herein.

[0692] As used herein, “comprising” is synonymous with
“including,” “containing,” or “characterized by,” and is
inclusive or open-ended and does not exclude additional,
unrecited elements or method steps. As used herein, “con-
sisting of” excludes any element, step, or ingredient not
specified in the claim element. As used herein, “consisting
essentially of” does not exclude materials or steps that do not
materially affect the basic and novel characteristics of the
claim. In each instance herein any of the terms “compris-
ing”, “consisting essentially of” and “consisting of” may be
replaced with either of the other two terms. The invention
illustratively described herein suitably may be practiced in
the absence of any element or elements, limitation or limi-
tations which is not specifically disclosed herein.

[0693] One of ordinary skill in the art will appreciate that
starting materials, biological materials, reagents, synthetic
methods, purification methods, analytical methods, assay
methods, and biological methods other than those specifi-
cally exemplified can be employed in the practice of the
invention without resort to undue experimentation. All art-
known functional equivalents, of any such materials and
methods are intended to be included in this invention. The
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terms and expressions which have been employed are used
as terms of description and not of limitation, and there is no
intention that in the use of such terms and expressions of
excluding any equivalents of the features shown and
described or portions thereof, but it is recognized that
various modifications are possible within the scope of the
invention claimed. Thus, it should be understood that
although the present invention has been specifically dis-
closed by preferred embodiments and optional features,
modification and variation of the concepts herein disclosed
may be resorted to by those skilled in the art, and that such
modifications and variations are considered to be within the
scope of this invention as defined by the appended claims.

1. A method for making a metal-containing material, the
method comprising steps of:

forming a metal-containing hydrogel from an aqueous

precursor mixture using a photopolymerization;

wherein the aqueous precursor mixture comprises
water, one or more aqueous photosensitive binders,
and one or more aqueous metal salts; and

thermally treating the metal-containing hydrogel to form

the metal-containing material;

wherein the metal-containing hydrogel is exposed to a
thermal-treatment atmosphere during the thermally
treating step;

wherein a composition of the metal-containing material
is at least partially determined by a composition of
the thermal-treatment atmosphere.

2-20. (canceled)

21. The method of claim 1, wherein the at least 0.5 mol.
% of the composition of the metal-containing material is
determined by a chemical interaction of the metal-contain-
ing hydrogel and the thermal-treatment atmosphere.

22. The method of claim 1, wherein the thermal-treatment
atmosphere is selected from the group consisting of a
reducing atmosphere, an oxidizing atmosphere, and an inert
atmosphere.

23. The method of claim 22, wherein the thermal-treat-
ment atmosphere is a reducing atmosphere and at least a
portion of the metal-containing structure is a metal or metal
alloy due to chemical interaction of the metal-containing
hydrogel with the thermal-treatment atmosphere.

24. The method of claim 22, wherein the thermal-treat-
ment atmosphere is an oxidizing atmosphere and at least a
portion of the metal-containing material is a metal oxide
ceramic due to chemical interaction of the metal-containing
hydrogel with the thermal-treatment atmosphere.

25. The method of claim 22, wherein the thermal-treat-
ment atmosphere is an inert atmosphere and at least a portion
of the metal-containing material is a metal carbide due to the
thermal-treatment atmosphere being an inert atmosphere.

26. The method of claim 1, wherein the step of thermally
treating comprises a plurality of thermally treating steps.

27. The method claim 26, wherein the plurality of ther-
mally treating steps comprises a first thermally treating step
and a second thermally treating step, wherein:

the first thermally treating step comprises using a first

thermal-treatment atmosphere;

the second thermally treating step comprises using a

second thermal-treatment atmosphere; and

a composition of the first thermal-treatment atmosphere is

different from a composition of the second thermal-
treatment atmosphere.
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28. The method of claim 27, wherein the first thermally
treating step comprises thermally treating the metal-contain-
ing hydrogel to form an intermediate metal-containing mate-
rial; and wherein the second thermally treating step com-
prises thermally treating the intermediate metal-containing
material to form the metal-containing material.

29. The method of claim 27, wherein the first thermal-
treatment atmosphere comprises an oxidizing atmosphere
and a composition of the intermediate metal-containing
material comprises a metal oxide; and wherein the second
thermal-treatment atmosphere comprises a reducing atmo-
sphere and a composition of the metal-containing material
comprises a metal.

30. The method of claim 27, wherein a first portion of the
metal-containing material has a composition corresponding
to a chemical interaction with the first thermal-treatment
atmosphere during the first thermally-treating step; and
wherein a second portion of the metal-containing material
has a composition corresponding to a chemical interaction
with the second thermal-treatment atmosphere during the
second thermally-treating step.

31. The method of claim 1, wherein the aqueous precursor
mixture does not comprise metal-containing particles.

32-34. (canceled)

35. The method of claim 1, wherein the aqueous precursor
mixture further comprises one or more photoinitiators, one
or more UV-blockers, or any combination of these.

36-37. (canceled)

38. The method of claim 1, wherein the aqueous precursor
mixture comprises at least two different aqueous metal salts,
each characterized by different metal ions; and wherein the
metal-containing material has a composition comprising the
metal ions of the at least two different aqueous metal salts.

39. (canceled)

40. The method of claim 1, wherein each of the one or
more aqueous water-soluble metal salts is a nitrate salt, an
acetate salt, a chloride salt, a sulfate salt, a bicarbonate salt,
an oxynitrate salt, a hydroxide salt, a bromide salt, a fluoride
salt, an iodide salt, a chlorate salt, a cyanide salt, a cyanate
salt, a thiocyanate salt, a phosphate salt, a dichromate salt,
a perchlorate salt, a benzoate salt, a chromate salt, or any
combination of these.

41. The method of claim 1, wherein each of the one or
more aqueous metal salts is independently a water-soluble
metal salt having one or more metals selected from the group
consisting of Fe, Zn, Li, Co, Al, Ni, Mo, La, In, Sn, Ba, Y,
and any combination of these.

42. (canceled)

43. The method of claim 38, wherein the metal-containing
material has a composition characterized as a ternary or
higher order material.

44. The method of claim 38, wherein the metal-containing
material has a composition characterized as a metal oxide, a
metal alloy, or a metal carbide comprising at least two metal
ions.

45. The method of claim 38, wherein the metal-containing
material has a spatially-varying metal ion composition.

46. The method of claim 1, wherein the metal-containing
material has a spatially-varying anion composition.
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47. The method of claim 46, wherein the spatially varying
composition corresponds to a core-shell configuration.

48. The method of claim 1, wherein the metal-containing
material is a metal or metal alloy.

49-51. (canceled)

52. The method of claim 1, wherein the metal-containing
material has structure characterized as architected, having a
three-dimensional geometry, macroscopically monolithic,
and a lattice.

53. (canceled)

54. The method of claim 1, wherein the step of forming
the hydrogel comprises patterning or printing the hydrogel.

55. The method of claim 1, wherein the photopolymer-
ization is an additive manufacturing process.

56. The method of claim 1, further comprising using the
metal-containing structure in an electrode, as a biological
scaffold, in a mechanical damping device, in a heat
exchanger, as a catalyst, as a solid electrolyte, as a super-
conductor, as a thermal insulator, as an electrical insulator,
as dielectrics, as a sensors, or any combination of these.

57. The method of claim 38 comprising a step of selecting
relative concentrations of the at least two different aqueous
metal salts in the aqueous precursor mixture based on a
desired composition of the metal-containing material;
wherein a concentrations of each of the at least two different
aqueous metal salts is different from a concentration of each
other aqueous metal salt.

58. (canceled)

59. The method of claim 1, wherein the aqueous precursor
mixture comprises one aqueous metal salt and wherein the
metal-containing material is a binary material.

60. (canceled)

61. (canceled)

62. The method of claim 59, wherein the metal-containing
material is a carbide material.

63-65. (canceled)

66. The method of claim 1, wherein the step of thermally
treating comprises pyrolyzing, calcinating, sintering, high
temperature annealing, or a combination of these.

67-69. (canceled)

70. The method of claim 1, wherein each of the one or
more aqueous metal salts is independently a water-soluble
salt having one or more metals selected from the group
consisting of: B, Si, Ge, As, Sb, Te, Po, At, Se, and any
combination of these.

71. The method of claim 1, wherein the metal containing
material is a ceramic material and each of the one or more
aqueous metal salts is a water-soluble salt having one or
more metals selected from the group consisting of: Ca, Bi,
Sr, Cu, Ti, B, Si, U, Zr, Mg, Pb, or V, and any combination
of these.

72. The method of claim 1, wherein each of the one or
more aqueous metal salts is independently a water-soluble
salt having one or more metals selected from the group
consisting of Na, Mg, K, Ca, Sc, V, Cr, Mn, Cu, Ga, Rb, Sr,
Zr, Ag, Cd, In, Hf, W, Au, and any combination of these.
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