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ORDERED POROUS SOLID ELECTROLYTE STRUCTURES, ELECTROCHEMICAL
DEVICES WITH SAME, METHODS OF MAKING SAME

CROSS REFERENCE TO RELATED APPLICATIONS
{0001} This application claims priority to U.S. Provisional Application No.
62/631,324, filed on February 15, 2018, the disclosure of which is hereby incorporated by

reference.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH
[0002] This invention was made with government support under NNC16CA03C
awarded by NASA Glenn Research Center and DE-EE0008201 awarded by the Department

of Energy. The government has certain rights in the invention.

FIELD OF THE DISCLOSURE

[0003] The disclosure generally relates to ordered solid state electrolyte structures.
More particularly the disclosure generally relates to methods of making the ordered solid
state electrolyte structures and uses of the ordered solid state electrolyte structures in

electrochemical devices.

BACKGROUND OF THE DISCLOSURE

{0004] Solid state lithium conductors such as garnet-type LisLasZr:012 (LLZ) have
generated an enormous amount of interest as electrolytes for solid-state lithium batteries due
to advantages these materials possess that could revolutionize battery technology. They are
generally safer nonflammable materials, unlike the volatile carbonate solvents and reactive
lithium salts used in conventional Li-ion battery electrolytes that are considered to be the
main reason these batteries can catch fire. Further, many of the garnet-type lithium
conductors have high electrochemical stability. LLZ in particular is stable to lithium metal,
the battery anode of choice—lithium metal has the highest specific capacity and the most
negative redox potential of any electrode. However, lithium metal cannot be used in
conventional Li-ion batteries with liquid electrolytes due to Li dendrite propagation, which
short-circuits the cell leading to catastrophic failure. Without Li metal, batteries are limited in
the energy density that can be achieved.

[0005] A main obstacle hindering the commercialization of LL.Z and similar solid

electrolytes in solid state batteries is high cell area specific resistance (ASR), with
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contributions both from impedance of the thick electrolyte and interfacial impedance caused
by poor electrode-electrolyte contact. The high impedance of the electrolyte is itself caused
by two factors: relatively low conductivity and long diffusion distance.

j0006] Poor electrode-electrolyte contact exacerbates the issue. While liquid
electrolytes can wet and conform to the electrode surface, solid electrolytes cannot, which
drastically limits the total areal interface between the electrode and the electrolyte.
Furthermore, garnet and other ceramic electrolytes are typically studied in flat, planar form—
that is, the electrolyte powders are pressed into pellets and sintered to achieve uniform high
density which provides strength and high conductivity. However, the planar geometry of the
pellets means that any interface with the electrodes is limited to only the geometric contact
area. This factor in conjunction with the difficulty in achieving uniform solid-solid contact
between the electrolyte and the electrodes contributes to the high interfacial impedance solid
electrolytes are known for. Each of these factors contributes to a high resistance cell and
severely limits the achievable current density in a battery which is not be able to compete
with standard liquid electrolyte Li-ion technology.

{6007} Although 3-D printing technology is distinguished for its capability to rapidly
explore different structure-property relationships at a wide range of length scales. However,

there are no reports of 3-D printing of a solid electrolyte.

SUMMARY OF THE DISCLOSURE

{6008] The present disclosure provides solid state electrolyte structures comprising an
ordered porous microstructure and uses thereof. The solid-state electrolyte structures may be
used as solid-state electrolytes. The present disclosure also provides methods of making and
compositions for making solid state electrolytes comprising an ordered porous
microstructure.

{0009] In an aspect, the present disclosure provides ordered porous solid state
electrolyte structures. The ordered porous solid state electrolyte structures may be made using
one or more 3-D printable composition of the present disclosure and/or by a method of 3-D
printing of the present disclosure.

[6010] The solid-state electrolyte structure conducts ions (e.g., lithium ions, sodium
ions, or magnesium ions), for example, between an anode and a cathode. The solid-state
electrolyte structure has a dense region (e.g., a dense layer), which may be a substrate, that is
supported by one or more ordered porous microstructures (e.g., ordered porous layer(s)). The

ordered porous microstructure of the solid-state electrolyte structure has an ordered porous
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structure. The ordered porous structure is formed by one or more features of the solid-state
electrolyte structure. A solid-state electrolyte structure may have a cathode material and/or an
anode material disposed on at least a portion of the ordered microstructure(s) of the solid-
state electrolyte structure.

[6011] In an aspect, the present disclosure provides composition for 3-D printing
ordered porous solid state electrolyte structures. The compositions may be used (e.g., in a
method of the present disclosure) to make a solid-state electrolyte of the present disclosure. A
3-D printable composition comprises an ion-conducting material (e.g., an ion-conducting
polymeric material, such as for example, an ion-conducting polymer, an ion-conducting
inorganic material, such as for example, an ion-conducting inorganic powder, or an ion-
conducting hybrid polymer/inorganic material), or a combination of precursor materials (e.g.,
powders) (such as, for example, metal oxides, carbonates, nitrates, and the like) that when
heated form an ion-conducting inorganic material (e.g., an ion-conducting ceramic material);
and at least one of a dispersant, a binder, a plasticizer, or a solvent (e.g., one or more
dispersant, one or more binder, one or more plasticizer, or one more solvent, or any
combination of one or more thereof or any combination thereof).

0012} In an aspect, the present disclosure provides methods of 3-D printing ordered
porous solid state electrolyte structures. The methods may use one or more composition of
the present disclosure and/or be used to make an ordered porous solid state electrolyte
structure of the present disclosure. The method can use the same or different compositions to
form one or more layers of ordered solid state electrolyte precursor material disposed on the
dense layer. The methods may include deposition of the same features or combinations of
precursor material features having at least one different shape. This precursor material may
be allowed to dry (e.g., in between individual feature and/or layers or after all of the features
and/or layers of precursor materials are deposited). After deposition is complete, the ordered
solid state electrolyte precursor material is heated (e.g., sintered) to provide a solid-state
electrolyte structure. The method may be carried out on a 3-D printer. Non-limiting examples
of methods of making an ordered porous solid state electrolyte are provided herein.

{0013] In an aspect, the present disclosure provides electrochemical devices. The
devices comprise one or more solid-state electrolyte structure of the present disclosure. Non-
limiting examples of devices include batteries, electrolysis cells, capacitors, fuel cells, or fuel
cell/battery devices. The devices may be lithium-ion-conducting devices, sodium-ion-

conducting devices, or magnesium-ion-conducting devices.
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BRIEF DESCRIPTION OF THE FIGURES

[0014] For a fuller understanding of the nature and objects of the disclosure, reference
should be made to the following detailed description taken in conjunction with the
accompanying figures.

[0015] Figure 1 shows a schematic of the process to 3-D print solid electrolyte
structures. In this case, the ink is printed on a LLZ substrate, which can be a 3-D printed LLZ
film using the conformal ink, or an LLZ tape. The structure height is increased by adding
layers, and different designs can be printed on either side of the substrate. Once dry, the 3-D
printed LLZ inks and substrate are placed in a furnace for binder burnout and sintering, and

are then ready for electrode infiltration to complete battery assembly

{0016} Figure 2 shows properties of the LLZ powders and inks made from them. (a)
Particle size distribution and (inset) SEM image of submicron LLZ powder. (b) Photograph
of deposited inks which were tilted to ~50° demonstrating the stability of the self-supporting
ink immediately after deposition. (c) XRD of the LLZ used to make the inks showing pure
cubic phase garnet. (d) Rheological data for the self-supporting ink with a yield stress (1) of
280 Pa and viscosity of 1500 cP, contrasted with a conformal ink (green) with Newtonian
behavior and a viscosity of 450 cP. (e) Rheological data for three conformal inks, controlling
the viscosity by modifying the amount of solvent used: increasing normalized solvent
fractions of 1.0 (green), 1.1 (black), and 1.2 (gray) corresponds with decreasing viscosity (1).
(f) Photograph of deposited single layer of conformal ink. (g) SEM cross-sectional images of
a single layer of ink after sintering with 5-10 um thickness.

{0017} Figure 3 shows diagrams (a-c) and SEM images (d-1) of 3-D printed LLZ
microstructures comparing the printed and sintered conformal (d-f) and self-supporting (g-1)
inks, including line (a, d, g), grid (b, e, h) and column (¢, f, 1) patterns. Each pattern was
printed using similar printing scripts, with changes made to accommodate the different
rheological properties of the inks.

{0018} Figure 4 shows (a) schematic of Li-filled pores between 3-D printed LLZ grids
in a stacked-array pattern on LLZ substrate. (b) Cross-sectional SEM of 3-D printed LLZ|Li
metal interface (red line). (c¢) DC cycling of Li|3-D printed LLZ|Li metal cell at varying
current densities. Each plating/stripping cycle was 1h (h = hour(s)) long.

{0019} Figure 5 shows SEM cross-sectional image of porous-dense bilayer structure,
showing the ability to 3-D print inks with and without porogens to create random porosity in

multilayered structures.
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0020} Figure 6 shows photograph of as-printed columns using the self-supporting
ink.
{0021} Figure 7 shows video screenshots of the 3-D printing process. (1) The ceramic

nozzle comes to the substrate surface and the dispensing ink contacts the substrate. (2-3) the
nozzle moves upwards, creating a column, (4) and then moves to the right to print the next

column. The 4 images above span ~1s.

[6022] Figure 8 shows particle size distribution and x-ray diffraction pattern of LLZ
powder used for printing.

0023} Figure 9 shows rheological data for 3-D printing LLCZN garnet inks with a
garnet:binder ratio of (a) 2.08:1 and (b) 1.85:1. The solvent wt% is indicated on each line.
[0024] Figure 10 shows a (a) photograph of 5x5 c¢m single layer thin film of 3-D
printed low viscosity LLCZN ink. (b) SEM cross-sectional image of sintered film. SEM
cross-sectional images of sintered LLCZN line patterns printed with (c) low viscosity
conformal ink and (d) high-viscosity self-supporting ink.

[06025] Figure 11 shows images of 3-D printed LLCZN garnet inks. (a) Photograph of
a typical print area. (b-d) Microscope images of line patterns with varying line thickness and
separation by tuning the raster pattern and other printing variables.

0026} Figure 12 shows photographs of as-printed (top) and SEM images of sintered
(bottom) 3-D printed multilayer column structures on garnet substrate with aspect ratio 0.65-

1.8.

[6027] Figure 13 shows photographs of as-printed (top) and SEM images of sintered
(bottom) 3-D printed multilayer grid structures on garnet substrate.

[0028] Figure 14 shows a diagram of chemical diffusion (left) vs electrical migration
(right).

[{6029] Figure 15 shows visualization of the Li concentration within the electrode

(initially dark blue) as the cell is discharged. The initial state (charged) is shown on the left
and discharged towards the right.

{0030] Figure 16 shows a diagram of lithium transport within the garnet pillars during
discharge.
{0031} Figure 17 shows a lithiation curve used to determine the potential of a given

voxel as determined by the average lithium.
{0032] Figure 18 shows an effect of electrolyte features on lithium transport in a

layered grid structure.
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{6033] Figure 19 shows modeling of electrode lithiation as a function of time using a
fixed electrode loading (by fixing 85% electrolyte structure porosity and 200 pm height) and
varying feature diameters for the (a) grid and (b) column structures. (c) Relative
(charge/discharge) C rate of these structures as function of feature diameter.

[6034] Figure 20 shows modeling of select demonstrated 3D-garnet structures: 2-
layer grid structures with 75 um feature diameter and 300 um and 500 um spacing (80 and
89% porosity, respectively), column structure with 150 um diameter, 225 pm height, and 500
um spacing (93% porosity), and a bilayer for comparison.

[0035] Figure 21 shows electrochemical performance of Li-NMC battery at 60°C
using a 2-layer grid structure on the cathode side with mass loading of about 14 mg/cm?
NMC and a current density of 10-30 mA/g. (a) EIS of the full cell at room temperature (blue)
and at 60°C (red). (b) Discharge capacity vs cycle number. (c) Voltage profiles of select
cycles 1 and 5 (10 mA/g), as well as 10 and 13 (30 mA/g).

DETAILED DESCRIPTION OF THE DISCLOSURE

[6036] Although claimed subject matter will be described in terms of certain
embodiments and examples, other embodiments and examples, including embodiments and
examples that do not provide all of the benefits and features set forth herein, are also within
the scope of this disclosure. Various structural, logical, process step, and electronic changes
may be made without departing from the scope of the disclosure.

[6037] Ranges of values are disclosed herein. The ranges set out examples of a lower
limit value and an upper limit value. Unless otherwise stated, the ranges include all values to
the magnitude of the smallest value (either lower limit value or upper limit value) and ranges
between the values of the stated range.

[6038] The present disclosure provides solid state electrolyte structures comprising an
ordered porous microstructure and uses thereof. The solid-state electrolyte structures may be
used as solid-state electrolytes. The present disclosure also provides methods of making and
compositions for making solid state electrolytes comprising an ordered porous
microstructure.

[6039] In an aspect, the present disclosure provides ordered porous solid state
electrolyte structures. The ordered porous solid state electrolyte structures may be made using
one or more 3-D printable composition of the present disclosure and/or by a method of 3-D

printing of the present disclosure.
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{0040] The solid-state electrolyte structure conducts ions (e.g., lithium ions, sodium
ions, magnesium ions, or the like), for example, between an anode and a cathode. The solid-
state electrolyte structure has a dense region (e.g., a dense layer), which may be a substrate,
that is supported by one or more ordered porous microstructures (e.g., ordered porous
layer(s)). An ordered porous microstructure may comprise the same ion-conducting material
or, independently, a different ion-conducting material.

[0041] The ordered porous microstructure of the solid-state electrolyte structure has
an ordered porous structure. The ordered porous structure is formed by one or more features
of the solid-state electrolyte structure. Where ordered porous microstructures are present the
pore structure of the two microstructures may be the same or different. The pore structure of
the individual microstructures may be selected to, for example, accommodate processing
steps (e.g., certain pore structures may be easier to fill with electrode material (e.g., charge
storage material) (e.g., cathode or anode materials)) in, for example, subsequent screen-
printing or infiltration steps, and achieve a desired electrode material capacity, i.e., how much
of the conducting material (e.g., Li*, Na*, Mg?") is stored in the electrode materials. The
microstructure also extends ion conduction of the dense phase (solid electrolyte) into the
electrode layer to reduce electrode resistance both in terms of ion conduction through
electrode and interfacial resistance due to charge transfer reaction at electrode/electrolyte
interface, the later improved by having more electrode/electrolyte interfacial area.

{0042] The solid-state, ion-conducting electrolyte material is configured such that
ions (e.g., lithium ions, sodium ions, or magnesium ions) diffuse into and out of the porous
region(s) (e.g., porous layer(s)) of the solid-state, ion-conducting electrolyte material during
charging and/or discharging of the battery. In an embodiment, the solid-state, ion-conducting
battery comprises a solid-state, ion-conducting electrolyte material comprising one or two
porous regions (e.g., porous layer(s)) configured such that ions (e.g., lithium ions, sodium
ions, or magnesium ions) diffuse into and out of the porous region(s) of solid-state, ion-
conducting electrolyte material during charging and/or discharging of the battery.

[6043] A solid-state electrolyte structure comprises at least one ordered porous
microstructure disposed on the surface of a dense layer of ion-conducting material, which
may be referred to as a substrate. The structure may have two ordered porous microstructures
disposed on opposite sides of a dense layer of ion-conducting material.

[6044] An ordered porous microstructure comprises pores. The pores may be referred
to as voids. The pores are defined by features comprising an ion-conducting material. Non-

limiting examples of features include columns, lines, grids, combinations thereof, and the

-7-
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like. The features may be formed by 3-D printing. The ordered porous microstructure may be
a multilayer structure (e.g., 2 to 100 layers, including all integer number of layers and ranges
therebetween). A multilayer structure may comprise columns, lines, grids, combinations
thereof, and the like.

[06045] The pores may have various sizes. For example, an ordered porous
microstructure comprises a plurality of pores having at least one dimension (e.g., a diameter),
as measured in a plane parallel to the substrate (e.g., first surface) of 1 um to 2000 um (e.g., 1
to 1000 um) and/or an ordered porous microstructure comprises a plurality of pores having a
height (e.g., as measured perpendicular to the substrate (e.g., first surface) of 1 um to 2000
um (e.g., 1 to 1000 pum). The pores may have substantially the same (or the same) size or
have one or more different sizes. By “substantially”, it is meant that individual pore size
differs by 5% or less or 1% or less.

j0046] The features may have various sizes. For example, an ordered porous
microstructure comprises a plurality of features and has pores defined by at least one feature
having at least one dimension (e.g., a diameter) of less than or equal to 300 um. In various
examples, an ordered porous microstructure comprises a plurality of features having pores
defined by at least one feature having at least one dimension (e.g., a diameter) of 1 pm to
200 pm, and all values, including integer micron values, therebetween. The features may
have substantially the same (or the same) size or have one or more different sizes.

{0047] The features may be disposed on various amounts of the dense layer (e.g.,
substrate) surface. For example, the features are disposed on 10 to 90%, including all integer
% values and ranges therebetween, of an exterior surface of the dense layer. In other
examples, the features are disposed on 15 to 50% or 20 to 40% of an exterior surface of the
dense layer.

[0048] The ordered porous microstructure may have various thickness. Thickness
may be referred to as the height of the microstructure. It is desirable to have a thick
microstructure (e.g., a microstructure having a thickness of up to 2000 um (e.g. up to 1000
pmy).

{0049] A dense layer may have various thickness. For example, the dense layer has a
thickness less than or equal to 100 um (e.g., 5 to 30 um). A dense layer may be referred to a
substrate.

[6050] The dense layer and ordered porous microstructure(s) can be formed from
various ion-conducting materials (e.g., lithium-ion-conducting materials, sodium-ion-

conducting materials, and magnesium ion-conducting materials). The ion-conducting

-8-
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materials may be ion-conducting inorganic (e.g., ceramic) materials, ion-conducting
polymeric (e.g., ion-conducting polymer materials), or ion-conducting hybrid materials (e.g.,
comprising both ion-conducting inorganic (e.g., ceramic materials) and ion-conducting
polymeric (e.g., polymer) materials. The dense layer and ordered porous microstructure(s)
may be the same or different ion-conducting materials. An individual microstructure may
have features of the same or different ion-conducting materials.

{6051} A dense layer may comprise an ion-conducting polymer material. Various ion-
conducting polymer materials can be used. The polymer materials may comprise one or more
ion-conducting polymer, one or more ion-conducting copolymer, or a combination thereof.
Molecular weight of the polymer(s) and/or copolymer(s) is not particularly limited. For
example, depending on the performance (e.g., ion conductivity) requirement of a devices
(e.g., a solid-state, ion-conducting battery), polymer(s) and/or copolymer(s) can have a broad
range of molecular weight. A polymeric material may comprise a mixture of conducting
polymer(s) and/or copolymer(s) and non-conducting polymer(s) and/or copolymer(s).
Examples of ion-conducting polymers are provided herein. Polymer(s) and/or copolymers
can have various structure (e.g., secondary structure). In various examples, polymer(s) and/or
copolymer(s) are amorphous, crystalline, or a combination thereof. It may be desirable that
the polymer(s) and/or copolymers have low crystallinity.

[0052] A dense layer may comprise an inorganic material. The dense layer may be the
same inorganic material as that of an ordered porous microstructure.

j0053] In an example, the dense layer is a garnet material. Non-limiting examples of
garnet materials include lithium garnet materials, doped lithium garnet materials, lithium
garnet composite materials, and combinations thereof. Non-limiting examples of lithium
garnet materials include Lis-phase lithium garnet SSE materials (e.g., Lis M'Te2012, where
M! is a lanthanide such as Y, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Zr, Ta, or a
combination thereof and Liz+Nd3Te2xO12, where x 1s 0.05 to 1.5, Lis-phase lithium garnet
SSE materials (e.g., LisLasM?2012, where M? is Nb, Zr, Ta, Sb, or a combination thereof,
cation-substituted LisLasM?2012 such as, for example, Lis M'LasM%012, where M! is Mg,
Ca, Sr, Ba, or combinations thereof, and LizLas M%012, where M? is Zr, Sn, or a combination
thereof); Lis-phase lithium garnet SSE materials (e.g., Lis M'LazM?:012, where M! is Mg,
Ca, Sr, Ba, or a combination thereof and M? is Nb, Ta, or a combination thereof); cation-
doped LisLa:BaTa2012; cation-doped LisBaY2M?2012, where M? is Nb, Ta, or a combination
thereof and the cation dopants are barium, yttrium, zinc, or combinations thereof, an Li7-

phase lithium garnet SSE material (e.g., cubic LizLasZr2012 and Li7Y3Zr2012,); cation-doped

-9.
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Li7LasZr2012; Lis+axlLa3, Ta2xO12, where x is 0.1 to 1, Lie.s(Laz.95,Ca0.05)(Zr1.75,Nbo.25)O12
(LLCZN), Lis 4Y3Zr14Ta06012, Lis.sLaz sBaosTaZrOm, LisBaY2M'2012, Li7Y3ZrOn,
Lis.7sBalazNb1.75Zn0.25012, or Lis7sBalaxTai.75Zn025012), lithium garnet composite materials
(e.g., lithium garnet-conductive carbon matrix or composites with other materials). Other
examples of lithium-ion-conducting SSE materials include cubic garnet-type materials such
as 3 mol% YSZ—doped Li7osLasZri.94Y0.06012 and 8 mol % YSZ—doped
Liz.i6La3Zri1.94Y0.06012. Additional examples of suitable Li-garnet SSE materials include, but
are not limited to, LisLasNb2012, LisLa3Ta2012, LisLasZr2012, LisLa2SrNb20O12,
LisLa2BaNb2012, LisLa2SrTa2012, LisLazBaTa2012, Li7Y3Z12012, Lic4Y3Zr1.4Ta06012,
Lies.sLazsBaosTaZrO1z, Li7Y3Z12012, Lis 7sBalazNb1.75Zn0 25012, or
Lis.7sBalaxTai.75Zno.25012.

[0054] The dense layer can be a sodium-ion-conducting material. For example, a
dense layer material comprises f’’-Al203, NasZr2S12PO12 (NASICON), or cation-doped
NASICON (e.g., NasZrAlSi2PO12, NasZrFeSi2PO12, Na3Zr1.94Y0.06S12PO12, NasZrSbSi2PO12,
or NasZrDySi2POn2).

[0055] The dense layer can a magnesium-ion-conducting material. For example, a
dense layer material comprises Mgi+x(Al, T1)2(PO4)s, NASICON-type magnesium-ion-
conducting materials (e.g., Mg1-2x(Zr1-xMx)4Ps024) or Mg1-2x(Z11xMx)(WO4)3, where x is 0.01
to 0.5).

{0056] The ion-conducting material of the solid-state electrolyte structure may be a
lithium-ion-conducting material, sodium-ion-conducting material, or magnesium-ion-
conducting material. The ion-conducting material of the solid-state electrolyte structure may
be an inorganic ion-conducting material, a polymeric ion-conducting material, or a
combination thereof.

[0057] An ion-conducting material of an ordered porous microstructure may be an
ion-conducting polymeric material. Various conducting polymeric materials can be used. The
polymeric materials may comprise one or more ion-conducting polymer, one or more ion-
conducting copolymer, or a combination thereof. Molecular weight of the polymer(s) and/or
copolymer(s) is not particularly limited. For example, depending on the performance (e.g.,
ion conductivity) requirement of a devices (e.g., a solid-state, ion-conducting battery),
polymer(s) and/or copolymer(s) can have a broad range of molecular weight. A polymeric
material may comprise a mixture of conducting polymer(s) and/or copolymer(s) and non-
conducting polymer(s) and/or copolymer(s). Examples of suitable conducting polymer are

known in the art.
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{0058 A polymeric material may comprise a conducting salt. Non-limiting examples
of salts include lithium salts (e.g., LITFSE, and the like), sodium salts, and magnesium salts
and ionic liquids. Examples of suitable salts and ionic liquids are known in the art.

[0059] Polymer(s) and/or copolymers can have various structure (e.g., secondary
structure). In various examples, polymer(s) and/or copolymer(s) are amorphous, crystalline,
or a combination thereof. It may be desirable that the polymer(s) and/or copolymers have low
crystallinity.

0060 Non-limiting examples of ion-conducting polymeric materials includes
materials comprising an ion-conducting polymer chosen from poly(ethylene) (PE),
poly(ethylene oxide) (PEO), poly(propylene) (PP), poly(propylene oxide), PEO containing
copolymers (e.g., polystyrene (PS) — PEO copolymers and poly(methyl methacrylate)
(PMMA) — PEO copolymers), polyacrylonitrile (PAN), poly(acrylonitrile-co-methylacrylate),
PVdF containing copolymers (e.g., polyvinylidene fluoride-co-hexafluoropropylene (PVdF-
co-HFP)), PMMA copolymers (e.g., poly(methylmethacrylate-co-ethylacrylate)), and
combinations thereof and, optionally, a conducting salt (e.g., an ionic liquid).

{0061} An ion-conducting material of an ordered porous microstructure may be a
lithium-ion-conducting material, sodium-ion-conducting material, or magnesium-ion-
conducting material. An ion-conducting material of an ordered porous microstructure may be
a lithium-ion-conducting material, sodium-ion-conducting material, or magnesium-ion-
conducting material. Examples of suitable lithium-ion-conducting materials, sodium-ion-
conducting materials, and magnesium-ion-conducting materials are known in the art. The
ion-conducting materials may have various structures and/or compositions. A lithium-ion-
conducting material may be a ceramic material. A lithium-ion-conducting material may be a
lithium-garnet material. Examples of ion-conducting materials are provided herein.

{0062] A solid-state electrolyte structure may have a cathode material and/or an
anode material disposed on at least a portion of the ordered microstructure(s) of the solid-
state electrolyte structure. Examples of cathode materials and anode materials are provided
herein.

{0063] It may be desirable to use particular microstructures with certain cathode
materials. Certain combinations of microstructure and cathode material may provide process
advantages and/or improved device performance. For example, a microstructure is a cathode-
side porous microstructure and the microstructure comprises a plurality of columnar

structures and the cathode material is a lithium-containing material. In another example, the
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microstructure comprises a grid structure or multilayer grid structure and cathode material is
sulfur.

0064 A solid state electrolyte may comprise a random porous microstructure
disposed on a portion of a substrate. Non-limiting examples of suitable random porous
microstructures are described in International Application No. PCT/US14/31492, filed on
March 21, 2014, U.S. Patent Application No. 15/364,528, filed November 30, 2016, the
disclosures of which related to porous layers are incorporated herein by reference.

j0065] In an aspect, the present disclosure provides composition for 3-D printing
ordered porous solid state electrolyte structures. The compositions may be used (e.g., in a
method of the present disclosure) to make a solid-state electrolyte of the present disclosure.
{0066} This disclosure provides solid electrolyte compositions (which may be
referred to herein as inks) that can be used for printing micron-scale features and can be tuned
to create structures that range from being conformal to the surface of a substrate, creating for
example, a 5-10 um sintered solid electrolyte film, to self-supporting, resulting in structures
such as, for example, a stacked-array, or “log-cabin” type structure. These inks can have a
broad range of rheological properties which can be manipulated by modifying the
composition of the ink for a particular purpose, e.g., a desired rheological and/or structural

property. In an example, the solid electrolyte material is LLZ garnet.

[6067] A 3-D printable composition comprises an ion-conducting material (e.g., an
ion-conducting polymeric material, such as for example, an ion-conducting polymer, an ion-
conducting inorganic material, such as for example, an ion-conducting inorganic powder, or
an ion-conducting hybrid polymer/inorganic material), or a combination of precursor
materials (e.g., powders) (such as, for example, metal oxides, carbonates, nitrates, and the
like) that when heated form an ion-conducting inorganic material (e.g., an ion-conducting
ceramic material); and at least one of a dispersant, a binder, a plasticizer, or a solvent (e.g.,
one or more dispersant, one or more binder, one or more plasticizer, or one more solvent, or
any combination of one or more thereof or any combination thereof). In various examples,
the weight % of the ion-conducting material or combination of precursor materials and, if
present, dispersant(s), binder(s), plasticizer(s), and solvent(s) equals 100%.

{0068 The ion-conducting material may be a lithium-ion-conducting material,
sodium-ion-conducting material, or magnesium-ion-conducting material. The ion-conducting
material may be an inorganic ion-conducting material, a polymeric ion-conducting material,

or a combination thereof.
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[0069] Various ion-conducting polymeric materials can be used. The ion-conducting
polymeric materials may comprise one or more ion-conducting polymer, one or more ion-
conducting copolymer, or a combination thereof. Molecular weight of the ion-conducting
polymer(s) and/or ion-conducting copolymer(s) is not particularly limited. For example,
depending on the performance (e.g., ion conductivity) requirement of a devices (e.g., a solid-
state, ion-conducting battery), ion-conducting polymer(s) and/or ion-conducting
copolymer(s) can have a broad range of molecular weight. Non-limiting examples of ion-
conducting polymer(s) and/or ion-conducting copolymer(s) include poly(ethylene)s (PEs),
poly(ethylene oxides) (PEOs), poly(propylene)s (PPs), poly(propylene oxide)s, PEO
containing copolymers (e.g., polystyrene (PS) — PEO copolymers and poly(methyl
methacrylate) (PMMA) — PEO copolymers), polyacrylonitrile (PAN), poly(acrylonitrile-co-
methylacrylate), PVdF containing copolymers (e.g., polyvinylidene fluoride-co-
hexafluoropropylene (PVdF-co-HFP)), PMMA copolymers (e.g., poly(methylmethacrylate-
co-ethylacrylate)), and combinations thereof. The polymeric material may comprise a
conducting salt (e.g., an ionic liquid).

[0070] The ion-conducting material may be an inorganic material. For example, the
ion-conducting material is a lithium-ion-conducting inorganic material, sodium-ion-
conducting inorganic material, or magnesium-ion-conducting inorganic material. The ion-
conducting inorganic material may be in the form of particles. The inorganic material may be
present in various amounts and sizes as described herein.

[0071] A composition can comprise one or more dispersant, one or more binder, one
or more plasticizer, one or more solvent, or a combination thereof. An individual dispersant,
binder, plasticizer, or solvent may also be considered a dispersant, binder, plasticizer, solvent,
or a combination thereof. Various examples of dispersants, binders, plasticizers, and solvents
are provided herein. The dispersant(s), binder(s), plasticizer(s), or solvent(s) may be present
in various amounts as described herein. A composition may have one or more component that
serves as a dispersant, a binder, a plasticizer, a solvent, or a combination thereof.

[6072] It is desirable that a composition have one or more properties that render that
composition 3-D printable. For example, a composition has a viscosity of 100 to 1,000,000
cP (e.g., 500 to 50,000 cP), including all integer cP values and ranges therebetween, and/or
the yield stress is greater than O Pa or equal to 0 Pa.

[6073] In an aspect, the present disclosure provides methods of 3-D printing ordered

porous solid state electrolyte structures. The methods may use one or more composition of
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the present disclosure and/or be used to make an ordered porous solid state electrolyte
structure of the present disclosure.

0074 The method can use the same or different compositions to form one or more
layers of ordered solid state electrolyte precursor material disposed on the dense layer. The
methods may include deposition (e.g., in a single layer or multiple layers) of the same
features or combinations of precursor material features having at least one different shape.
This precursor material may be allowed to dry (e.g., in between individual feature and/or
layers or after all of the features and/or layers of precursor materials are deposited). After
deposition is complete, the ordered solid state electrolyte precursor material is heated (e.g.,
sintered) to provide a solid-state electrolyte structure. The method may be carried out on a 3-
D printer. Non-limiting examples of methods of making an ordered porous solid state
electrolyte are provided herein.

{0075] In an aspect, the present disclosure provides electrochemical devices. The
devices comprise one or more solid-state electrolyte structure of the present disclosure.
{0076] Various electrochemical devices can comprise one or more solid-state
electrolyte structure of the present disclosure. Non-limiting examples of devices include
batteries, electrolysis cells, capacitors, fuel cells, or fuel cell/battery devices. The devices
may be lithium-ion-conducting devices, sodium-ion-conducting devices, or magnesium-ion-
conducting devices.

{6077] The batteries may be solid-state batteries, which may be rechargeable
batteries. The solid-state batteries (e.g., lithium-ion solid state electrolyte batteries, sodium-
ion solid state electrolyte batteries, or magnesium-ion solid state electrolyte batteries) may
comprise various additional structural components (such as bipolar plates, external
packaging, and electrical contacts/leads to connect wires. In an embodiment, the battery
further comprises bipolar plates. In an embodiment, the battery further comprises bipolar
plates and external packaging, and electrical contacts/leads to connect wires. In an
embodiment, repeat battery cell units are separated by a bipolar plate.

{6078 The cathode material (if present), the anode material (if present), the SSE
material, the cathode-side (first) current collector (if present), and the anode-side (second)
current collector (if present) may form a cell. In this case, the solid-state, ion- conducting
battery comprises a plurality of cells separated by one or more bipolar plates. The number of
cells in the battery is determined by the performance requirements (e.g., voltage output) of

the battery and is limited only by fabrication constraints. For example, the solid-state, ion-
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conducting battery comprises 1 to 500 cells, including all integer number of cells and ranges
therebetween.

[0079] In an example, a solid-state, ion-conducting battery comprises: a) a cathode
material; b) an anode comprising a metal-alloy layer of the present disclosure; ¢) solid-state
electrolyte material; and d) optionally, a current collector disposed on at least a portion of the
cathode material or the lithium-metal anode.

[0080] A solid-state battery can comprise various cathode materials. Examples of
cathode materials include, but are not limited to, known cathode materials used in ion-
conducting (e.g., lithium, sodium, or magnesium ion-conducting) batteries. The cathode
materials may be specific to the metal-alloy layer.

{0081} Examples of cathode materials include, but are not limited to, conducting
carbon materials, sulfur (S), oxygen (Oz2), organic sulfide or polysulfide (e.g.,
carbynepolysulfide and copolymerized sulfur), and the like. A conducting carbon material,
optionally, further comprises an organic or gel ion-conducting electrolyte.

{0082] The cathode material can be an air electrode. Examples of materials suitable
for air electrodes include those used in solid-state lithium-ion batteries with air cathodes such
as large surface area carbon particles (e.g., Super P which is a conductive carbon black) and
catalyst particles (e.g., alpha-MnQO2 nanorods) bound in a mesh (e.g., a polymer binder such
as PVDF binder).

{0083] In the case of lithium-ion-conducting batteries, the cathode material can be a
lithium-containing material. For example, the lithium-ion-conducting cathode material is
lithium nickel manganese cobalt oxides (NMC, LiNixMnyCo,02, where x+y+z=1),
LiNi13Co13Mn130z2, LiNio.5C00.2Mno.302, lithium manganese oxides (LMOs), such as
LiMn204, LiNio.sMn1.504, lithium iron phosphates (LFPs) such as LiFePO4, LiMnPO4, and
LiCoPOg, and Li2MMn30s, where M is selected from Fe, Co, and combinations thereof. The
ion-conducting cathode material can be a high energy ion-conducting cathode material such
as LizMMn;30s, wherein M is selected from Fe, Co, and combinations thereof. In an example,
the lithium-ion-conducting cathode material is LiCoQOz.

{0084] In the case of sodium ion-conducting batteries, the cathode material can be a
sodium-containing material. Examples of sodium-containing materials, include, but are not
limited to, NaxM Oz materials (x = 0.17-0.67, M = Mn, Ni, Co or a combination thereof) (e.g.,
NaxMnO3, Nax[NiyMni1y]Oz, y = 0-1), NaxCoOz, Nax[Nii;3 Co1sMn1/3]02), NaMPOs (M =
Fe, Mn) materials, Na:Fez (SO4)3 materials, Na3V2 (PO4)3 materials, and the like.
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{0085] In the case of magnesium-ion-conducting batteries, the cathode materials can
be magnesium-containing materials, FeS; materials, MoS2 materials, TiS; materials, and the
like. Examples of magnesium-containing materials include, but are not limited to, MgMSiOs
(M=Fe, Mn, Co) materials and MgFePO4F materials, and the like.

[{6086] It may be desirable to use an electronically conductive material as part of an
ion-conducting cathode material. For example, an ion-conducting cathode material also
comprises an electrically conducting carbon material (e.g., graphene or carbon black), and the
ion-conducting cathode material, optionally, further comprises an organic or gel ion-
conducting electrolyte. The electronically conductive material may separate from the ion-
conducting cathode material. For example, electronically conductive material (e.g., graphene)
is disposed on at least a portion of a surface (e.g., a pore surface) of the porous region of an
SSE electrolyte structure and the ion-conducting cathode material is disposed on at least a
portion of the electrically conductive material (e.g., graphene).

[{0087] Various current collectors can be used. Examples of current collectors include,
but are not limited to, conducting metals or conducting metal alloys. Suitable current
collectors are known in the art.

0088 A cathode material, the anode, the SSE material, and current collector can
form a cell. In an example, a solid-state battery comprises a plurality of cells, each adjacent
pair of the cells is separated by a bipolar plate.

{0089] Various articles of manufacture can comprise one or more device of the
present disclosure. Non-limiting examples of articles of manufacture include, but are not
limited to, consumer products such as, for example, digital cameras, personal digital
assistants (PDAs), cellphones (e.g., smartphones), watches, power tools, thermometers,
remote car locks, laser pointers, MP3 players, hearing aids, calculators, toys (e.g., remote
control toys), power supplies (e.g., backup systems such as emergency power backups,
uninterruptible power supply, and power storage for alternative energy sources such as wind
and photovoltaic power generation systems), surveillance or alarm systems, medical
devices/equipment, mobility equipment (e.g., electric wheelchairs and stair lifts), portable
power packs, transportation devices (e.g., electric vehicles such as cars, buses, and
motorcycles), charging stations, and the like.

{0090] The steps of the method described in the various embodiments and examples
disclosed herein are sufficient to carry out the methods of the present disclosure. Thus, in an
example, a method consists essentially of a combination of the steps of the methods disclosed

herein. In another example, a method consists of such steps.
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[0091] The following Statements provide non-limiting examples of solid-state
electrolyte structures, electrochemical devices, methods of making solid-state electrolyte
structures, and 3-D printable compositions of the present disclosure:

Statement 1. A solid-state electrolyte structure, comprising: a substrate described herein made
from a first ion-conducting material described herein and having a first surface; and a first
ordered porous microstructure described herein disposed on the first surface of the substrate,
the first ordered porous microstructure having pores defined by at least one feature, the at
least one feature having at least one dimension (e.g., a diameter) of less than 300 um (e.g., 1
um to 300 pm), and the feature being made from a second ion-conducting material described
herein. The features may be disposed on 10 to 90%, 15 to 50% or 20 to 40% of an exterior
surface of the dense layer. The plurality of features may form a multilayer structure.
Statement 2. A solid-state electrolyte structure according to Statement 1, where the first
ordered porous microstructure has a height of less than or equal to 2000 um (e.g., less than or
equal to 1000 um) (e.g., 1 to 2000 um or 1 to 1000 pm).

Statement 3. A solid-state electrolyte structure according to Statement 1 or 2, where the pores
each have at least one dimension (e.g., a diameter) of from 1 um to 2000 pm (e.g., 1 to 1000
or 1 um to 200 um)), inclusive, and all values, including integer values, therebetween.
Statement 4. A solid-state electrolyte structure according to any one of the preceding
Statements, where the at least one dimension (e.g., diameter) of the at least one feature is
from 1 pm to 200 um, inclusive, and all values, including integer values, therebetween.
Statement 5. A solid-state electrolyte structure according to any one of the preceding
Statements, where the substrate has a thickness less than or equal to 100 um (e.g., 5 to 30
um).

Statement 6. A solid-state electrolyte structure according to any one of the preceding
Statements, where the second ion-conducting material is the same or different from the first
ion-conducting material.

Statement 7. A solid-state electrolyte structure according to any one of the preceding
Statements, where the first ordered porous microstructure comprises a columnar structure, a
plurality of columnar structures, a line structure, a grid structure, a multilayer grid structure,
or a combination thereof.

Statement 8. A solid-state electrolyte structure according to any one of the preceding
Statements, where the feature is a line, and the first ordered porous microstructure is a layer

of parallel lines arranged on the first surface of the substrate.
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Statement 9. A solid-state electrolyte structure according to Statement 8, where the plurality
of parallel lines is a raster pattern formed from a contiguous line.

Statement 10. A solid-state electrolyte structure according to Statement 8, where the first
ordered porous microstructure comprises a second layer of parallel lines disposed on the first
layer of parallel lines.

Statement 11. A solid-state electrolyte structure according to Statement 10, where the second
layer of parallel lines is at a grid angle relative to the parallel lines of the first layer.
Statement 12. A solid-state electrolyte structure according to Statement 11, where the grid
angle is from 1 and 90, inclusive, and all values, including integer values, therebetween.
Statement 13. A solid-state electrolyte structure according to Statement 8, the first ordered
porous microstructure comprises a plurality of layers (e.g., 2 to 100 layers), each layer
comprising parallel lines of the second ion-conducting material disposed on an adjacent layer
of parallel lines

Statement 14. A solid-state electrolyte structure according to any one of the preceding
Statements, where the feature is a column extending in a direction generally perpendicular to
the first surface of the substrate, and the microstructure is a plurality of features arranged in a
two-dimensional array on the first surface of the substrate.

Statement 15. A solid-state electrolyte structure according to Statement 14, where each
column has a height of from 1 um to 1000 um, inclusive, and all values, including integer
values, therebetween.

Statement 16. A solid-state electrolyte structure according to Statement 15, where each
column has a height of from 50 pm to 200 um, inclusive, and all values, including integer
values, therebetween.

Statement 17. A solid-state electrolyte structure according to any one of the preceding
Statements, where the substrate has a second surface opposite the first surface, and further
comprising a second ordered porous microstructure described herein disposed on the second
surface of the substrate, the second ordered porous microstructure having pores defined by at
least one second feature, the at least one second feature having a diameter of less than 200
um, and the second feature comprising a third ion-conducting material.

Statement 18. A solid-state electrolyte structure according to Statement 17, where the third
ion-conducting material described herein is the same as the first ion-conducting material
and/or the second ion-conducting material or different from the first ion-conducting material

and/or the second ion-conducting material.
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Statement 19. A solid-state electrolyte structure according to Statement 17, where the second
ordered porous microstructure comprises a plurality of columnar structures, a line structure, a
grid structure, or a multilayer grid structure.

Statement 20. A solid-state electrolyte structure according to Statement 17, where the solid-
state electrolyte structure (e.g., the first ordered porous microstructure, the second ordered
porous microstructure, the substrate, or a combination thereof) comprises (e.g., 1s) an ion-
conducting polymer material, an ion-conducting inorganic material (e.g., a ceramic material),
or a combination thereof.

Statement 21. A solid-state electrolyte structure according to any one of the preceding
Statements, where the substrate has a second surface opposite the first surface, and further
comprising a random ordered porous microstructure described herein comprising an ion-
conducting material disposed on the second surface of the substrate.

Statement 22. A solid-state electrolyte structure according to any one of the preceding
Statements, where the ion-conducting material is an ion-conducting polymeric material.
Statement 23. A solid-state electrolyte structure according to any one of the preceding
Statements, where the ion-conducting polymeric material comprises an ion-conducting
polymer described herein (e.g., an ion-conducting polymer chosen from poly(ethylene) (PE),
poly(ethylene oxide) (PEO), poly(propylene) (PP), poly(propylene oxide), PEO containing
copolymers (e.g., polystyrene (PS) — PEO copolymers and poly(methyl methacrylate)
(PMMA) — PEO copolymers), polyacrylonitrile (PAN), poly(acrylonitrile-co-methylacrylate),
PVdF containing copolymers (e.g., polyvinylidene fluoride-co-hexafluoropropylene (PVdF-
co-HFP)), PMMA copolymers (e.g., poly(methylmethacrylate-co-ethylacrylate)), and
combinations thereof) and, optionally, a conducting salt (e.g., a lithium salt such as, for
example, LiTFSE , or an ionic liquid).

Statement 24. A solid-state electrolyte structure according to any one of the preceding
Statements, where the ion-conducting material is a lithium-ion-conducting material described
herein, sodium-ion-conducting material described herein, or magnesium-ion-conducting
material described herein.

Statement 25. A solid-state electrolyte structure according to Statement 24, where the
lithium-ion-conducting material is a lithium-garnet material herein.

Statement 26. A solid-state electrolyte structure according to Statement 25, where the
lithium-garnet material is Li7xLa3zyM'Zr2..M2,012, where x greater than 0 and less than 2,
M! is chosen from Ba, Ca, Y, and combinations thereof, and M? is chosen from Nb, Ta, and

combinations thereof.
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Statement 27. A solid-state electrolyte structure according to Statement 25, where the
lithium-garnet material is cation-doped Lis LasM?012, where M? is Nb, Zr, Ta, or
combinations thereof, cation-doped LisL.azBaTax012, cation-doped Li7LasZr2012, or cation-
doped LisBaY2M?012 where M? is Nb, Zr, Ta, or combinations thereof, where the cation
dopants are barium, yttrium, zinc, or a combination thereof.

Statement 28. A solid-state electrolyte structure according to Statement 25, where the
lithium-garnet material is LisLasNb2O12, LisLasTa2012, Li7La3sZr2012, LisLazStNb2O12,
LisLa2BaNb20O12, LisLa2SrTa2012, LisLazBaTa2012, Li7Y3Z1r2012, Lic4Y3Zr1.4Ta06012,
LissLazsBaosTaZrO12, LisBaY2M' 012, Li7Y3Z012, Lis 7sBaLaxNbi75Zno 25012,
Lis7sBalLazTa1.75Zno25012, or a combination thereof.

Statement 29. A solid-state electrolyte structure according to Statement 24, where the
sodium-conducting material is Na3Zr2S12PO12 (NASICON) or beta-alumina.

Statement 30. A solid-state electrolyte structure according to Statement 24, where the
magnesium-conducting material is MgZr4PeO24.

Statement 31. A solid-state electrolyte structure according to Statement 25, where the ion-
conducting material comprises crystalline domains, polycrystalline domains, amorphous
domains, or a combination thereof (e.g., is polycrystalline or amorphous or a combination
thereof).

Statement 32. A solid-state electrolyte structure according to any one of the preceding
Statements, further comprising a cathode material disposed on at least a portion of the first
ordered porous microstructure.

Statement 33. An electrochemical device according to Statement 32, where the ion-
conducting cathode material comprises a conducting carbon material, and the ion-conducting
cathode material, optionally, further comprises an organic or gel ion-conducting electrolyte.
Statement 34. A solid-state electrolyte structure according to Statement 32, where the cathode
material is sulfur, air, or oxygen.

Statement 35. A solid-state electrolyte structure according to Statement 32, where the cathode
material is a lithium-containing cathode material, a sodium-containing cathode material, or a
magnesium-containing cathode material.

Statement 36. A solid-state electrolyte structure according to Statement 35, where the
lithium-containing cathode material is chosen from LiCoOz, LiFePO4, Li2MMn30s, where M
is selected from Fe, Co, and combinations thereof, LiMn204, LiNiCoAlO2, LiNixMnyCo0.02,

where x+y+z =1 (e.g., 0.5:0.3:0.2), and combinations thereof.
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Statement 37. A solid-state electrolyte structure according to Statement 35, where the
sodium-containing material is chosen from Na2V20s, P2-Naz;sFe12Mn120z, NasV2(PO4)s3,
NaMn1/3Co13N113POs, and NazisFer2Mn1202@graphene composite, and combinations
thereof.

Statement 38. A solid-state electrolyte structure according to Statement 36, where the
magnesium-containing material is chosen from doped manganese oxides, and combinations
thereof.

Statement 39. A solid-state electrolyte structure according to any one of the preceding
Statements, further comprising an anode material described herein disposed on at least a
portion of the first ordered porous microstructure.

Statement 40. A solid-state electrolyte structure according to Statement 39, where the anode
is a metal anode described herein (e.g., lithium metal, sodium metal, or magnesium metal).
Statement 41. A solid-state electrolyte structure according to Statement 39, where the anode
is a lithium-containing anode material described herein, a sodium-containing material
described herein, or a magnesium containing material herein.

Statement 42. A solid-state electrolyte structure according to Statement 41, where the
lithium-containing anode material is chosen from lithium titanate (Li4Ti5012), and
combinations thereof.

Statement 43. A solid-state electrolyte structure according to Statement 41, where the
sodium-containing anode material is chosen from NaxCsH4O4, Nao.ssLio22Ti0.7802, and
combinations thereof.

Statement 44. A solid-state electrolyte structure according to Statement 43, where the
magnesium-containing anode material is chosen from Mg»Si, and combinations thereof.
Statement 45. A solid-state electrolyte structure according to Statement 39, where the anode
comprises carbon, silicon, tin, or a combination thereof (e.g., Si-C, Sn-C, SixSny, SiO, and the
like).

Statement 46. A solid-state electrolyte structure according to any one of the preceding
Statements, where the microstructure is a cathode-side porous microstructure and the
microstructure comprises a plurality of columnar structures and the cathode material is a
lithium-containing material or the microstructure comprises a grid structure or multilayer grid
structure and cathode material is sulfur.

Statement 47. A solid-state electrolyte structure according to any one of the preceding
Statements, where the substrate (e.g., dense layer) of the solid-state electrolyte structure has

at least one dimension (e.g., a thickness) of 1 pm to 100 um (e.g., 5 um to 30 pm or 10 um to
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20 um) and/or the ordered porous microstructure of the solid-state electrolyte structure that
has the cathode material disposed thereon has at least one dimension (e.g., a thickness) of 1
um to 1 mm (e.g., 20 pm to 200 um) and/or the ordered porous microstructure of the solid-
state electrolyte structure that has the anode material disposed thereon has at least one
dimension (e.g., a thickness) 1 um to 1 mm (e.g., 20 um to 200 um).

Statement 48. An electrochemical device comprising one or more solid-state electrolyte
structure according to any one of the preceding Statements.

Statement 49. An electrochemical device according to Statement 48, where the
electrochemical device is an ion-conducting battery, electrolysis cell, a capacitor, fuel cell or
fuel cell/battery.

Statement 50. An electrochemical device according to Statement 48, where the
electrochemical device is a solid-state, ion-conducting battery comprising: a cathode material
or an anode material (e.g., a cathode material or anode material described herein); a solid-
state electrolyte structure (e.g., a solid-state electrolyte structure such as, for example, the
solid-state electrolyte structure according to Statement 1), where the cathode material or the
anode material is disposed on at least a portion of the ordered porous region of the solid-state
electrolyte structure and the dense region is free of the cathode material and the anode
material, and a current collector (e.g., a current collector described herein) disposed on at
least a portion of the cathode material or the anode material.

Statement 51. An electrochemical device according to Statement 50, where the solid-state
electrolyte structure comprises: a cathode-side current collector; or an anode-side current
collector.

Statement 52. An electrochemical device according to Statement 50 or 51, where the current
collector or the cathode-side current collector or anode-side current collector is a conducting
metal, a conducting metal alloy, or comprises (or is) carbon. E.g., the current collector(s) is or
are independently a conducting metal, a conducting metal alloy, or comprises (or is) carbon.
Statement 53. An electrochemical device according to any one of Statements 50-52, where
the cathode material, if present, the anode material, if present, the solid-state electrolyte
structure, and the current collector form a cell, and the solid-state, ion-conducting battery
comprises a plurality of the cells, each adjacent pair of the cells is separated by a bipolar
plate.

Statement 54. An electrochemical device according to any one of Statements 50-53, where
the solid-state electrolyte structure of the ion-conducting solid-state battery is configured

such that ions (e.g., lithium ions, sodium ions, or magnesium ions) diffuse into and out of the
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ordered porous region of the solid-state electrolyte structure during charging and/or
discharging of the battery.

Statement 55. A 3-D printable composition comprising: 1) an ion-conducting material
described herein (e.g., an ion-conducting polymer described herein, an ion-conducting
inorganic material described herein, such as for example, an ion-conducting inorganic
material (e.g., a powder), or an ion-conducting hybrid polymer/inorganic material described
herein (e.g., comprising a ion-conducting polymeric material described herein and a ion-
conducting inorganic material described herein)), or i1) a combination of precursor materials
described herein (e.g., powders) (such as, for example, metal oxides, carbonates, nitrates, and
the like) that when heated form an ion-conducting inorganic material described herein (e.g.,
an ion-conducting ceramic material); and at least one of a dispersant described herein, a
binder described herein, a plasticizer described herein, or a solvent described herein. E.g_,
weight % of the ion-conducting material or combination of precursor materials and, if
present, dispersant(s), binder(s); plasticizer(s) and solvent(s) equals 100%.

Statement 56. A 3-D printable composition according to Statement 55, where the ion-
conducting material is a polymeric material (e.g., comprising an ion-conducting polymer, an
ion-conducting copolymer, or a combination thereof).

Statement 57. A 3-D printable composition according to Statement 56, where the polymeric
material comprises an ion-conducting polymer described herein (e.g., an ion-conducting
polymer chosen from poly(ethylene) (PE), poly(ethylene oxide) (PEO), poly(propylene) (PP),
poly(propylene oxide), PEO containing copolymers (e.g., polystyrene (PS) — PEO
copolymers and poly(methyl methacrylate) (PMMA) — PEO copolymers), polyacrylonitrile
(PAN), poly(acrylonitrile-co-methylacrylate), PVdF containing copolymers (e.g.,
polyvinylidene fluoride-co-hexafluoropropylene (PVdF-co-HFP)), PMMA copolymers (e.g.,
poly(methylmethacrylate-co-ethylacrylate)), and combinations thereof.

Statement 58. A 3-D printable composition according to Statement 56 or 57, where the
polymeric material comprises a conducting salt described herein (e.g., an ionic liquid).
Statement 59. A 3-D printable composition according to any one of Statements 55-58, where
the ion-conducting materials or combination of precursor materials (e.g., metal oxide,
carbonates, nitrates, and or the like) is/are present at 10 to 90 wt. % (based on the total weight
of the composition) (e.g., 50 to 80 wt. % or 60 to 66 wt. %).

Statement 60. A 3-D printable composition according to any one of Statements 55-59, where

the ion-conducting material is a lithium-ion-conducting material described herein, sodium-
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ion-conducting material described herein, or magnesium-ion-conducting material described
herein.

Statement 61. A 3-D printable composition according to Statement 60, where the lithium-
ion-conducting material is a lithium-garnet ceramic material described herein.

Statement 62. A 3-D printable composition according to Statement 61, where the lithium-
garnet ceramic material is Li7xLasyM'yZr2..M?zO12, where x greater than 0 and less than 2,
M! is chosen from Ba, Ca, Y, and combinations thereof, and M? is chosen from Nb, Ta, and
combinations thereof.

Statement 63. A 3-D printable composition according to Statement 61, where the lithium-
garnet material is cation-doped Lis LasM* 012, where M? is Nb, Zr, Ta, or combinations
thereof, cation-doped LisLa:BaTa>012, cation-doped LisLasZr2012, or cation-doped
LisBaY2M%012 where M? is Nb, Zr, Ta, or combinations thereof, where the cation dopants
are barium, yttrium, zinc, or a combination thereof.

Statement 64. A 3-D printable composition according to Statement 61, where the lithium-
garnet ceramic material is LisLasNb2O12, LisLasTa2012, Li7LasZr2012, LisLa2SrNb2O12,
LisLa2BaNb20O12, LisLa2SrTa2012, LisLazBaTa2012, Li7Y3Z1r2012, Lic4Y3Zr1.4Ta06012,
LissLazsBaosTaZrO12, LisBaY2M' 012, Li7Y3Z012, Lis 7sBaLaxNbi75Zno 25012,
Lis7sBalLazTa1.75Zno25012, or a combination thereof.

Statement 65. A 3-D printable composition according to Statement 60, where the sodium-
conducting material is Na3Zr2Si2PO12 (NASICON) or beta-alumina.

Statement 66. A 3-D printable composition according to Statement 60, where the
magnesium-conducting material i1s MgZraPsOz4.

Statement 67. A 3-D printable composition according to any one of Statements 55-66, where
the ion-conducting material comprises crystalline domains, polycrystalline domains,
amorphous domains, or a combination thereof (e.g., is polycrystalline or amorphous) or is
single crystalline.

Statement 68. A 3-D printable composition according to any one of Statements 55-67, where
the ion-conducting material is ion-conducting material containing particles (e.g., lithium-,
sodium-, or magnesium-containing material particles) and the ion-conducting material
containing particles (e.g., lithium-, sodium-, or magnesium-containing material particles)
have an average size (e.g., longest dimension) of 10 to 10,000 nm (e.g., 50 to 500 nm) or the
ceramic powder particles described herein have an average size (e.g., longest dimension) of

10 to 10,000 nm (e.g., 50 to 500 nm).
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Statement 69. A 3-D printable composition according to any one of Statements 55-68, where
the dispersant is present at 0.01 to 10 wt. % (based on the total weight of the composition)
(e.g., 0.5t0 1 wt%).

Statement 70. A 3-D printable composition according to any one of Statements 55-69, where
the dispersant is chosen from blown menhadden fish oil, corn oils, safflower oils, linseed oils,
glycerol trioleate, poly(vinyl butyral), fatty acid esters, and combinations thereof.

Statement 71. A 3-D printable composition according to any one of Statements 55-70, where
the binder is present at 20 to 50 wt. % (based on the total weight of the composition) (e.g., 30
to 38 wt%).

Statement 72. A 3-D printable composition according to any one of Statements 55-71, where
the binder is chosen from vinyl polymers (e.g., polyvinylbutyrals (PVBs), polyvinyl alcohols,
polyvinyl chlorides, and the like), acrylic polymers (e.g., polyacrylate esters, polymethyl
methacrylates, polyethyl acrylates, and the like), celluloses (e.g., methyl celluloses, ethyl
celluloses, hydroxyethyl celluloses, and the like); polyethylenes, polypropylene carbonates,
polytetrafluoroethylenes, and ESL 441 (proprietary texanol-based composition), and
combinations thereof (e.g., ethyl cellulose as the use of a binder with alpha-terpineol solvent).
Statement 73. A 3-D printable composition according to any one of Statements 55-72, where
the plasticizer is present at 0 to 20 wt. % (based on the total weight of the composition).
Statement 74. A 3-D printable composition according to any one of Statements 55-73, where
the plasticizer is chosen from phthalates (e.g., alkyl phthalates, such as, for example, n-butyl
phthalate, dimethyl phthalate, and the like, and aryl phthalyates, such as, for example,
benzylbutyl phthalate (BBP), and the like), polyols (e.g., glycerol, glycols, such as, for
example, polyethylene glycol, polyalkylene glycol, polypropylene glycol, triethylene glycol,
and the like), trialkyl phosphates (e.g., tri-n-butyl phosphate, and the like), and the like, and
combinations thereof.

Statement 75. A 3-D printable composition according to any one of Statements 55-74, where
the solvent is present at 0 to 10 wt. % (based on the total weight of the composition) (e.g.,
0.01 to 3 wt. %).

Statement 76. A 3-D printable composition according to any one of Statements 55-75, where
the solvent is chosen from alcohols (e.g., ethanol, propanols (such as for example,
isopropanol and n-propanol), butanols (such as, for example, n-butanol), pentanols, hexanols,
and the like), toluene, xylenes, methyl ethyl ketone, alpha-terpineol, water, and combinations

thereof.

-25.



10

15

20

25

30

WO 2019/161301 PCT/US2019/018349

Statement 77. A 3-D printable composition according to any one of Statements 55-76, where
the composition has a viscosity of 100 to 1,000,000 cP (e.g., 500 to 50,000 cP) and/or the
yield stress is greater than O Pa or equal to O Pa.

Statement 78. A method of making an ordered porous solid state electrolyte comprising:
depositing a preselected amount of a composition of any one of Statements 55 to 77 to form a
first layer of the composition of any one of Statements 55 to 77 (e.g., comprising a feature or
a plurality of features as described herein) disposed on a dense layer such that a first layer of
precursor material (i.e., ordered solid state electrolyte precursor material) (e.g., comprising a
feature or a plurality of features as described herein) disposed on the dense layer is formed,
optionally, depositing a preselected amount a composition of any one of Statements 55 to 77
to form a second layer of the composition of any one of Statements 55 to 77 such that at a
second layer of precursor material (i.e., ordered solid state electrolyte precursor material)
(e.g., comprising a feature or a plurality of features as described herein) is formed, where the
second layer of precursor material (i.e., ordered solid state electrolyte precursor material)
(e.g., comprising a feature or a plurality of features as described herein) is disposed on a least
a portion of the first layer of precursor material (i.e., ordered solid state electrolyte precursor
material); optionally, waiting a predetermined amount of time and/or heating the layer;
optionally, repeating the depositing from b), and, optionally, ¢), a desired number of times;
and e) drying the layer(s) (e.g., removing liquid(s) such as, for example, solvent(s)) of
precursor material (i.e., ordered solid state electrolyte precursor material/structure); and e)
heating (e.g., sintering, in, for example, an atmosphere, such as for example, an oxygen
atmosphere) the layer(s) of precursor material (i.e., ordered solid state electrolyte precursor
material/structure) in a bed of the mother ceramic powder) the ordered solid-state electrolyte
precursor material structure to form the ordered porous solid state electrolyte.

Statement 79. A method according to Statement 78, where the exposing and forming is
carried out using a 3D printer (e.g., the dispensing is from at least one printing head).
Statement 80. A method according to Statement 78 or 79, where all of the layers of ordered
solid state electrolyte material have the same nominal composition (e.g., are formed from the
same 3-D printable composition).

Statement 81. A method according to any one of Statements 78—80, where two or more of
the layers of ordered solid state electrolyte material have different nominal composition (e.g.,
are formed from two or more 3-D printable compositions).

Statement 82. A method according to any one of Statements 7881, where the depositing a

first layer of a composition of any one of Statements 55 to 77 comprises depositing a first
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composition of any one of Statements 55 to 77 and a first composition of any one of
Statements 55 to 77 to form a first layer having regions with different nominal composition.
Statement 83. A method according to any one of Statements 7881, where the depositing a
first layer of a composition of any one of Statement 55 to 77 forms a first structure and the
depositing a second layer of a composition of any one of Statement 55 to 77 forms a second
structure and the first structure and second structure have different shape.

[0092] The following examples are presented to illustrate the present disclosure. They

are not intended to limiting in any matter.

EXAMPLE 1
[6093] This example provides a description of solid-state electrolyte structures,
devices comprising the solid-state electrolyte structures and characterization of same,
methods of making solid-state electrolyte structures, and 3-D printable compositions.
{0094} This examples describes a sampling of structures printed and sintered
revealing thin, and non-planar, intricate architectures comprised of LLZ solid electrolyte. To
demonstrate the efficacy of the garnet inks, a symmetric Li|3-D printed LLZ|L1i cell is cycled
with low ASR. Other designs can also be obtained with the inks described in this disclosure.
Using 3-D printing with the materials described herein can provide solid-state batteries with
lower full cell ASR and higher energy and power density.
[0095] Figure 1 shows an overview of cell fabrication using the 3-D printing process.
This method is capable of printing a wide variety of ordered, high surface area LLZ structures
which can be challenging to produce at the lab-scale with other methods for systematic study.
Examples of these structures include lines, grids, columns, stacked arrays, or a combination.
The width of the printed features first depends on the size of the nozzle that is used in the
print head, which ranges from 12.5 to 125 um. The height of the features is then easily
increased by printing additional layers. However, the exact shape of the printed features and
how they connect to each other and the substrate is strongly dependent on the properties of
ink itself. Specifically, the particle size, binder system, solvent blend and fraction are
critically important to the ink rheology and resulting structure type. In order to print micron
scale features, the solid electrolyte particles are preferably more than an order of magnitude
smaller than the desired feature width. Additionally, submicron particles are more easily
dispersed and kept in suspension, which helps to keep the ink properties consistent

throughout printing and storage. Particle size of the LLZ electrolyte can be reduced by simple
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ball-milling, or by a sol gel synthesis route. Figure 2a shows a typical particle size

distribution (average particle size ~300 nm) and SEM image of the LLZ used for the inks.

{0096} To compose the inks, two binder systems were chosen, each of which has a
different impact on the ink rheology and the properties of the dispensed ink. Polyvinylbutyral
(PVB) binder with benzylbutyl phthalate (BBP) plasticizer is the first binder system, and ESL
441, a proprietary texanol-based composition, is the second binder system. As shown in
Figure 2b and 2d, the rheology of the inks with the two binder systems is dramatically
different. The PVB-BBP binder-based ink exhibits Newtonian behavior and has a viscosity of
1090 cP, although the viscosity the can be easily modified by changing the amount of solvent
in the ink (Figure 2e). The ESL binder-based ink exhibits fundamentally different Bingham
plastic behavior with a yield stress of 280 Pa and a viscosity of 1500 cP. The Bingham plastic
behavior is a result of the ESL binder system itself and causes the ink to retain its shape
unless under high shear stress. The different characteristics of the binder systems can be
exploited to generate different types of printed structures. The PVB-BBP binder system
produces an ink which, due to its rheological behavior, partially wets and conforms to the
surface it is printed on (Figure 3d). The PVB-BBP ink (hereafter referred to ask the
“conformal ink”) is well-suited for printing thin, homogenous films of solid electrolyte due to
its conformal nature and seamless joinery with other lines in the pattern. A demonstration of a
5 x 5 cm homogenous film printed using the conformal ink is shown in Figure 2f. By
sintering a single layer of this film, a 5-10 um free-standing high-density film has been
achieved (Figure 2g) with high purity cubic-phase LLZ garnet (Figure 2¢) and in most areas
the film is only a single grain across. This demonstrates for the first time the ability to
fabricate a dense layer of LLZ electrolyte that is < 10 um without costly or low production
volume thin film deposition methods (e.g., PLD, ALD, etc.). A similar, more scalable
tapecasting method which also used the PVB-BBP binder system recently achieved a 14 um
dense layer. A random porous-dense bilayer, such as that recently demonstrated by Hitz et al,
can also be made by 3-D printing with similar inks (Figure 5). It is therefore possible to
produce exceptionally thin, high-density

{0097} LLZ electrolyte, which can help resolve the high impedance problem of solid-
state batteries. When used to create ordered structures, the conformal ink creates rounded
lines or columns with a low aspect ratio (Figure 3d-f). This is due to the low viscosity and
wetting nature of the ink. Another characteristic of the conformal ink is its ability to create

seamless joints when printed lines intersect with each other (Figure 3e), which could be
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useful for create high-strength structural members, or increasing the number of ion
conduction pathways.

{0098] Distinct from the conformal ink, the Bingham plastic behavior of the ESL
binder ink creates structural features that maintain their shape immediately after printing
(Figure 3g-1). Remarkably, subsequent printed layers of this ink (hereafter referred to as the
“self-supporting” ink) are able to support themselves without sagging after printing and
through the sintering process, as shown in Figure 3h-1 which depicts the stacked array and
column structures, respectively. When comparing similar designs printed with either the
conformal ink (Figure 3d-f) or the self-supporting ink (Figure 3g-1), it is clear those printed
with the self-supporting ink have a higher aspect ratio and thus a higher surface area. For
example, the aspect ratios of the line patterns printed with the conformal ink (Figure 3d) and
the self-supporting ink (Figure 3g) are 0.37 and 0.83, respectively. The stacked-array
structure has an additional increase in surface area due to the exposed area created by the

bottom side of the second printed layer.

{0099} A wide variety of structures can be printed using only two different types of
LLZ inks, possibly enabling a rapid investigation of the effect of electrolyte-electrode
interface structural properties (tortuosity, surface area, etc.) on cell characteristics and

performance.

{0100} The results demonstrate the ability to 3-D print LLZ solid electrolyte that can
have the same properties as LLZ pellets produced through other methods. The ability to 3-D
print solid electrolytes makes fabrication of unique ordered structures possible, whereas die-
pressing and tapecasting methods are limited to planar geometries and random porosities.
Two types of LLZ 3-D printable inks have been developed for different structural purposes.
Using the “conformal” and “self-supporting” inks, a wide variety of different structures can
be created and explored, from uniform films to columns to stacked “log-cabin” type
structures. It is important to note that these ink compositions are not limited to LLZ and can
be used for printing other ceramic materials. These inks allow the study for solid electrolytes,
one in which the effect of 3-dimensional electrolyte architectures using solid electrolytes on
electrochemical and mechanical properties (i.e., electrode/electrolyte interfacial contact, cell
impedance, mechanical strength, etc.) to make safe, high energy density solid-state batteries a
reality.

0101} Methods. LLZ Synthesis. Ca- and Nb-doped LisLasZr2012 garnet was made by

solid-state synthesis or sol-gel method as previously described. For the solid-state synthesis,
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stoichiometric amounts of La;03 (GFS Chemicals, 99.9%), ZrO: (Inframat Advanced
Materials), CaCOs (Carolina, Laboratory Grade), Nb2Os (Alfa Aesar, 99.9%) and 10% excess
LiOH-H:20 (Alfa Aesar, 98%) were milled for 1 day with 5 mm diameter Y2Os-stabilized
Z1O2 (YSZ) grinding media in isopropanol. The precursors were then dried and calcined at
900°C. Phase analysis by X-ray diffraction is shown in Figure 2¢. To achieve the desired
particle size, calcined powder was milled in isopropanol with 5 mm YSZ grinding media
followed by 2 mm media to further reduce particle size below 1 um. For the sol-gel method,
stoichiometric amounts of La(NO3)3 (99.9%, Alfa Aesar), ZrO(NO3)x (99.9%, Alfa Aesar),
LiNOs3 (99%, Alfa Aesar), NbCls (99.99%, Alfa Aesar) and Ca(NO3)2 (99.9%, Sigma
Aldrich) were dissolved in de-ionized water and 5% wt excess LiNO3 was added to
compensate for lithium volatilization during the high-temperature processes. The precursors
were calcined at 800 °C for 10 h and balled milled for 48h in 200-proof ethanol to obtain
cubic phase garnet powder (mean particle size 300 nm). Powders produced from each method
were characteristically similar.

[{0102] Ink Composition. For the “conformal ink,” LLZ powder (37 %) was first
mixed with a small amount of blown menhaden fish oil (Z-3, Tape Casting Warehouse, Inc.)
as dispersant in a 7:3 mixture of n-butanol (99%, Alfa Aesar):alpha-terpineol (96%, Alfa
Aesar) for 24h on a vibratory mill. Once the mixture was homogenous, polyvinyl butyral
binder (PVB, B-98, Tape Casting Warehouse, Inc.) and butyl benzyl phthalate plasticizer
(BBP, S-160, Tape Casting Warehouse, Inc.) were added in a 1.6:1 weight ratio to give a
total solids loading of 30%. The ink was mixed in a vibratory mill for 24h before printing.
{0103} The “self-supporting ink” was created by first producing a dilute suspension
composed of 20% garnet powder, 10% Electro Science Lab (ESL) 441 texanol-based binder
system, and 70% 200-proof ethanol and ball milled for 24h to disperse the garnet powder
using 2-mm yttria-stabilized zirconia spherical milling media. After ball milling, the
suspension was transferred to a 250ml HDPE jar in a Thinky mixer and mixed for 30 min at
1,500 rpm to vaporize the solvent and create the printing slurry.

[0104] 3-D printing. The inks were printed with a nScrypt 3Dn-300 printer with two
equipped SmartPumps and a ceramic nozzle with a nozzle opening of 12.5, 25, or 125 um.
For uniform, homogenous film fabrication, the inks were printed on a mylar sheet. To print
the ordered structures the inks were printed on a porous-dense multilayer LLZ tape substrate
described previously for structural support and is characteristically identical to the 3-D

printed uniform films. In all cases, the printing stage was heated to 30-35°C to facilitate the
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drying process. The 3-D printed structures were then sintered in a tube furnace in a bed of
mother powder, similar to the sintering method described elsewhere.

[0105] Material Characterization. Phase characterization of the LLZ powder was
performed at the University of Maryland’s X-ray Crystallography Center using a Bruker D8
X-ray Diffractometer. Particle size data was collected for dilute solutions of LLZ in N-
methyl-2-pyrrolidinone solvent and Triton X-100 dispersant using a Horiba Partica LA-950
Laser Diffraction Particle Size Distribution Analyzer. Rheology data was collected using a
TA Instruments DHR-2 Rheometer at 25°C from 1-100 Hz. A Hitachi SU-70 SEM in the
UMD AIMLab and Hitachi S-3400 SEM in the UMD FabLab was used for imaging of the
LLZ powder and sintered LLZ 3-D printed layers.

EXAMPLE 2
j01006] This example provides a description of solid-state electrolyte structures,
devices comprising the solid-state electrolyte structures and characterization of same,
methods of making solid-state electrolyte structures, and 3-D printable compositions.
[0107} This example describes 3-D printing of low tortuosity garnet frameworks. The
3D porous solid state electrolyte structures prepared by the present methods are ordered and
can act as electrode supports, facilitating fast ion transport within the electrodes. This can
enable higher battery C-rates and thicker electrodes for higher loading. The 3D structures can
also increase the mechanical strength of the solid state battery.
{0108} Development of stable garnet ink with well dispersed garnet particles. Lithium
garnet powder with the composition Lie.75L.a275Ca0.25Zr1.5Nbo.sO12 (LLZ) was synthesized by
solid state reaction. XRD results show pure cubic phase garnet in Figure 8a. The powder was
then ball-milled in multiples steps with decreasing sizes of media to reduce the particle size.
The doo of the powder was 255 nm which is suitable for 3-D printing. The ink was then mixed
with an ESL binder and 200 proof ethanol to create 3-D printing inks. Several series of inks
were made to test effect of the ratio of binder, garnet, and solvent concentration on viscosity.
Two garnet:binder ratios were chosen (2.08:1 and 1.85:1). To these mixtures 15-50 wt%
solvent was added. Figure 9 shows the rheological properties of the different inks. Figure 9a
and 9b show the inks with garnet:binder ratios of 2.08:1 and 1.85:1, respectively. The
different solvent fractions are indicated by percent in the plots. The ink with the least amount
of binder (2.08:1 garnet:binder) and solvent (18% ethanol) and therefore the highest solids
loading was unstable (Figure 9a). All other inks were stable and had viscosity values from

345 ¢cP to 52,000 cP. The most viscous ink (Figure 9b) displayed some shear-thinning
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behavior as well due to the higher amount of binder and limited amount of solvent used. The
inset photo in Figure 9b shows how the high viscosity ink retains its shape after exiting the
nozzle of the syringe.

(0109} Printing of line array structures. The stable inks were used for the 3-D printing
of LLCZN. Low viscosity inks were used to print a single layer of a large-area uniform film.
An example single layer film is shown in Figure 10a. The film was then sintered to yield a
film of pure LLCZN garnet with a thickness of only 5-10 um (Figure 10b). Varying line
patterns were also printed to produce high surface area, open porosity structures. The patterns
were printed onto a LLCZN tape substrate, which after sintering would serve as the electrode-
separating dense layer of the cell. Low viscosity inks were first compared to high-viscosity
inks. Figure 10c and 10d show cross-sectional SEM images of line patterns printed on
LLCZN substrates using a low viscosity, more conformal ink (Figure 10c) and a higher
viscosity self-supporting ink (Figure 10d). The lower viscosity ink results in a line which
partially conforms to the surface, observed by the low contact angle. In contrast, the higher
viscosity ink wets the substrate much less, and the lines maintain a round shape. Additional
variations in the line pattern dimensions is shown in Figure 11. Line widths of 200, 220, and
285 pum and line separations of 110, 200, 260 um were achieved, demonstrating control over
the 3-D printing process.

[0110] Printing of column structures. Garnet columns of varying diameter and height
were 3-D printed onto a garnet tape substrate. The print areas were 1 x 1 cm or greater with
0.5-1 mm center to center column spacing. Photographs of the prints are shown in Figure 12.
Columns were printed with diameters from 300 um to ~75 um and heights ranging from 50-
200 pm. The largest aspect ratio achieved was ~2.0. These values were measured before
sintering, where significant shrinkage occurs due to binder burnout and densification of the
garnet. Figure 12 shows SEM images of the sintered 3-D printed columns. The maximum
height of a sintered column was measured to ~180 um with a diameter of ~100 um,
representing an aspect ratio of 1.8.

(0111} Printing of multilayer grid structures. The ink formulations were able to be
tailored to optimize rheological properties for self-supporting structures such as the
multilayer grid structures. Additionally, carefully controlling the drying rate has been a very
important consideration to prevent structure degradation between printing and sintering.
[0112] Control over the 3D printing process has shown improvement through the
successful prints of the 3D multilayer grid structures. Using these inks, overlaid orthogonal

raster patterns were printed in 1 x 1 cm areas on garnet substrates as seen in Figure 13 to
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create multilayer grid structures. Post sintered structures had line-to-line distances varying

from 275 pm to ~315 pm with line thicknesses ranging from 90-200 um.

EXAMPLE 3
[0113] This example provides a description of solid-state electrolyte structures,
devices comprising the solid-state electrolyte structures and characterization of same.
0114} A symmetric cell made using the 3-D printed stacked array LLZ and lithium
electrodes was fabricated to validate the efficacy of the 3-D printed electrolytes (Figure 11).
The electrolytes were printed according Example 1. An ALD coating was applied to both
sides of the LLZ to allow wetting of the lithium to the LLZ surface. Figure 11a shows a
diagram of the cell structure and Figure 11b shows a closeup of the lithium metal filling the
pores of the LLZ stacked array structure. Intimate contact between the lithium and LLZ and
increased contact area provided by the 3-D printed LLZ pattern ensure low lithium metal|LLZ

electrolyte interfacial impedance.

j0115] Figure 11c¢ shows the symmetric DC cycling of the cell. The current density
was varied from 0.1 mA/cm? to 0.33 mA/cm? and back down to 0.1 mA/cm?. The average
overpotential at 0.1 mA/cm?and 0.33 mA/cm? is 2.3 mV and 7.2 mV, both of which
corresponds to an area specific resistance (ASR) of 22 Q-cm?. When the current density was
reduced to 0.1 mA/cm?, the average overpotential decreased back to 2.0 mV, which also
equates to an ASR of 20 Q-cm?. The constant ASR, independent of current density,
demonstrates the high conductivity of the 3-D printed LLZ. Furthermore, because the Li|LLZ
interfacial impedance is negated by the ALD coating, the extremely low ASR also indicates
the connections between all of the 3-D printed LLZ layers are seamless. Thus, the 3-D
printed LLZ creates a continuous and multilayer ordered electrolyte architecture which
maintains the ability to block dendrite propagation and the high conductivity that is
characteristic of the LLZ electrolyte.

{0116] Li Infiltration and Symmetric Cell Testing. Sintered 3-D printed LLZ layers
were first treated with an ALD surface coating to improve Li wetting and interfacial contact
of the Li metal to the LLZ electrolyte. Li metal was then coated on both sides of the LLZ
structures by melting at 200°C in an Ar glovebox. The symmetric cell was packaged with
stainless steel current collectors in a coin cell for testing on a BioL.ogic VMP3 potentiostat.

Cells were cycled at 0.10-0.33 mA/cm? for 1h at room temperature.

EXAMPLE 4
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[0117] This example provides a description of solid-state electrolyte structures,
devices comprising the solid-state electrolyte structures and modeling of same.

j0118] Development of theoretical models to predict the performance of the Li-S full
cell. Construction of a theoretical model to predict the performance of the 3-D printed
structures and the transport properties began with a two-dimensional approach. Figure 14
below shows the basic concepts used in the modeling of the column structures. The first
component demonstrates the driving forces due to chemical concentration gradients and
resulting diffusion. The second component is the electrical migration of ions caused by the
electric field. These two components have somewhat different profiles which overlap to
create the overall lithium concentration profile as a function of charge state.

[0119] Figure 15 shows the concentration profile within the electrode between the
garnet pillars as function of charge state. There is clearly a dependence on the height of the
column as well as the column separation. Figure 16 shows the lithium transport within the
garnet pillars with varying pillar diameter, which also has an effect on the rate at which
lithium can access the electrode.

[0120] This model tracks the movement of lithium ions through the electrolyte and
sulfur electrode by considering the physical forces that affect each lithium ion — chemical
diffusion and electromagnetic forces.

[0121] Chemical Diffusion

[0122] In thermodynamics, concentration-related diffusion is described with a

probabilistic model of fluxes.

] =—-DVc
Where flux, J, is related to the first spatial derivative of concentration, ¢, by a diffusion

coefficient D. When combined with an equation maintaining that mass is conserved in the

system:
dc d]

MR
[0123] The equation can be rewritten in the more recognizable heat-wave equation
(Fick’s second law).

dc

T _pyp2

ET: D .Vec
[0124] Electrical Diffusion. In addition to the random walks of particles in a

concentration gradient, the lithium ions in our system also experience the pull of electric

potentials. The potential at a specific point is determined by the stoichiometry of the
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electrode at that point, or the amount of lithium in the Lithium polysulfide. The potential of

each polysulfide is determined experimentally and is shown in Figure 17.
Dz

Jetectrical = — R_Y{: c(Ve)
where z is the number of charges associated with the moving ion (z=1 for Li-ions), F is the
Faraday constant, R is the ideal gas constant and ¢ is the electrochemical potential at a voxel.
This potential of an entire voxel is determined by taking the lithium concentration in the
voxel as an average for that area and assigning that potential to the lithiation contour in
Figure 17.
{0125] The total concentration change can be determined after combining all flux

equations to a net flux term:

]net = ]chemical + ]electrical

et = = [D¥e + (V)|

aC—D[VZ +ZF(VV + ¢V? )]
FI ¢+ gp (VeVe + Voo

j{0126] This model utilizes a discrete, iterative approach to calculating the
concentration of lithium ions, and in turn lithium polysulfides over the entire 3D volume.
j0127] First, a 3D array is created where each cell represents one of thousands of
cubic voxels. Each cell is populated with an object that stores information that pertains to that
position such as the material that is most prevalent (electrode or electrolyte), the amount of
lithium, the charge associated with that lithiation, and the diffusion coefficient. This array is
then evaluated cell-by-cell, considering the effect that nearest-neighbors sites have on ion
motion into and out of the cell in question. These changes are then applied to every cell in an
iterative fashion. The evaluation and application are separated into two different processes to
avoid any issues with delay of information propagation. This process is shown in Figure 18.
[0128] Initial lithium concentrations are O for electrode domains and 6.75 for
electrolyte domains as dictated by stoichiometry. After considering the relative densities of
sulfur and garnet, the number maximum of lithium atoms contained in a given voxel are
comparable.

[0129] Continuous to a discrete model. Any jump from a continuous model to a
discrete one will come with a small amount of over/under estimation; however, the dynamics
and core concepts behind the model will remain the same. In our equation for concentration

there are five continuous components that need to be made discrete — the time step, dt, the
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first and second order spatial derivatives of concentration, Vc and V2c; and the first and
second order spatial derivatives of potential, V¢p and V?¢. Breaking up the calculations into
an iterative algorithm automatically sets the time step. Because information about
concentrations travels one block at a time, the rate-limiting step is dependent on the number

5  and therefore size of the blocks. The higher spatial resolution the model is, the smaller each
time step, dt.
[0130] The process of transforming a continuous space to a discrete space is relatively

straightforward. For any given characteristic, v, in one dimension:

10 d
Ww=—
V=V
10
d (d
e L)
v dx \dx
where, if dx = 1 for a unit size:
dv(x) vix+1) —-vx)+v(x) —vx—-1)
dx 2 dx
1

15 dv:z(v(x+1)—v(x—1))

d <d )_ d (vix+1)—v(x)+v(x) —v(x—1)
dx\dx ')~ dx 2 dx
d>v=v(x—1) +v(x+ 1) — 2v(x)

20  [0131] The same process can be used for any Cartesian coordinate and is scaled to
higher dimensions by linearly combining the equations for each additional dimension. In 3D,
these derivatives can be treated as arrays:

0 0 0 0 0. 0 0 0 O
0o 0 0,10 =05 o0lgl0 0 o0l
0 0 O 0 1 0] [0 0 O
25 Vip=[0 1 of .[1 -6 1].[0 1 0
0 0 0l.; 10 1 0l l0o 0 ol
[0132] The relation between discharge rate and printed feature size was simulated,

using a fixed porosity of 85% and cathode thickness of 200 um. These values fix the cathode
loading, and thus the energy density. Based on modeled cell design parameters this is

30  projected to be 900 Wh/kg. The model results, shown in Figure 19, are useful in this case to
determine what structure and dimensions are needed to achieve sufficient power densities for

this thickness of cathode. For comparison, a bilayer (flat surface with no 3-D printed
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structure) was also modeled and included in Figure 19. Overall, the models show that any
printed structure utilizes the electrode at a much faster rate than a bilayer, and that as feature
sizes decrease electrode utilization rate correspondingly increases. Further analysis of the
relative power density is shown in Figure 19¢, which plots the relative C-rate as a function of
feature diameter using a bilayer (generally limited to C/10) as the baseline. The results
suggest that in general the columns have somewhat higher power density than the grid
structures, as they provide more direct ion pathways across the cell. Additionally, with
feature diameters below ~30 pm C-rates >1 are attainable, and below 10 um, rates over 3C is
possible. Smaller features have clear advantages for cell performance.

{0133] Figure 20 shows the modeling results for some of the 3-D printed structures
that have been demonstrated thus far. Specifically, grid structures with 75 um line diameters
and 2-layer height (150 um) with line-to-line spacing of 300 and 500 um, resulting in layer
porosity of 80% and 89%, respectively; a column structure with 150 pum diameter columns
with 225 pm height, and column separation of 500 um (93% porosity), along with a bilayer
for comparison. These results clearly demonstrate the benefit of the 3-D printed structures to
power density, it is also worth noting that theoretical energy density in each of these cases is

projected to be 700-1000 Wh/kg.

EXAMPLE 5
[0134] This example provides a description of solid-state electrolyte structures,
devices comprising the solid-state electrolyte structures and characterization of same,
methods of making solid-state electrolyte structures.
{6135] A full cell using comercial NMC cathode was fabricated as follows: Using a
non-Newtonian ink of garnet particles, a 2-layer garnet grid structure was 3-D printed as
described herein on the dense layer of a porous-dense bilayer garnet electrolyte. The structure
was then sintered, fusing the grid particles together and to the bilayer. The lines composing
the grid structure have diameters of approximately 75 um and a horizontal center-to-center
spacing of 385 um, equating to a layer porosity of 85%. Li metal was filled into the random
porous layer on backside of the bilayer, while commercial 811 NMC powder, PVDF, and
carbon black were filled into the grid structure with NMP as solvent. The total NMC loading
was 14 mg/cm?. The cell cycling results are shown in Figure 21. The impedance
measurements of our first cell in Figure 21a show a high resistance at room temperature that
drops dramatically when heated to 60 °C, a temperature at which solid state batteries are

quite stable. At a charge/discharge rate of C/20 (10 mA/g) a near theoretical discharge
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capacity (200 mAh/g) of 185 mAh/g is achieved. After five cycles, the rate was increased to
C/7 (30 mA/g) and capacity decreased slightly to 170 mAh/g (due to cathode liquid

vaporization).

{0136] Although the present disclosure has been described with respect to one or
more particular embodiments and/or examples, it will be understood that other embodiments
and/or examples of the present disclosure may be made without departing from the scope of

the present disclosure.
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CLAIMS:

1. A solid-state electrolyte structure, comprising:

a substrate made from a first ion-conducting material and having a first surface; and

a first ordered porous microstructure disposed on the first surface of the substrate, the first

ordered porous microstructure having pores defined by at least one feature, the at least one
feature having at least one dimension of less than or equal to 300 um, and the feature being

made from a second ion-conducting material.

2. The solid-state electrolyte structure of claim 1, wherein the first ordered porous

microstructure has a height of 1 to 1000 pm.

3. The solid-state electrolyte structure of claim 1, wherein the pores each have at least one
dimension in a plane parallel to the substrate of from 1 pm to 1000 um and/or have,

independently, a height of 1 to 1000 um.

4. The solid-state electrolyte structure of claim 1, wherein the at least one dimension of the at

least one feature is from 1 pm to 200 pm.

5. The solid-state electrolyte structure of claim 1, wherein the substrate has a thickness less

than or equal to 100 pm.

6. The solid-state electrolyte structure of claim 1, wherein the second ion-conducting

material is the same or different from the first ion-conducting material.

7. The solid-state electrolyte structure of claim 1, wherein the first ordered porous
microstructure comprises a plurality of columnar structures, a line structure, a grid structure,

a multilayer grid structure, or a combination thereof.
8. The solid-state electrolyte structure of claim 1, wherein the feature is a line, and the first

ordered porous microstructure is a layer of parallel lines arranged on the first surface of the

substrate.
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9. The solid-state electrolyte structure of claim 8, wherein the plurality of parallel lines is a

raster pattern formed from a contiguous line.

10. The solid-state electrolyte structure of claim 8, wherein the first ordered porous
microstructure comprises a second layer of parallel lines disposed on the first layer of parallel

lines.

11. The solid-state electrolyte structure of claim 10, wherein the second layer of parallel

lines is at a grid angle relative to the parallel lines of the first layer.

12. The solid-state electrolyte structure of claim 11, wherein the grid angle is from 1 and 90

2

inclusive, and all values, including integer values, therebetween.

13. The solid-state electrolyte structure of claim 8, the first ordered porous microstructure
comprises a plurality of layers, each layer comprising parallel lines of the second ion-

conducting material disposed on an adjacent layer of parallel lines.

14. The solid-state electrolyte structure of claim 1, wherein the feature is a column extending
in a direction generally perpendicular to the first surface of the substrate, and the
microstructure is a plurality of features arranged in a two-dimensional array on the first

surface of the substrate.

15. The solid-state electrolyte structure of claim 14, wherein each column has a height of

from 1 pm to 1000 um.

16. The solid-state electrolyte structure of claim 15, wherein each column has a height of

from 50 um to 200 pum.

17. The solid-state electrolyte structure of claim 1, wherein the substrate has a second
surface opposite the first surface, and further comprising a second ordered porous
microstructure disposed on the second surface of the substrate, the second ordered porous
microstructure having pores defined by at least one second feature, the at least one second
feature having a diameter of less than 200 um, and the second feature comprising a third ion-

conducting material.
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18. The solid-state electrolyte structure of claim 17, wherein the third ion-conducting
material is the same as the first ion-conducting material and/or the second ion-conducting
material or different from the first ion-conducting material and/or the second ion-conducting

material.

19. The solid-state electrolyte structure of claim 17, wherein the second ordered porous
microstructure comprises a plurality of columnar structures, a line structure, a grid structure,

or a multilayer grid structure.

20. The solid-state electrolyte structure of claim 17, wherein the solid-state electrolyte
structure comprises an ion-conducting polymer material, an ion-conducting inorganic

material, or a combination thereof.

21. The solid-state electrolyte structure of claim 1, wherein the substrate has a second
surface opposite the first surface, and further comprising a random ordered porous
microstructure comprising an ion-conducting material disposed on the second surface of the

substrate.

22. The solid-state electrolyte structure of claim 1, wherein the ion-conducting material is an

ion-conducting polymeric material.

23. The solid-state electrolyte structure of claim 22, wherein the ion-conducting polymeric
material comprises an ion-conducting polymer chosen from poly(ethylene)s (PE)s,
poly(ethylene oxide)s (PEO)s, poly(propylene)s (PP)s, poly(propylene oxide)s, PEO
containing copolymers, polyacrylonitrile (PAN), poly(acrylonitrile-co-methylacrylate), PVdF
containing copolymers, PMMA copolymers, and combinations thereof and, optionally, a

conducting salt.
24. The solid-state electrolyte structure of claim 1, wherein the ion-conducting material is a

lithium-ion-conducting material, sodium-ion-conducting material, or magnesium-ion-

conducting material.
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25. The solid-state electrolyte structure of claim 24, wherein the lithium-ion-conducting

material is a lithium-garnet material.

26. The solid-state electrolyte structure of claim 25, wherein the lithium-garnet material is
Li7xLasyM%Zr2-M2,012,

wherein x greater than O and less than 2,

M! is chosen from Ba, Ca, Y, and combinations thereof, and

M? is chosen from Nb, Ta, and combinations thereof.

27. The solid-state electrolyte structure of claim 25, wherein the lithium-garnet material is
cation-doped Lis LasM?2012, where M? is Nb, Zr, Ta, or combinations thereof, cation-doped
LisLa2BaTa2012, cation-doped Li7LasZr2012, or cation-doped LisBaY2M*012 where M? is
Nb, Zr, Ta, or combinations thereof, wherein the cation dopants are barium, yttrium, zinc, or

a combination thereof.

28. The solid-state electrolyte structure of claim 25, wherein the lithium-garnet material is
LisLasNb2012, LisLasTa2012, Li7La3Zr2012, LisLa2SrNb2O12, LisLazBaNb2O1z,
LisLazSrTa2012, LisLazBaTa2012, Li7Y3Z1r2012, Lic4Y3Zr14Ta0.6012, Lis.sLaz sBaosTaZrO1z,
LisBaY2M'012, Li7Y3Z1r2012, Lis 75BaLlasNb175Zn0 25012, Lis7sBaLaxTa1 75Zn025012, or a

combination thereof.

29. The solid-state electrolyte structure of claim 24, wherein the sodium-conducting material

is NasZnSi2PO12 (NASICON) or beta-alumina.

30. The solid-state electrolyte structure of claim 24, wherein the magnesium-conducting

material i1s MgZraPsOa4.
31. The solid-state electrolyte structure of claim 24, wherein the ion-conducting material
comprises crystalline domains, polycrystalline domains, amorphous domains, or a

combination thereof.

32. The solid-state electrolyte structure of claim 1, further comprising a cathode material

disposed on at least a portion of the first ordered porous microstructure.
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33. The electrochemical device of claim 32, wherein the ion-conducting cathode material
comprises a conducting carbon material, and the ion-conducting cathode material, optionally,

further comprises an organic or gel ion-conducting electrolyte.

34. The solid-state electrolyte structure of claim 32, wherein the cathode material is sulfur,

air, or oxygen.

35. The solid-state electrolyte structure of claim 32, wherein the cathode material is a
lithium-containing cathode material, a sodium-containing cathode material, or a magnesium-

containing cathode material.

36. The solid-state electrolyte structure of claim 35, wherein the lithium-containing cathode
material is chosen from LiCoOz, LiFePOs, Li2MMn30s, wherein M is selected from Fe, Co,
and combinations thereof, LiMn204, LiNiCoAlO2, LiNixMnyCo-02, wherein x+y+z = 1, and

combinations thereof.

37. The solid-state electrolyte structure of claim 35, wherein the sodium-containing material
is chosen from NaxV20s, P2-Naz;3Fei12Mn1202, NazV2(PO4)3, NaMn13Co13Ni13PO4, and

NazsFe12Mn1202@graphene composite, and combinations thereof.

38. The solid-state electrolyte structure of claim 36, wherein the magnesium-containing

material is chosen from doped manganese oxides, and combinations thereof.

39. The solid-state electrolyte structure of claim 1, further comprising an anode material

disposed on at least a portion of the first ordered porous microstructure.

40. The solid-state electrolyte structure of claim 39, wherein the anode is a metal anode.

41. The solid-state electrolyte structure of claim 39, wherein the anode is a lithium-
containing anode material, a sodium-containing material, or a magnesium containing

material.

42. The solid-state electrolyte structure of claim 41, wherein the lithium-containing anode

material is chosen from lithium titanate (Li4TisO12), and combinations thereof.
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43. The solid-state electrolyte structure of claim 41, wherein the sodium-containing anode

material is chosen from Na2CsH1O4, Nao.ssLio22Ti0.7802, and combinations thereof.

44. The solid-state electrolyte structure of claim 43, wherein the magnesium-containing

anode material is chosen from Mg>Si, and combinations thereof.

45. The solid-state electrolyte structure of claim 39, wherein the anode comprises carbon,

silicon, tin, or a combination thereof.

46. The solid-state electrolyte structure of claim 1, wherein the microstructure is a cathode-
side porous microstructure and the microstructure comprises a plurality of columnar
structures and the cathode material is a lithium-containing material or the microstructure

comprises a grid structure or multilayer grid structure and cathode material is sulfur.

47. The solid-state electrolyte structure of claim 1, wherein the substrate of the solid-state
electrolyte structure has at least one dimension of 1 um to 100 um and/or the ordered porous
microstructure of the solid-state electrolyte structure that has the cathode material disposed
thereon has at least one dimension of 1 um to 1 mm and/or the ordered porous microstructure
of the solid-state electrolyte structure that has the anode material disposed thereon has at least

one dimension 1 um to 1 mm.

48. An electrochemical device comprising one or more solid-state electrolyte structure of

claim 1.

49. The electrochemical device of claim 48, wherein the electrochemical device is an ion-

conducting battery, electrolysis cell, a capacitor, fuel cell, or fuel cell/battery.

50. The electrochemical device of claim 48, wherein the electrochemical device is a solid-
state, ion-conducting battery comprising:
a cathode material or an anode material;

the solid-state electrolyte structure of claim 1,
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wherein the cathode material or the anode material is disposed on at least a portion of the
ordered porous region of the solid-state electrolyte structure and the dense region is free of
the cathode material and the anode material, and

a current collector disposed on at least a portion of the cathode material or the anode

material.

51. The electrochemical device of claim 50, wherein the solid-state electrolyte structure
comprises:
a cathode-side current collector; or

an anode-side current collector.

52. The electrochemical device of claim 50 or 51, wherein the current collector or the
cathode-side current collector or anode-side current collector is a conducting metal, a

conducting metal alloy, or comprises carbon.

53. The electrochemical device of claim 51, wherein the cathode material, if present, the
anode material, if present, the solid-state electrolyte structure, and the current collector form a
cell, and the solid-state, ion-conducting battery comprises a plurality of the cells, each

adjacent pair of the cells is separated by a bipolar plate.

54. The electrochemical device of claim 50, wherein the solid-state electrolyte structure of
the ion-conducting solid-state battery is configured such that ions diffuse into and out of the
ordered porous region of the solid-state electrolyte structure during charging and/or

discharging of the battery.

55. A 3-D printable composition comprising:

1) an ion-conducting material, or

i1) a combination of precursor materials that when heated form an ion-conducting
inorganic material; and

at least one of a dispersant, a binder, a plasticizer, or a solvent.

56. The 3-D printable composition of claim 55, wherein the ion-conducting material is a

polymeric material.
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57. The 3-D printable composition of claim 55, wherein the polymeric material comprises an
ion-conducting polymer chosen from poly(ethylene)s (PE)s, poly(ethylene oxide)s (PEO)s,
poly(propylene)s (PP)s, poly(propylene oxide)s, PEO containing copolymers,
polyacrylonitrile (PAN), poly(acrylonitrile-co-methylacrylate), PVdF containing copolymers,

PMMA copolymers, and combinations thereof.

58. The 3-D printable composition of claim 55, wherein the polymeric material comprises a

conducting salt.

59. The 3-D printable composition of claim 55, wherein the ion-conducting materials or
combination of metal oxide powders is/are present at 10 to 90 wt. % (based on the total

weight of the composition).

60. The 3-D printable composition of claim 55, wherein the ion-conducting material is a
lithium-ion-conducting material, sodium-ion-conducting material, or magnesium-ion-

conducting material.

61. The 3-D printable composition of claim 60, wherein the lithium-ion-conducting material

is a lithium-garnet ceramic material.

62. The 3-D printable composition of claim 61, wherein the lithium-garnet ceramic material
is LizxLasyMyZr2.,M?z012,

wherein x greater than O and less than 2,

M! is chosen from Ba, Ca, Y, and combinations thereof, and

M? is chosen from Nb, Ta, and combinations thereof.

63. The 3-D printable composition of claim 61, wherein the lithium-garnet material is cation-
doped Lis LasM?012, where M? is Nb, Zr, Ta, or combinations thereof, cation-doped
LisLa2BaTa2012, cation-doped Li7LasZr2012, or cation-doped LisBaY2M*012 where M? is
Nb, Zr, Ta, or combinations thereof, wherein the cation dopants are barium, yttrium, zinc, or

a combination thereof.

64. The 3-D printable composition of claim 61, wherein the lithium-garnet ceramic material

is LisLasNb2012, LisLa3Ta2012, Li7La3Zr2012, LisLa2SrNb2012, LisLazBaNb2O12,
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LisLazSrTa2012, LisLazBaTa2012, Li7Y3Z1r2012, Lic4Y3Zr14Ta0.6012, Lis.sLaz sBaosTaZrO1z,
LisBaY2M'012, Li7Y3Z1r2012, Lis 75BaLlasNb175Zn0 25012, Lis7sBaLaxTa1 75Zn025012, or a

combination thereof.

65. The 3-D printable composition of claim 60, wherein the sodium-conducting material is

NasZrSi2PO12 (NASICON) or beta-alumina.

66. The 3-D printable composition of claim 60, wherein the magnesium-conducting material

is MgZr4PsOa4.

67. The 3-D printable composition of claim 55, wherein the ion-conducting material
comprises crystalline domains, polycrystalline domains, amorphous domains, or a

combination thereof or is single crystalline.

68. The 3-D printable composition of claim 55, wherein the ion-conducting material is
lithium-containing material particles and the lithium-containing material particles have an
average size of 10 to 10,000 nm or the ceramic powder particles have an average size of 10 to

10,000 nm.

69. The 3-D printable composition of claim 55, wherein the dispersant is present at 0.01 to

10 wt. % (based on the total weight of the composition).

70. The 3-D printable composition of claim 55, wherein the dispersant is chosen from blown
menhadden fish oil, corn oils, safflower oils, linseed oils, glycerol trioleate, poly(vinyl

butyral), fatty acid esters, and combinations thereof.

71. The 3-D printable composition of claim 55, wherein the binder is present at 20 to 50 wt.
% (based on the total weight of the composition).

72. The 3-D printable composition of claim 55, wherein the binder is chosen from vinyl
polymers, acrylic polymers, celluloses, polyethylenes, polypropylene carbonates, and

polytetrafluoroethylenes, and combinations thereof.
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73. The 3-D printable composition of claim 55, wherein the plasticizer is present at 0 to 20

wt. % (based on the total weight of the composition).

74. The 3-D printable composition of claim 55, wherein the plasticizer is chosen from

phthalates, polyols, trialkyl phosphates, and the like, and combinations thereof.

75. The 3-D printable composition of claim 55, wherein the solvent is present at O to 10 wt.

% (based on the total weight of the composition).

76. The 3-D printable composition of claim 55, wherein the solvent is chosen from alcohols

2

toluene, xylenes, methyl ethyl ketone, alpha-terpineol, water, and combinations thereof.

77. The 3-D printable composition of claim 55, wherein the composition has a viscosity of

100 to 1,000,000 cP and/or the yield stress is greater than O Pa or equal to O Pa.

78. A method of making an ordered porous solid state electrolyte comprising:
a) depositing a preselected amount of a composition of claim 55 to form a first layer
of the composition of claim 55 disposed on a dense layer such that a first layer of
ordered solid state electrolyte precursor material disposed on the dense layer is
formed;
b) optionally, depositing a preselected amount a composition of claim 55 to form a
second layer of the composition of claim 55 such that at a second layer of ordered
solid state electrolyte precursor material is formed, wherein the second layer of
ordered solid state electrolyte material is disposed on a least a portion of the first layer
of ordered porous solid state material,
¢) optionally, waiting a predetermined amount of time and/or heating the layer;
d) optionally, repeating the depositing from b), and, optionally, ¢), a desired number
of times; and
e) drying the layer(s) of ordered solid state electrolyte precursor material; and
f) heating the layer(s) or ordered solid-state electrolyte precursor material structure to

form the ordered porous solid state electrolyte.

79. The method of claim 78, wherein the exposing and forming is carried out using a 3-D

printer.
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80. The method of claim 78, wherein all of the layers of ordered solid state electrolyte

precursor material have the same nominal composition.

81. The method of claim 78, wherein two or more of the layers of ordered solid state

electrolyte precursor material have different nominal composition.

82. The method of claim 78, wherein the depositing a first layer of a composition of claim 55
comprises depositing a first composition of claim 55 and a second composition of claim 55
having a different composition that the first composition of claim 55 to form a first layer

having regions with different nominal composition.
83. The method of claim 78, wherein the depositing a first layer of a composition of claim 55

forms a first feature and then depositing a second layer of a composition of claim 55 to form

a second feature and the first feature and second feature have a different shape.
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