wo 2014/160598 A1 |1 I} NN TP OO0 O A

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2014/160598 A1l

2 October 2014 (02.10.2014) WIPOIPCT
(51) International Patent Classification: Wayne [US/US]; 7048 Velie Road, Savona, New York
HOIM 2/14 (2006.01) HOIM 10/052 (2010.01) 14879 (US). LIU, Xinyuan [CN/US]; 8 E. 1st Street, Apt.
HOIM 2/16 (2006.01) 103, Corning, New York 14830 (US).
(21) International Application Number: (74) Agent: RUSSELL, Michael W; Corning Incorporated, In-
PCT/US2014/031405 tellectual Property Department, SP-Ti-03-01, Cormning,
New York 14831 .
(22) International Filing Date: ew Yor (Us)
21 March 2014 (21.03.2014) (81) Designated States (unless otherwise indicated, for every
e ) . kind of national protection available). AE, AG, AL, AM,
(25) Filing Language: English AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
(26) Publication Language: English BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
L. DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
(30) Priority Data: HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
13/852,491 28 March 2013 (28.03.2013) us KZ LA, LC. LK. LR. LS. LT. LU. LY. MA. MD. ME
(71) Applicant: CORNING INCORPORATED [US/US]; 1 MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
Riverfront Plaza, Corning, New York 14831 (US). OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, T™M,
(72) Inventors; and TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM,
(71) Applicants : BADDING, Michael Edward [US/US]; ZW.
5165 Waters Road, Campbell, New York 14821 (US).
(84) Designated States (uniess otherwise indicated, for every

BROWN, Jacqueline Leslie [US/US]; 9970 Welty Road,
Lindley, New York 14858 (US). KESTER, Lanrik

kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,

[Continued on next page]

(54) Title: A CERAMIC ELECTROLYTE MATERIAL COMPRISING A MODIFIED POLYCRYSTALLINE LITHIUM METAL
PHOSPHATE

(57) Abstract: There is disclosed a polycrystalline lithium-ion conductive membrane for a

20

lithium-air battery that comprises at least one surface, a polycrystalline lithium-ion con-

ductive material comprising grain boundaries, and at least one modifying phase, wherein

S1

(a) the at least one modifying phase is incorporated into the grain boundaries to form a

moditied polycrystalline lithium-ion conductive material comprising modified grain bound-
aries, (b) the at least one moditying phase is incorporated into the at least one surface to

battery applications.

FIG. 2

form a modified surface, or both (a) and (b). Various lithium based batteries, including lith -
ium ion, lithium-air, and lithium-water batteries are disclosed, as well as methods for modi-
fying the polycrystalline lithium-ion conductive membrane to allow it to be used in such
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A CERAMIC ELECTROLYTE MATERIAL COMPRISING A MODIFIED
POLYCRYSTALLINE LITHIUM METAL PHOSPHATE

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims the benefit of priority under 35 U.S.C. § 120 of U.S.
Application Serial No. 13/852,491 filed on March 28, 2013, the entire content of

which is hereby incorporated by reference.

FIELD

[0002] The disclosure relates generally to modified polycrystalline materials for use
as solid electrolytes in lithium-air cells. Exemplary embodiments include
polycrystalline materials having an increased concentration of at least one modifying
phase at a surface or along the grain boundaries of the polycrystalline materials.
Lithium batteries made with the disclosed polycrystalline materials, as well as

methods of making the modified polycrystalline materials are also disclosed.
BACKGROUND

[0003] Lithium batteries have high theoretical energy densities and specific
capacities, and have therefore attracted worldwide attention for potential applications
in hybrid and advanced electric vehicles and renewable energies.

[0004] In either a lithium-air (“Li-air”), lithium-water (“Li-water”), or hybrid Li-air/Li-
water batteries, a lithium metal anode may be used, and is often preferred due to
favorable electrochemical properties. However, lithium metal is a reactive alkali
metal that is highly reactive with water, and it is beneficial to isolate the lithium metal
from the environment. One approach may include using a solid electrolyte that
provides a hermetic seal between the anode and cathode.

[0005] Prior solid electrolytes have shown poor environmental stability, for example
dissolving, degrading, or exhibiting reduced conductivity when exposed to or
immersed in water. This poor environmental stability can result in not only

decreased battery performance, but also potential safety issues if the compromised
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hermetic seal allows moisture to reach the lithium metal anode. Therefore, it is

desirable to improve the environmental stability of solid electrolytes.
SUMMARY

[0006] The disclosure relates, in various embodiments, to a polycrystalline lithium-
ion conductive membrane for use as a solid electrolyte for a lithium-air (“Li-air”),
lithium-water (“Li-water”), and/or hybrid Li-air/Li-water cell. The polycrystalline
lithium-ion conductive membrane comprises at least one surface and a plurality of
grains having grain boundaries, and further comprises at least one modifying phase
selected from metal oxides or phosphates, wherein the metal is Ge, Al, Ca, Y, Si,
Mg, Ga or any other metal capable of forming divalent cations, trivalent cations,
quadrivalent cations, and/or pentavalent cations, as well as combinations thereof,
wherein the at least one modifying phase is: incorporated into the grain boundaries
to form a modified polycrystalline lithium-ion conductive material comprising modified
grain boundaries, incorporated into the at least one surface to form a modified
surface, or incorporated into both the grain boundaries and into at least one surface.
[0007] In various embodiments, the polycrystalline lithium-ion conductive
membrane exhibits a lower rate of etching by water than the unmodified
polycrystalline lithium-ion conductive material, and/or a higher electrical conductivity
than the unmodified polycrystalline lithium-ion conductive material. In certain
embodiments, the modified grain boundaries exhibit a lower rate of etching by water
than grain boundaries of the polycrystalline lithium-ion conductive material.

[0008] In one embodiment, the polycrystalline lithium-ion conductive material is a
lithium metal phosphate comprising Liq+xAlxTiz-<(PO4)3, where 0<x<0.6. In one
embodiment, the modified surface phase comprises Lit+AlxGeyTiz.xy(PO4)3, where
0<x<0.6 and O<y<2, and the modified grain boundary phases comprises an oxide or
phosphate phase or phases enriched in germanium, e.g., GeO,.

[0009] In various embodiments, the modified surface is less than about 15 microns
thick. In one embodiment, the polycrystalline lithium-ion conductive membrane
comprises two modified surfaces located on two opposite surfaces of the modified

polycrystalline lithium-ion conductive membrane to form a structure having a gradient
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in the modifying phase concentration, wherein the concentration is higher at the
opposite sides than in the center of the structure.

[0010] In various embodiments, the polycrystalline lithium-ion conductive material
exhibits a density of at least 92% of the theoretical density of the polycrystalline
lithium-ion conductive material, has a thickness of about 5 ym to about 500 pm, is
hermetic such that diffusion of helium through the polycrystalline lithium-ion
conductive membrane is less than about 102 cm*m?/day, and/or has a conductivity
of greater than about 10 S/cm.

[0011] A lithium battery comprising the polycrystalline lithium-ion conductive
membrane as a solid electrolyte is also disclosed. The lithium battery may be a
lithium ion battery, a lithium-air battery and/or a lithium-water battery.

[0012] Also disclosed is a method for modifying a polycrystalline lithium-ion
conductive membrane. The method comprises preparing a composition comprising
a metal oxide or phosphate or a precursor thereof, wherein the metal is Ge, Al, Ca,
Y, Si, Mg, Ga or any other metal capable of forming divalent cations, trivalent
cations, quadrivalent cations, and/or pentavalent cations; and combinations thereof;
forming a coated polycrystalline lithium-ion conductive membrane by applying the
composition to at least one surface of the polycrystalline lithium-ion conductive
membrane; and annealing the coated polycrystalline lithium-ion conductive
membrane to form a modified surface comprising the modifying phase, modified
grain boundaries comprising the modifying phase, or both a modified surface and
modified grain boundaries.

[0013] In one embodiment, the composition comprises GeO; particles made by a
sol-gel process using a germanium isopropoxide precursor. The GeO; particles may
have an average particle size ranging from 20-100 nm.

[0014] In one embodiment, the annealing is performed for a time ranging from
about 0.5-12 hours in a furnace having a temperature ranging from about 700°C to
about 1000°C.

[0015] Additional objects and advantages will be set forth in part in the description
which follows, and in part will be obvious from the description, or may be learned by

practice of the disclosure. The objects and advantages will be realized and attained
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by means of the elements and combinations particularly pointed out in the appended
claims.

[0016] Itis to be understood that both the foregoing general description and the
following detailed description are exemplary and explanatory only and are not
restrictive of the disclosure, as claimed.

[0017] The accompanying drawings, which are incorporated in and constitute a part
of this specification, illustrate several embodiments and together with the description,

serve to explain the principles of the disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

[0018] FIG. 1 is a schematic of a lithium-air (“Li-air”), lithium-water (“Li-water”),
and/or hybrid Li-air/Li-water cell according to one embodiment;

[0019] FIG. 2 is a schematic of a process for modifying a polycrystalline lithium
metal phosphate material with germanium;

[0020] FIG. 3A and FIG. 3B show SEM images, and 3C shows energy-dispersive
X-ray spectroscopy (‘EDX”) spectra of GeO; nanoparticles synthesized from a sol-
gel method;

[0021] FIGS. 4A and 4B show graphs of the X-ray diffraction (“XRD”) patterns
taken on the surface of unmodified and modified LATP materials according to
Comparative Example 1 and Example 1;

[0022] FIG. 5A — 5D shows SEM images of the surface of a) unmodified LATP
materials according to Comparative Example 1 and b) modified LATP materials
according to Example 1 and SEM images of a fractured cross section of ¢)
unmodified LATP materials according to Comparative Example 1 and d) modified
LATP materials according to Example 1;

[0023] FIG. 6A — 6B shows EDX spectra of the surface of a) unmodified and b)
modified LATP materials according to Comparative Example 1 and Example 1;
[0024] FIG. 7A - 7C shows a) an SEM image and EDX spectra of b) area 1 and ¢)
area 3 of a fractured cross section of the modified LATP material according to

Example 1;
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[0025] FIG. 8 shows time-dependent leachate conductivities in deionized water for
three unmodified and three modified LATP materials according to Comparative
Example 1 and Example 1; and

[0026] FIG. 9is a graph showing the AC impedance for unmodified and modified

LATP materials according to Comparative Example 1 and Example 1.

DESCRIPTION OF THE EMBODIMENTS

[0027] Reference will now be made in detail to the present embodiments of the
disclosure, examples of which are illustrated in the accompanying drawings.
Wherever possible, the same reference numbers will be used throughout the

drawings to refer to the same or like parts.

LT3 ”

[0028] As used herein, the terms “lithium-air cell,” “Li-air cell,” “Li-air battery,” and

variations thereof, mean an electrochemical cell including a lithium-based electrode,
for example an anode; an electrolyte; and a porous electrode, for example a

cathode, open to air or a gas containing an oxidant.

LT3 ”

[0029] As used herein, the terms “lithium-water cell,” “Li-water cell,” “Li-water
battery,” and variations thereof, mean an electrochemical cell including a lithium-
based electrode, for example an anode; an electrolyte; and an electrode, for

example a cathode open to water or an aqueous solution containing an oxidant.

LT3 LT3

[0030] As used herein, the terms “lithium-ion cell,” “Li-ion cell,” “Li-ion battery,” and
variations thereof, mean an electrochemical cell including an intercalated lithium
compound-based electrode, for example an anode; an electrolyte; and an electrode,
for example a cathode.

[0031] As used herein, the term “electrolyte,” and variations thereof, means a
material that allows for the transport of lithium ions.

” i

[0032] As used herein, the terms “cathode,” “air electrode,” “water electrode,” and
variations thereof, mean an electrode of a Li-air cell, Li-water, and/or hybrid Li-air/Li-
water cell where reduction of oxygen takes place during discharge of the cell, and

production of O, takes place during charging of the cell.
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[0033] As used herein, the term “modifying phase” and variations thereof, means a
solid state material having an overall composition different than the composition of
the bulk material being modified.

[0034] As used herein, the term “polycrystalline,” and variations thereof, means a
material composed of many grains or crystallites of varying size and orientation. As
used herein, the term “grain boundary,” and variations thereof, means the interface
between two grains or crystallites in a polycrystalline material.

[0035] As used herein, the term “hermetic,” and variations thereof, means a
material that is substantially airtight and/or is substantially impervious to moisture.
[0036] The disclosure relates, in various exemplary embodiments, to modified
polycrystalline material for use as a solid electrolyte for lithium-air (“Li-air”), lithium-
water (“Li-water”), and/or hybrid Li-air/Li-water cells. Modification of the
polycrystalline material with a modifying phase can result in grain boundaries
modified with the modifying phase and/or a surface or region modified with the
modifying phase, a modified polycrystalline material exhibiting a lower rate of etching
by water than an unmodified polycrystalline material, and/or a higher electrical
conductivity than the unmodified polycrystalline material. In certain embodiments,
the lower rate of etching of the modified polycrystalline material is at least partially
due to the modified grain boundaries exhibiting a lower rate of etching by water than
grain boundaries of the unmodified polycrystalline material.

[0037] Among many practical electrochemical couples, Li-air has the largest
specific capacity and energy density. The Li-air battery has a theoretical specific
energy density of 5,800-11,400 Wh/kg depending on the nature of the electrolyte and
reaction products, which far exceeds the lithium ion theoretical energy of about
400Wh/kg. Li-air cells have therefore attracted worldwide attention, and have great
potential applications in hybrid and advanced electric vehicles and renewable
energies.

[0038] In a Li-air cell, lithium is oxidized at a lithium metal anode and oxygen, taken
directly from the environment, is reduced at an air cathode to generate current during
discharge. An electrolyte transports lithium ions between the electrodes. There are

four major types of Li-air cells, including aprotic, aqueous, mixed agueous-aprotic,
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and solid state. Aprotic Li-air cells generally include a lithium metal anode, a liquid
organic and/or non-aqueous electrolyte, and a porous carbon cathode. Aqueous Li-
air cells are similar to aprotic cells, except an aqueous electrolyte is used. Mixed
aqueous-aprotic Li-air cells typically include an organic electrolyte on the lithium
metal anode side, an aqueous electrolyte on the cathode side, and a lithium-
conducting membrane separating the organic electrolyte from the aqueous
electrolyte. A solid state Li-air cell includes a lithium anode, a solid electrolyte made
from ceramic and/or glass, and a porous carbon cathode.

[0039] A Li-water cell also has a very high energy density and large specific
capacity. In a Li-water battery, lithium is oxidized at a lithium-metal anode and
oxygen, taken from water or an aqueous solution such as salt water or seawater, is
reduced at a water cathode to generate current during discharge. As in Li-air
batteries, an electrolyte transports lithium ions between the electrodes. One type of
Li-water battery is a hybrid Li-air/Li-water cell, which incorporates a Li-air side
including a lithium metal anode and an optional solid or liquid interface, and a Li-
water side including a solid electrolyte and a water cathode. The optional solid or
liquid interlayer, situated between the lithium metal anode and the solid electrolyte or
between the lithium metal anode and the cathode, can isolate the lithium metal
anode from the Li-water side.

[0040] In either a Li-air, Li-water, or hybrid Li-air/Li-water cell, a lithium metal anode
may be used, and is often preferred due to favorable electrochemical properties.
However, lithium metal is a reactive alkali metal that is highly reactive with water,
and it is imperative that moisture be kept away from the lithium metal anode.
Attractive electrical performance results with Li-air batteries have been shown,
though those were obtained under dry pure oxygen or dry oxygen and nitrogen
mixture gas. In many practical applications, for example electric vehicles, it would be
difficult to avoid all moisture in air on the air cathode, and the electrolyte may also
contain water, either inherently or through transport of water from the cathode. The
moisture content from water cathodes should likewise be sequestered from the

lithium metal anode.
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[0041] Therefore, a challenge that may limit the practical use of Li-air, Li-water, and
hybrid Li-air/Li-water batteries for practical operation is the stability of a lithium anode
in conditions containing water and/or moisture. One solution to this challenge may
include using a solid electrolyte that provides a hermetic seal between the anode
and cathode.

[0042] The cathode can be an air cathode open to air or any other gas containing
an oxidant, for example oxygen, or a water cathode open to water or an aqueous
solution containing an oxidant, for example oxygen. Moisture from the air, gas,
water and/or aqueous solution can permeate the cathode and reach the solid
electrolyte. Therefore, another challenge that limits the practical use and Li-air, Li-
water and hybrid Li-air/Li-water batteries for practical operation is the stability of the
solid electrolyte in conditions containing water and/or moisture.

[0043] One proposed solution includes forming a protected lithium electrode
(“PLE") with a water-stable lithium conducting solid electrolyte based on the
NASICON-type LiMx(PO,)s, where M is Ti, Ge, Sn, Zr, and/or Hf. This structure
consists of an open three-dimensional framework of MOg octahedra and PO,
tetrahedra. These polyhedra are linked by their corners to form a [Mx(PO4);]" rigid
skeleton that provides three-dimensional channels through which lithium ions can
migrate. The key component in the PLE battery system is the solid electrolyte that
requires high lithium conductivity, hermetic membrane and high stability in water.
FIG. 1 shows a schematic of a protected lithium electrode (PLE) battery. However,
the lack of a suitable and water stable solid electrolyte has impeded the development
of such PLE batteries.

[0044] Itis known that stability of a solid electrolyte including Li, Al, Ti and P can be
adversely affected when exposed to water. For example, the solid electrolyte
Li1+x+yAlx Ti2-xP3-,SiyO 12 exhibits a degradation in conductivity after immersion in
water for 1 month or how sol-gel processed LATP (Li13Alp3Ti17(POa4)s) can lose a
significant amount of its weight after immersion in distilled water for 100 hours. Even
small degradations in LATP membranes prepared by a glass-ceramic process have

occurred after 65 days of exposure to tap water.
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[0045] A ceramic membrane of Li14Alo.4Ti1 6(POa4)3 (“LATP”), a derivative of
LiTi2(PO4)s, exhibits a high conductivity of >10™ S/cm, low porosity, and no leaks
through dye testing. However, stability testing of the LATP membranes as a lithium
battery ceramic electrolyte has shown that LATP membranes leached out significant
amounts of lithium and phosphorus due to dissolution when tested in aqueous
electrolyte at room temperature.

[0046] An alternative solid electrolyte membrane, Lit4Aly 4Ge16(PO4)s (‘LAGP?),
has demonstrated low leaching in agueous electrolyte tests exceeding 2000 hours.
LAGP is therefore a promising ceramic electrolyte with high stability for use in a Li-
air, Li-water and/or hybrid Li-air/Li-water cell. However, the high cost of germanium
used to prepare LAGP can lower its low economic efficiency and prohibit its large-
scale commercial viability.

[0047] Therefore, it is desirable to modify an LATP membrane, for example by
surface modification, to improve its environmental stability rather than change the
bulk composition and structure of the ceramic electrolyte.

[0048] Current surface modification strategies can be broadly classified into three
categories: 1) those that add desirable material functions to the surface, 2) those that
convert the existing surface into more desirable compositions and/or topographies,
and 3) those that alter surface topographies by removing surface materials. A
variety of physical and chemical techniques have been applied to modify surfaces
including physical vapor deposition, plasma spray coating, ion implantation, surface
machining, grit-blasting, pulsed laser deposition, compression-molding processes,
nano- and micro- indentation, sputtering, electrochemical deposition, chemical vapor
deposition, chemical etching, sol-gel process, and polymer adsorption.

[0049] Among these techniques, the sol-gel process is very attractive due to its
unique features. Compared with physical vapor deposition or chemical vapor
deposition methods, sol-gel technology does not require any high vacuum systems
and has several other advantages, such as ease of applying coatings on various
substrates; possibility of coating large area substrates; cost effectiveness; small

amounts of precursor required; a resulting thin, dense and homogenous film; low
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temperature process; coatings exhibiting low cracking; strong adhesion to
substrates; and great potential to alter surface material properties.

[0050] Various sol-gel methods may be sued to prepare GeO,, including methods
that use germanium isopropoxide and 2-propanol, which involve spin depositing a
precursor sol on ITO and/or glass substrates, and annealing the resulting films at
various temperatures from 500°C to 700°C. In addition, micron-scale to submicron
fibers of GeO; can be synthesized using poly (vinyl acetate) and germanium dioxide
sol by electro-spinning followed by high temperature calcination. A sol-gel synthesis
of monolithic three-dimensional GeO, nanostructured aero gels by controlled
hydrolysis of germanium methoxide, followed by a rapid supercritical extraction of
the reaction solvent acetonitrile has been reported. Sol-gel derived GeO,:SiO;
glassy films have been developed and spun coated on silicon or IlI-V substrates for
optical applications. Other applications include the preparation of a LiMn204 thin-film
electrode on a Li1+xAlxTi2-x(POa4)s solid electrolyte using a PVP sol-gel coating
method; and a Liq3Alg 3Tit 7(PO4)s-coated LiMn,O4 by mixing LiMn,O4 powder into a
LATP coating solution and then annealing the material. Finally, LATP-
polyacrylonitrile (“PAN”) composite fiber based nonwoven membranes can be
prepared by electro-spinning dispersions of LATP particles in PAN solutions.

[0051] Though surface modification may improve the stability of a solid electrolyte
membrane in a Li-air, Li-water, and/or hybrid Li-air/Li-water cell, surface modification
alone may not sufficiently contribute advantages to bulk properties, for example
improved electrical conductivity. Therefore, it is desirable to modify an LATP
membrane to improve its environmental stability and other bulk properties without
changing the bulk composition and structure of the ceramic electrolyte.

[0052] FIG. 1 is a schematic of a lithium-air (“Li-air”), lithium-water (“Li-water”),
and/or hybrid Li-air/Li-water cell 10 according to one embodiment. An anode 1 and a
cathode 2 are separated by an electrolyte 3 and optionally an interlayer 4. In certain
embodiments, the anode 1 is a lithium-based anode, for example a lithium metal
anode. In various embodiments, the cathode 2 is selected from an air electrode, a
water electrode, and a seawater electrode. In exemplary embodiments, the

electrolyte 3 is a solid electrolyte. The optional interlayer 4 is a solid or liquid layer
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that isolates the anode 1 from substances, for example water or moisture, but that
allows lithium ions to pass through.

[0053] In various embodiments, the solid electrolyte is a membrane including a
polycrystalline material. The polycrystalline material is lithium-ion conductive and
allows for the transport of lithium ions between the electrodes. In certain
embodiments, the membrane provides physical and chemical separation of the
anode from the cathode.

[0054] In certain embodiments, the solid electrolyte provides a hermetic barrier
between the anode and moisture. In various exemplary embodiments, the
membrane can limit the transpiration and/or diffusion of helium through the
membrane to less than about 102 cm®/m?/day, or less than about 10 cm®*/m?day.
[0055] In various embodiments, the membrane has a density that is at least about
92%, at least about 95%, at least about 97%, or at least about 99% of the theoretical
density of the material from which the membrane is formed. If the density of the
membrane is less than about 92% of the theoretical density of the material from
which the membrane is formed, the membrane may not provide a hermetic barrier or
seal. In certain exemplary embodiments, the membrane has a density that is at least
95% of the theoretical density of the material from which the membrane is formed.
[0056] In certain embodiments, the membrane has a thickness of about 1 um to
about 500 um, about 5 um to about 400 pm, about 10 um to about 300 pum, or about
50 um to about 200 pm.

[0057] In various exemplary embodiments, the membrane has a conductivity of at
least 1 x 107 S/cm, at least 2 x 10™ S/cm, at least 3 x 10™ S/cm, at least 4 x 10™
Slcm, or at least 5 x 10 S/cm.

[0058] In certain embodiments, the polycrystalline material comprises a lithium
metal phosphate. In some exemplary embodiments, the lithium metal phosphate
comprises Li+xAlxTi2x(PO4)s, where x > 0.

[0059] In various embodiments, a modified polycrystalline material comprises a
polycrystalline material having at least one modified region including at least one
modifying phase. In some exemplary embodiments, the modifying phase is selected

from metal oxides or phosphates, wherein the metal is Ge, Al, Ca, Y, or any other
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metal capable of forming divalent cations, trivalent cations, quadrivalent cations,
and/or pentavalent cations; and combinations thereof. In certain embodiments, the
modified region is a surface and/or grain boundary. In some embodiments, the
modifying phase is incorporated into the grain boundaries of the polycrystalline
material. In various embodiments, the modifying phase is incorporated into a
modified surface layer of the polycrystalline material.

[0060] In certain exemplary embodiments, the modifying phase comprises Ge, e.g.,
GeOg, and the modified grain boundary and/or surface layer comprises

Li1+xAlxGey Tizxy(PO4)3, where 0<x<0.6 and 0<y<2.

[0061] In various exemplary embodiments, a gradient in concentration of the
modifying phase exists, with the highest concentration near the surfaces, and the
lowest concentration near the core of the polycrystalline material. In some
embodiments, the highest concentration of the modifying phase is near a first
surface, and the lowest concentration is near a second surface of the polycrystalline
material. In other embodiments, the modifying phase is uniformly or nearly uniformly
distributed in the grain boundaries throughout the polycrystalline material.

[0062] In some embodiments, a gradient in concentration of the modifying phase in
the grain boundaries from the surface to the core of the polycrystalline material
provides an advantage with respect to uniform concentrations of the modifying phase
in the grain boundary for certain properties, for example environmental stability,
resistance to leaching or etching in water, and/or electrical conductivity.

[0063] Various embodiments include methods of modifying the polycrystalline
material. Certain embodiments of the modification process include preparing a
polycrystalline material, introducing the modifying phase or a precursor thereof to at
least one surface of the polycrystalline material, and heating the polycrystalline
material.

[0064] In certain embodiments, the polycrystalline material is prepared by firing a
lithium metal phosphate membrane. In some embodiments, this firing may change
or substantially change the microstructure of the lithium metal phosphate membrane.
[0065] In various embodiments, the modifying phase is introduced to the

polycrystalline material by preparing a composition comprising the modifying phase
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or a precursor of the modifying phase and applying the composition to the
polycrystalline material to form a coated polycrystalline material. In certain
embodiments, the composition is applied by dip-coating, spray-coating, spin coating,
the composition onto the polycrystalline material. In other embodiments, the
composition may be applied through a physical vapor deposition technique such as
sputtering.

[0066] In an exemplary embodiment, the composition is a sol-gel including the
modifying phase or a precursor of the modifying phase. In some embodiments, the
composition includes particles, for example nanoparticles.

[0067] In various embodiments, the heating is an annealing to allow for the
modifying phase to form and/or diffuse from the surface into the grain boundaries of
the polycrystalline material to form modified grain boundaries.

[0068] In certain exemplary embodiments, the heating is performed for a time
ranging from about 0.5-12 hours in a furnace having a temperature ranging from
about 700°C to about 1000°C.

[0069] The time and temperature of heating can influence the distribution and/or
uniformity of the modifying phase in the grain boundaries and/or on the surface of
the polycrystalline material.

[0070] In some embodiments, the heating may change or substantially change the
microstructure of the polycrystalline material. In other embodiments, the heating
does not change or substantially change the microstructure of the polycrystalline
material.

[0071] FIG. 2 is a schematic of a process for modifying a polycrystalline lithium
metal phosphate material with germanium oxide (“Ge0Q3”) nanoparticles synthesized
from a sol-gel process. In Step 1, a precursor solution 20 includes germanium
isopropoxide added to a mixture of ethanol and water. A condensation reaction
occurs in Step 2, and GeO; nanoparticles 24 are formed in the resulting sol 22. In
Step 3, a lithium metal phosphate substrate 30 is coated on one or both sides 32, 32’
with the sol 22, thus forming a layer of GeO; nanoparticles 24 on the surfaces 32,
32’ of the lithium metal phosphate substrate 30. The coated substrate is annealed in

Step 4 to induce diffusion of Ge into the grain boundaries of the lithium metal
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phosphate substrate 30. The resulting modified lithium metal phosphate substrate
40 includes Ge incorporated into grain boundaries. A concentration gradient of Ge
can result, with a higher concentration of Ge on the surfaces 42, 42’ and within grain
boundaries near the surfaces 42, 42’ of the modified lithium metal phosphate
substrate 40 and a lower concentration of Ge in grain boundaries near the core 44 of
the modified lithium metal phosphate substrate 40.

Examples
Preparation of GeO, Nanoparticles
[0072] A nano germanium oxide (“GeQO,”) colloid sol was prepared by the following
sol-gel method. Germanium (IV) isopropoxide was added dropwise into a solution of
ethanol and deionized (“DI”) water, and vigorously magnetically stirred to form a
slurry solution. The molar ratio of ethanol to Di water was 1:50-100:10. An amount
of HCl was added into the slurry solution to adjust solution pH to about 3 to form a
pH-adjusted solution. The pH-adjusted solution was covered and stirred
continuously for 24 hours at room temperature to form a sol solution. A sample was
prepared by drying a drop of sol solution on an aluminum scanning electron
microscope (“SEM”) stub and drying in an oven for about 10 minutes at 50°C. A
conductive carbon coating was evaporated onto the sample to reduce charging. The
morphology of as-prepared germanium oxide was observed on a Zeiss 1550VP
SEM.
[0073] FIG. 3 (a) and (b) show SEM images and (c) energy-dispersive X-ray
spectroscopy (“EDX”) spectra of GeO, nanoparticles synthesized from a sol-gel
method. FIG. 3a shows a representative image of agglomeration of densely packed
particles, and further shows a large scale production of nanoparticles synthesized
from a sol-gel process. This suggests that the synthesis of GeO, nanoparticles
using a sol-gel process is scalable, for example to manufacturing on a large scale.
FIG. 3b shows that the as-prepared individual nanoparticle size ranges from about
20 nm to about 100 nm. FIG. 3c shows the presence of only Ge and O in the
nanoparticles, which indicates that the composition of the as-prepared sol is

germanium oxide.
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Comparative Example 1

[0074] A 150 micron thick polycrystalline membrane was prepared by tape casting
Lit 4Alg 4Ti1 6(PO4)s (“LATP”) powder. The membrane was sintered at 900°C for 2
hours.

Example 1

[0075] The germanium sol solution was dip-coated onto the polycrystalline LATP
material of Comparative Example 1 by dipping the LATP material in the sol solution
for about 5 minutes, and withdrawing the LATP material from the sol solution at a
rate of about 6 to about 30 mm/min. The dip-coated LATP was dried in air for at
least 1 hour at 50°C. The dried coated LATP material was annealed in a furnace at
850°C for about 2 hours to allow germanium oxide nanoparticles to react with the
LATP to form lithium aluminum germanium titanium phosphate (“LAGTP”) on the
surface and within the grain boundaries of the LATP material.

[0076] Compositions of LATP before (Comparative Example 1) and after
modification by Ge (Example 1) were characterized using a Bruker D4 Endeavor X-
ray diffractometer, power settings at 40kV 40mA. FIGS. 4a and 4b show graphs of
the X-ray diffraction (“XRD”) patterns taken on the surface of unmodified and
modified LATP materials according to Comparative Example 1 and Example 1. As
shown in FIG. 4a, the Ge-modified LATP surface of Example 1 exhibits similar
diffraction patterns with the unmodified LATP sample of Comparative Example 1,
and both can be readily indexed as LiTi,(PO4); rhombohedral phase (R3c) (PCPDF
# 01-072-6140). FIG. 4b shows that that the Ge-modified LATP surface of Example
1 has a slight peak shift towards a smaller lattice parameter compared to
Comparative Example 1. The calculated lattice constants a and ¢, and calculated
cell volume of Example 1 and Comparative Example 1 are shown in Table 1.
Example 1 exhibits a unit cell volume decrease of about 0.6% as compared to
Comparative Example 1, which suggests that a thin LAGTP coating was formed on
LATP surface.
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Table 1

Example 1 8.48 20.80 1295
Comparative 8.49 20.87 1303
Example 1

[0077] FIG. 5 shows SEM images of the surface of a) unmodified LATP materials
according to Comparative Example 1 and b) modified LATP materials according to
Example 1 and SEM images of a fractured cross section of ¢) unmodified LATP
materials according to Comparative Example 1 and d) modified LATP materials
according to Example 1. As seen in FIG. 5, the modified LATP of Example 1, shown
in b) and d), did not show obvious morphological differences on or between the
membrane crystals when compared with the unmodified LATP of Comparative
Example 1, shown in a) and c¢). Both the surface, shown in a) and b), and cross
section, shown in ¢) and d) have similar crystal morphologies and structures in
Example 1 and Comparative Example 1.

[0078] FIG. 6 shows energy-dispersive X-ray spectroscopy (“EDX") spectra of the
surface of a) unmodified and b) modified LATP materials according to Comparative
Example 1 and Example 1. The EDX analyses detected germanium at the surface
of the modified LATP of Example 1, shown in a), but no germanium was detected on
the surface of the unmodified LATP of Comparative Example 1, shown in b).

[0079] EDX analysis performed on the fractured cross section of the modified LATP
of Example 1 is shown in FIG. 7. FIG. 7a shows an SEM image of a fractured cross
section of the modified LATP material according to Example 1. EDX spectra of
areas 1 and 3 as marked on FIG. 7a are shown in FIGS. 7b and 7c, respectively.
Germanium was detected in area 1 sampled close to surface of the modified LATP

of Example 1, but germanium was not detected by EDX greater than about 15 pm
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from the surface of the modified LATP. The EDX results shown in FIGS. 6 and 7 are
in good agreement with XRD observation of only slight peak shift shown in FIG. 4,
which suggests a very thin layer of LAGTP on the surface of the modified LATP.

The EDX data collected from area 2 (not shown) were similar to the data from area
1.

[0080] Because the degradation of a solid electrolyte due to water or moisture
exposure can be caused by dissolution, stability of Example 1 and Comparative
Example 1 was determined by exposing the polycrystalline materials to deionized
water and measuring the conductivity of the resulting leachate. Dissolved
polycrystalline materials can increase the conductivity of the leachate. Substantial
increases in leachate conductivity indicate that the sample is considered unstable in
water. Lower leachate conductivity indicates less dissolution in water, which
suggests less degradation of the polycrystalline material when used as a solid
electrolyte within a lithium-air or lithium-water cell. Therefore, lower leachate
conductivity suggest a more stable electrolyte material. In the leaching experiment,
about 50 mg of modified and unmodified LATP membranes of Example 1 and
Comparative Example 1, respectively, were immersed in about 30ml deionized water
(“DI H2Q”), and then the conductivities of leachates were measured over time.
[0081] FIG. 8 shows time-dependent leachate conductivities in deionized water for
unmodified and modified LATP materials (three samples each) according to
Comparative Example 1 and Example 1. As shown in FIG. 8, modified LATP of
Example 1 exhibits decreased leachate conductivity compared to unmodified LATP
of Comparative Example 1. After immersion in DI H,O for about 400 hours, the
leachate conductivity for LATP1 decreased by about 50.8%, and the leachate
conductivity for LATP2 decreased by about 58.3% between the modified and
unmodified samples. After about 700 hours of immersion in DI H-O, modified LATP1
exhibited a decrease in leachate conductivity by about 54.3% as compared to the
unmodified LATP1 (not shown). The leaching test results indicate that the disclosed
surface and/or grain boundary modification of a polycrystalline material is a useful

approach to improve stability in aqueous or moist environments.
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[0082] FIG. 9is a graph showing the AC impedance for unmodified and modified
LATP materials according to Comparative Example 1 and Example 1. As shown in
FIG. 9 and Table 2, a total lithium ion conductivity measured by impedance
spectroscopy for the modified LATP of Example 1 was substantially higher compared
with the unmodified LATP of Comparative Example 1. The modified LATP2 material
in Table 2 exhibited a 20% increase in conductivity compared to the unmodified
LATP2 material.

Table 2

Example 1 3.04 x 10
Comparative Example 1 571x10°
Modified LATP2 1.41x 10"
Unmodified LATP2 710

[0083] As used herein, the terms “a”, “an”, and “the” are intended to encompass the
plural as well as the singular. In other words, for ease of reference only, the terms

1)

a” or “an” or “the” may be used herein, such as “a polycrystalline material”, “an
element”’, “the cathode”, etc., but are intended, unless explicitly indicated to the
contrary, to mean “at least one,” such as “at least one polycrystalline material”, “at
least one element”, “the at least one cathode”, etc. This is true even if the term “at
least one” is used in one instance, and “a@” or “an” or “the” is used in another
instance, e.g. in the same paragraph or section. Furthermore, as used herein, the
phrase "at least one" means one or more, and thus includes individual components
as well as mixtures and/or combinations.

[0084] The term “comprising” (and its grammatical variations) as used herein is
used in the inclusive sense of “having” or “including,” with which it may be used
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interchangeably. These terms are not to be construed as being used in the
exclusive sense of “consisting only of” unless explicitly so stated.

[0085] Other than where expressly indicated, all numbers expressing quantities of
ingredients and/or reaction conditions are to be understood as being modified in all
instances by the term “about.” This includes terms such as “all” or “none” and
variants thereof. As used herein, the modifier “about” means within the limits that
one of skill in the art would expect with regard to the particular quantity defined; this
may be, for example, in various embodiments, + 10% of the indicated number, + 5%
of the indicated number, + 2% of the indicated number, + 1% of the indicated
number, + 0.5% of the indicated number, or + 0.1% of the indicated number.

[0086] Additionally, where ranges are given, it is understood that the endpoints of
the range define additional embodiments, and that subranges including those not
expressly recited are also intended to include additional embodiments.

[0087] As used herein, “formed from,” “generated by,” and variations thereof, mean
obtained from chemical reaction of, wherein “chemical reaction,” includes
spontaneous chemical reactions and induced chemical reactions. As used herein,
the phrases “formed from” and “generated by’ are open ended and do not limit the
components of the composition to those listed.

[0088] The compositions and methods according to the present disclosure can
comprise, consist of, or consist essentially of the elements and limitations described
herein, as well as any additional or optional ingredients, components, or limitations
described herein or otherwise known in the art.

[0089] It should be understood that, unless explicitly stated otherwise, the steps of
various methods described herein may be performed in any order, and not all steps
must be performed, yet the methods are still intended to be within the scope of the
disclosure.

[0090] It will be appreciated that variants of the above-disclosed and other features
and functions, or alternatives thereof, may be combined into many other different
systems or applications. Various presently unforeseen or unanticipated alternatives,

modifications, variations, or improvements therein may be subsequently made by
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those skilled in the art which are also intended to be encompassed by the following

claims.
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WHAT IS CLAIMED IS:

1. A polycrystalline lithium-ion conductive membrane comprising:

at least one surface;

a polycrystalline lithium-ion conductive material comprising grain boundaries;
and

at least one modifying phase selected from metal oxides and metal
phosphates, wherein the metal comprises Ge, Al, Ca, Y, Si, Mg, Ga or any other
metal capable of forming divalent cations, trivalent cations, quadrivalent cations,
and/or pentavalent cations; and combinations thereof,

wherein (a) the at least one modifying phase is incorporated into the grain
boundaries to form a modified polycrystalline lithium-ion conductive material
comprising modified grain boundaries, (b) the at least one modifying phase is
incorporated into the at least one surface to form a modified surface, or both (a) and

(b).

2. The polycrystalline lithium-ion conductive membrane of claim 1, wherein the
modified polycrystalline lithium-ion conductive material exhibits one of (c) a lower
rate of etching by water than the polycrystalline lithium-ion conductive material, (d) a
higher electrical conductivity than the polycrystalline lithium-ion conductive material,
or both (c) and (d).

3. The polycrystalline lithium-ion conductive membrane of claim 1, wherein the
modified grain boundaries exhibit a lower rate of etching by water than the grain

boundaries of the polycrystalline lithium-ion conductive material.
4. The polycrystalline lithium-ion conductive membrane of claim 1, wherein the

polycrystalline lithium-ion conductive material comprises a lithium metal phosphate

comprising LixAlxTiz.x(PO4)s, where x > 0.
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5. The polycrystalline lithium-ion conductive membrane of claim 1, wherein the

modifying phase comprises Lit+AlxGeyTizx.y(PO4)3, where 0<x<0.6 and 0<y<2.

6. The polycrystalline lithium-ion conductive membrane of claim 1, wherein the

modified surface is less than about 15 microns thick.

7. The polycrystalline lithium-ion conductive membrane of claim 1, wherein the
polycrystalline lithium-ion conductive membrane comprises two modified surfaces
located on two opposite surfaces of said modified polycrystalline lithium-ion
conductive membrane to form a structure having a gradient in the modifying phase
concentration, wherein the concentration is higher at said opposite surfaces than at a

center of the structure.

8. The polycrystalline lithium-ion conductive membrane of claim 1, wherein the
polycrystalline lithium-ion conductive material exhibits a density of at least 92% of a

theoretical density of the polycrystalline lithium-ion conductive material.

9. The polycrystalline lithium-ion conductive membrane of claim 1, wherein the
polycrystalline lithium-ion conductive membrane has a thickness ranging from about

5 pum to about 500 pym.

10.  The polycrystalline lithium-ion conductive membrane of claim 1, wherein the
polycrystalline lithium-ion conductive membrane is hermetic and diffusion of helium
through the polycrystalline lithium-ion conductive membrane is less than about 107

cm’/m?/day.
11.  The polycrystalline lithium-ion conductive membrane of claim 1, wherein the

polycrystalline lithium-ion conductive membrane has a conductivity of greater than
about 10 S/cm.
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12.  Alithium battery comprising:
an anode comprising lithium;
a cathode; and
a polycrystalline lithium-ion conductive membrane located between the anode
and cathode,
the polycrystalline lithium-ion conductive membrane comprising:
at least one surface;
a polycrystalline lithium-ion conductive material comprising grain
boundaries; and
at least one modifying phase selected from metal oxides and metal
phosphates, wherein the metal comprises Ge, Al, Ca, Y, Si, Mg, Ga or any
other metal capable of forming divalent cations, trivalent cations, quadrivalent
cations, and/or pentavalent cations; and combinations thereof,
wherein (a) the at least one modifying phase is incorporated into the grain
boundaries to form a modified polycrystalline lithium-ion conductive material
comprising modified grain boundaries, (b) the at least one modifying phase is

incorporated into the at least one surface to form a modified surface, or both (a) and

(b).

13.  The lithium battery of claim 12, wherein the lithium battery is selected from
lithium ion batteries, lithium-air batteries, lithium-water batteries, and combinations

thereof.

14. A method for modifying a polycrystalline lithium-ion conductive membrane
comprising:

at least one surface, and

a polycrystalline lithium-ion conductive material comprising grain boundaries,
the method comprising:

preparing a composition comprising a modifying phase or a precursor of a
modifying phase, wherein the modifying phase is selected from metal oxides and

metal phosphates, where the metal comprises Ge, Al, Ca, Y, Si, Mg, Ga or any other
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metal capable of forming divalent cations, trivalent cations, quadrivalent cations,
and/or pentavalent cations; and combinations thereof;

forming a coated polycrystalline lithium-ion conductive membrane by applying
the composition to the at least one surface of the polycrystalline lithium-ion
conductive membrane; and

annealing the coated polycrystalline lithium-ion conductive membrane to form
(e) a modified surface comprising the modifying phase, (f) modified grain boundaries

comprising the modifying phase, or both (e) and (f).

15.  The method of claim 14, wherein the polycrystalline lithium-ion conductive
material comprises lithium metal phosphate, and wherein the modifying phase

comprises Ge.

16.  The method of claim 14, wherein the composition comprises GeO» particles

made by a sol-gel process using a germanium isopropoxide precursor.

17.  The method of claim 16, wherein the GeO, particles have an average particle

size ranging from 20-100 nm.

18.  The method of claim 14, wherein the step of applying the composition
comprises dip-coating the composition onto the polycrystalline lithium-ion conductive

membrane.

19.  The method of claim 14, further comprising drying the coated polycrystalline

lithium-ion conductive membrane prior to the annealing.
20.  The method of claim 14, wherein the annealing is performed for a time

ranging from about 0.5 to 12 hours in a furnace having a temperature ranging from
about 700°C to about 1000°C.
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