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(57) ABSTRACT

An electrochemical cell including a multi-layer solid-state
electrolyte, a battery including the cell, and a method of
forming the battery and cell are disclosed. The electrolyte
includes a first layer that is compatible with the anode of the
cell and a second layer that is compatible with the cathode of
the cell. The cell exhibits improved performance compared to

17, 2011. cells including a single-layer electrolyte.
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SOLID-STATE MULTI-LAYER
ELECTROLYTE, ELECTROCHEMICAL
CELL AND BATTERY INCLUDING THE

ELECTROLYTE, AND METHOD OF
FORMING SAME

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of provisional
application No. 61/453,787, entitled Double Layer Construc-
tion for All-Solid-State Lithium Ion Batteries, filed Mar. 17,
2011, the contents of which are hereby incorporated herein by
reference to the extent the prior disclosure is not inconsistent
with the present disclosure.

GOVERNMENT LICENSE RIGHTS

[0002] This invention was made with government support
under grant number N66001-10-1-4007 awarded by DOD/
DARPA. The government has certain rights in the invention.

FIELD OF INVENTION

[0003] The present invention relates generally to batteries
and components thereof. More particularly, the invention
relates to electrochemical cells including a solid-state elec-
trolyte, to batteries including the electrochemical cells, and to
methods of forming and using the batteries, electrochemical
cells and components.

BACKGROUND OF THE INVENTION

[0004] Lithium-ion batteries have become increasingly
popular in recent years as secondary or rechargeable batter-
ies, because of their relatively high energy density and spe-
cific power, and their ability to hold a charge over time,
compared to traditional batteries, such as lead-acid, nickel
cadmium, nickel metal hydride batteries and the like. A typi-
cal lithium-ion battery includes one or more electrochemical
cells, wherein each cell includes an anode (e.g., an interca-
lated lithium compound), a cathode (e.g., including a metal
oxide) and a liquid electrolyte (e.g., a lithium salt in an
organic solvent). Although such cells may work for some
applications, the liquid electrolytes employed in such cells
may leak from the cells and are often flammable; therefore
use of such batteries can pose safety hazards.

[0005] To address the safety concerns regarding lithium-
ion batteries, solid-state lithium ion cells have been devel-
oped. Unfortunately, however, solid-state cells generally have
relatively low ionic conductivity through the solid electrolyte,
poor rate capability, and insufficient loading of active mate-
rial, compared to traditional lithium-ion cells, having a liquid
electrolyte. In addition, solid-state cells often exhibit interfa-
cial instability.

[0006] Lithium metal (e.g., lithium foil) is often avoided as
anode material for solid state batteries because of the inter-
facial instability of lithium with the solid electrolyte material.
The lithium metal tends to react with and degrade or break
down the electrolyte, which causes irreversible cycling ofand
therefore shortened cycle life of the solid-state cells. Accord-
ingly, improved solid-state electrochemical cells suitable for
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use as secondary batteries, batteries including the cells, and
methods of forming the cells and batteries are desired.

SUMMARY OF THE INVENTION

[0007] The present invention generally relates to electro-
chemical cells, batteries including the cells, and to methods of
forming the batteries and cells. More particularly, the inven-
tion relates to electrochemical cells including a multi-layer
solid electrolyte, which allows for, among other things, use of
lithium metal as an anode. As set forth in more detail below,
the cells and batteries formed in accordance with various
examples of the invention exhibit superior cycling perfor-
mance and lower capacity loss, compared to similar cells and
batteries including single-layer electrolytes, and allow for use
of lithium as anode material and relatively high voltage elec-
troactive cathode material.

[0008] In accordance with exemplary embodiments of the
invention, a solid-state electrochemical cell includes an
anode (e.g., comprising lithium), a cathode comprising elec-
troactive cathode material (e.g., high voltage electroactive
cathode material), and a multi-layer solid-state electrolyte
interposed between the anode and the cathode, wherein the
multi-layer solid-state electrolyte includes a first electrolyte
layer that is stable (does not degrade or degrades at a rela-
tively low rate) with respect to the anode and a second elec-
trolyte layer that is stable with regard to the electroactive
cathode material. In accordance with various aspects of these
embodiments, the cathode comprises an oxide material, an
electrically-conducting carbon material, and second electro-
lyte layer material. In accordance with further aspects, the
cathode further comprises material (e.g., an oxide) overlying
the electroactive cathode material to mitigate undesired reac-
tions between the electrolyte and the cathode. The coating
may be heat treated to improve cell performance. In accor-
dance with yet further aspects of the invention, the second
electrolyte layer is heat treated to increase cell performance.
[0009] In accordance with further embodiments of the
invention, a method of forming an electrochemical cell
includes the steps of providing an anode, providing a cathode
comprising electroactive cathode material, and providing a
multi-layer solid-state electrolyte between the anode and the
cathode, wherein the step of providing a multi-layer solid-
state electrolyte includes the steps of: preparing a first elec-
trolyte layer composition (e.g., a composition stable with
respect to the anode), preparing a second electrolyte layer
composition (e.g., a composition stable with respect to the
cathode active material), and forming a multi-layer electro-
lyte using the first electrolyte layer composition and the sec-
ond electrolyte layer composition. In accordance with various
aspects of these embodiments, the step of providing a cathode
includes providing a composite cathode. In accordance with
further aspects, the step of providing a cathode includes the
steps of forming cathode active material particles and coating
or covering the particles with a material that suppresses side
reactions between the cathode active material and the elec-
trolyte. Some, all, or most of the particles may be only par-
tially coated. In accordance with various aspects, the coated
cathode active material is heated (e.g., in an inert or reducing
atmosphere). In accordance with yet additional aspects, the
step of providing a solid-state electrolyte includes the step of
ball-milling electrolyte material. And, in accordance with yet
further aspects, the step of providing a solid-state electrolyte
includes heat treating the second electrolyte layer composi-
tion.
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[0010] In accordance with yet additional embodiments of
the invention, a battery includes a housing and an electro-
chemical cell including an anode, a cathode, and a solid-state,
multi-layer electrolyte, as described herein, between the
anode and cathode. The battery may also include terminals,
current collectors, and/or leads coupled to the anode and
cathode, respectively.

BRIEF DESCRIPTION OF THE DRAWING
FIGURES

[0011] The exemplary embodiments of the present inven-
tion will be described in connection with the appended draw-
ing figures, in which:

[0012] FIG.1illustrates an electrochemical cell including a
multi-layer solid-state electrolyte in accordance with exem-
plary embodiments of the invention;

[0013] FIG. 2 illustrates charge capacity as a function of
cycle number of cell in accordance with exemplary embodi-
ments of the invention;

[0014] FIG. 3 illustrates initial charge-discharge properties
of cells in accordance with exemplary embodiments of the
invention;

[0015] FIG. 4 illustrates cycle performance of cells in
accordance with exemplary embodiments of the invention;
[0016] FIG. 5 illustrates cycle performance of cells in
accordance with exemplary embodiments of the invention;
[0017] FIG. 6 illustrates initial charge-discharge properties
of cells in accordance with exemplary embodiments of the
invention;

[0018] FIG. 7 illustrates cycle performance of cells in
accordance with exemplary embodiments of the invention;
[0019] FIG. 8 illustrates discharge voltage profiles of cells
in accordance with exemplary embodiments of the invention;
[0020] FIG. 9 illustrates cycle performance of cells in
accordance with exemplary embodiments of the invention;
[0021] FIG. 10 illustrates cycle performance of cells in
accordance with exemplary embodiments of the invention;
and

[0022] FIG. 11 illustrates voltage profiles of cells in accor-
dance with exemplary embodiments of the invention.

[0023] It will be appreciated that the figures are not neces-
sarily drawn to scale. For example, the dimensions of some of
the elements in the figures may be exaggerated relative to
other elements to help to improve understanding of illustrated
embodiments of the present invention.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS OF THE INVENTION

[0024] The description of exemplary embodiments of the
present invention provided below is merely exemplary and is
intended for purposes of illustration only; the following
description is not intended to limit the scope of the invention
disclosed herein. Moreover, recitation of multiple embodi-
ments having stated features is not intended to exclude other
embodiments having additional features or other embodi-
ments incorporating different combinations of the stated fea-
tures.

[0025] The present disclosure provides an improved
rechargeable solid-state lithium-ion electrochemical cell, a
battery including the cell, and a method of forming the cell.
As set forth in more detail below, the cell and battery
described herein exhibit improved cycle life, improved con-
ductivity, improved cycling performance, less capacity loss
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during cycling, increased initial discharge capacity, and/or
other improved performance characteristics, compared to
other solid-state lithium-ion cells.

[0026] FIG. 1 illustrates an electrochemical cell 100, in
accordance with various exemplary embodiments of the dis-
closure. Cell 100 includes an anode 102, a cathode 104, a
multi-layer electrolyte 106 (including a first electrolyte layer
108 proximate or adjacent anode 102 and a second electrolyte
layer 110 proximate or adjacent cathode 104), and optionally
includes current collectors or terminals 112, 114.

[0027] Anode 102 may be formed of any suitable material.
For example, anode 102 may be formed of lithium metal,
indium metal, nano-silicon composite material, silicon
alloys, carbon (e.g., graphite), and combinations of these
materials. As set forth in more detail below, use of the multi-
layer electrolyte, described below, allows for use of anodes
including lithium metal, without degradation of electrolyte
106. By way of one example, anode 102 includes lithium
metal foil.

[0028] Cathode 104 includes a suitable electroactive cath-
ode material, and may include additional conductive material
and electrolyte material. Suitable electroactive cathode mate-
rials include oxides, such as LiCoO,, Li; N 35Coy ; Al 5505,
LiNi, 5Co, ;sMn, ;0,, LiFePO,, LiMn,0,, Li4Ti50,,, and
combinations of such materials. The additional conducting
materials may include conducting carbon materials, such as
acetylene black, carbon black, carbon nanotubes, and the like.
The electrolyte material may include any of the materials
described below in connection with second electrolyte layer.
By way of example, cathode 104 may include about 10 to
about 30 percent or about 20 percent oxide material, about 20
to about 40 or about 30 percent electrolyte material, and about
1 to about 5 or about 3 percent carbon conducting material.
All percents set forth herein are in weight percent, unless
otherwise indicated.

[0029] The electroactive material may be ground to a
desired size to improve cell performance, such as cell capac-
ity retention. By way of example, the electroactive material
may be ground to a size of about 0.01 pm to about 20 um, or
about 1 um to about 5 uM, or about 1 um to about 2 um, using,
for example, a mortar and pestle.

[0030] To reduce side reactions between the electroactive
cathode material and layer 110 and to improve the perfor-
mance of cell 100, the cathode active material (e.g., an oxide)
may be coated or covered, partially or wholly, with a suitable
material—e.g., a metal oxide, such as aluminum oxide, zir-
conium oxide, titanium oxide, or any combinations of these
materials. The coating may be conformal and may be depos-
ited using atomic layer deposition (ALD). The thickness of
the coating may vary according to desired properties of the
cathode. By way of examples, the coating may be about 1, 2,
3,4,5,6,7,8,9, or 10 atomic layers or about 0.2 nm to about
5 nm thick. Layers thicker than 10 atomic layers or even 8 or
6 atomic layers may reduce some performance characteristics
of cell 100.

[0031] To improve the conductivity of the coated electro-
active material, the coated material may be heat treated. For
example, the material may be exposed to temperature of
about 250° C. to about 600° C. for about 1 to about 24 hours
in a reducing or inert atmosphere, such as in an argon, nitro-
gen, or hydrogen gas environment.

[0032] Solid-State, multi-layer electrolyte 106, in accor-
dance with various exemplary embodiments of the disclo-
sure, is configured to improve performance of cell 100
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because of reduced degradation of electrolyte 106 during
operation or cycling of cell 100, compared to traditional solid
electrolyte materials. Multi-layer electrolyte 106 includes
first electrolyte layer 108, which is relatively stable with
respect to anode 102 material and second electrolyte layer
110, which is relatively stable with respect to cathode 104
material.

[0033] To increase ionic conductivity of electrolyte 106 and
increase interfacial contact between the electrolyte layers and
the respective electrodes, layer 108 and/or layer 110 may be
formed using melt quenching and/or ball milling techniques.
In accordance with various exemplary embodiments of the
invention, layer 108 and/or layer 110 is formed using ball
milling to produce an average particle size of about 0.5 um to
about 20 pum, or about 0.5 um to about 10 um, or about 1 um
to about 5 um.

[0034] Layer 108 may include xL.i,S(1-x)P,S,, where x is
amolar ratio and ranges from about 60 to about 80. By way of
example, layer 108 may include 77.5Li,S(1-x)P,Ss.
22.5L1,S(1-x)P,S;5 is relatively stable with respect to various
materials suitable for anode 102, such as lithium. Layer 108
material may be formed by ball milling xLi,S(1-x)P,Ss
material to a desired particle size.

[0035] Layer 110 may include Li Ge P S,, where x,y, zare
mole concentrations, which range from 2.3<x<4, 0<y<1, and
0<z<1. Layer 110 material may be formed by, e.g., ball mill-
ing with or without heat treatment. For example, material for
layer 110 may be formed by mixing reagent grade Li,S, P,S5,
and GeS, in desired weight rations and grinding the mixture
using a planetary ball mixer. The mixture may then be heat
treated in an inert or reducing atmosphere to obtain desired
properties. Additionally or alternatively, the electrolyte mate-
rial may be ball milled and heat treated in the same step. For
example, a high energy ball milling (e.g., planetary ball mill-
ing) in an argon environment at elevated temperatures can be
used to form the electrolyte material. The resulting material
may subsequently be exposed to additional heat treatment in
a reducing environment. In accordance with specific
examples, layer 110 material may be heated from about 300°
C. to about 550° C. for about 1 to about 24 hours in a reducing
atmosphere, such as an atmosphere including one or more of
argon, nitrogen, or hydrogen.

[0036] Terminals 112, 114 may be formed of any suitable
conductive material, such as metal. By way of particular
example, terminals 112 and 113 are formed of titanium.
[0037] Batteries, in accordance with various exemplary
embodiments of the invention, include one or more cells as
described herein, current collectors (e.g., collectors 112,
114), leads or terminals (e.g., a positive lead and a negative
lead) electrically coupled to the collectors, and a casing or
housing, which encapsulates at least a portion of the cell.

Specific Examples

[0038] The following non-limiting examples illustrate
exemplary cells in accordance with various embodiments of
the disclosure. These examples are merely illustrative, and it
is not intended that the invention be limited to the examples.
Compositions of various cell components in accordance with
the present invention may include the compounds and mate-
rials listed below as well as additional and/or alternative
materials, and various layers and materials described below
may be interchanged with similar materials and layers
described in connection with other cells.

Nov. 29, 2012

[0039] To form layer 110 material, Li, ,Ge, ,P.S, (x mol
%) material was synthesized by planetary ball milling (PBM)
with/without heat treatment. Reagent-grade powders of Li,S
(Aldrich, 99.999%), P,S; (Aldrich, 99%), and GeS, (City
Chemical LLC., 99.99%) were mixed with various weight
ratios in a stainless steel jar (MTI Corporation) at a net weight
of 2 g with 24 stainless steel balls (10 mm in diameter) for
grinding. The mixture was under planetary ball milling (500
rpm, 20 continuous hours) using a High Speed Shimmy Ball
Mill SFM-1 (MTI Corporation). Heat treatment for as-ball-
milled (ABM) electrolyte material powders was performed.
The Li, ,Ge, . P.S, material was placed on the hot plate for
the heat treatment to designated temperature at approxi-
mately 10° C. min~". After reaching the designated tempera-
ture, the electrolyte material was placed under the isothermal
condition for a desired amount of time and then removed from
the hot plate for air cooling.

[0040] To form cathode 104 material, LiCoO, powder
(Sigma-Aldrich), Li, ,Ge, P.S, SSE, and acetylene black
(Alfa-Aesar, 50% compressed) at weight ratio of about
20:30:3 were mixed and ground with a mortar with pestle.

[0041] Multi-layer electrolyte 106 was constructed by the
method described below. First, a pellet of 77.51.1,5-22.5P,S5
was made by hand-pressing 100 mg of 77.5L1,S-22.5P,S,
prepared by the planetary ball milling method. 100 mg of
Li, Ge, P S, was hand-pressed on the top of 77.5L1,S-22.
5P,S; pellet and pelletized by cold-pressing (1 metric tons) to
form the multi-layer electrolyte.

[0042] To form a cell, 10 mg of the composite electrode
material was evenly spread on the top of Li,_ Ge, P S, layer
and pelletized by cold-pressing (5 metric tons) for 5 min. Li
foil (Alfa-Aesar, 0.75 mm thick) was attached to 77.5L1,S-
22.5P,S5 (mol %) layer 108 by a pressure at 2 metric tons,
using cold-pressing method. All pressings were done in a
polyaryletheretherketone (PEEK) molds (q=1.3 cm) with Ti
metal rods.

[0043] Cell fabrication and experiments were performed in
an argon-filled glove box. Galvanostatic charge-discharge
cycle performance tests were carried out at room temperature
using Arbin BT2000 (Arbin INSTRUMENTS).

[0044] FIG. 2(A) illustrates cell charge capacity as a func-
tion of cycle number for cells formed according to example 1,
compared to cells including a single layer electrolyte of either
77.5L1,5-22.5P,S; or Li,S—GeS,—P,S;. As illustrated in
FIG. 2(A), cells including multi-layer solid-state electrolyte
have improved capacity (as a function of cycles), compared to
single-layer electrolytes, which is thought to be as a result of
the stable interfaces between the electrodes and the adjacent
electrolyte layers. In one context, an electrolyte layer being
stable relative to an anode or cathode means that the layer
breaks down at a lower rate with respect to an adjacent elec-
trode relative to the other electrode.

[0045] FIG. 2(B) illustrates the effects of manipulating x in
Li, Ge, P.S,. The addition of GeS, in the Li,S—P,S5 sys-
tem is thought to enhance the stability of the of the cathode
active material/electrolyte interface. Increasing the amount of
GeS, leads to increased capacity and improved cycle reten-
tion of the cell.

[0046] FIG. 2(C) illustrates that incorporation of elemental
sulfur at various concentrations can affect the cycling stabil-
ity and first cyclic coulombic efficiency. The cell with 1%
added sulfur shows the best performance and when the
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amount of sulfur was increased beyond 1%, a decline in first
cycle coulombic effect and no improvement in cycling behav-
ior was observed.

[0047] FIG. 3 illustrates initial charge-discharge voltage
profiles (4.3 V to about 2.5 V) of cells using multi-layer
electrolyte 106 with ABM Li,  Ge, P, S, electrolyte material
(FIG. 3(A)) and heat treated (10° C. min™*, 360° C. for 2 hrs)
Li, Ge, P.S, material (FIG. 3(B)). As illustrated, initial
discharge capacity considerably increased by using heat
treated Li, ,Ge, P .S, material.

[0048] FIG. 4 illustrates the cyclic performances of cells
using multi-layer layer material with ABM Li, Ge, P.S,
material and Li, Ge, P.S, material heat treated (10° C.
min~*,360° C. for 2 hrs) with cutoff voltages 0of 4.3 V and 2.5
V. As illustrated, use of heat treated Li, ,Ge,_P,S, material
resulted in larger cell capacity and better stability compared
to use of ABM Li, ,Ge, P.S, material.

[0049] FIG. 5 illustrates cycle performance using cutoff
voltages of 4.3V and 3.3V of cells including heat-treated
Li,_Ge, P.S, material with various chemical compositions
used in LiCoO,/Li, Ge, P .S,/77.511,S-22.5P,S,/Li cells.
As illustrated, multi-layer layered electrolyte with heat-
treated Li, , Ge, ,P. S, (x=85%) material showed the largest
discharge capacities.

[0050] The capacity of the cells illustrated in FIG. 5 exhibit
capacity fade as a function of cycle number, which is thought
to be a result of an undesirable reaction(s) between layer 110
material and cathode electroactive material in the cathode.
This is thought to be due to the potential differences between
the oxide based cathode and the sulfide based electrolyte
material. As noted above, to reduce the unwanted side reac-
tions, the electroactive material may be coated with material,
such as a metal oxide, as a means of stabilizing the potential
difference by using materials which have similar chemical
potentials with the cathode materials as coating substances.
[0051] FIG. 6 illustrates initial galvanostatic charge (FIG.
6(A)) and discharge (FIG. 6(B)) voltage profiles (4.3V~3.3V)
of cells using uncoated LiCoO, and ALD coated LiCoO, with
various thickness of Al,0;. LiCoO, particles were coated
with Al,O; with various thicknesses (2, 4, and 10 atomic
layers). Heat treated (10° C. min™*, 360° C. for 2 hrs) Li,_
*Ge, P.S, (x mol %) material with x=85% and 77.51.1,S-22.
5P,S; (mol %) material were used for multi-layer electrolyte
106. As illustrated, discharge capacity decreases as the thick-
ness of Al,O; layer increases.

[0052] Cyclic performances of cells using uncoated
LiCoO, and ALD coated LiCoO, with various thicknesses of
the Al,O, layer are illustrated in FIG. 7. Cells including
cathode electroactive material with 2 and 4 layers ALD alu-
minum oxide as cathode material showed improved stability
compared with cells using uncoated LiCoO, particles as cath-
ode electroactive material. The initial discharge capacity was
smaller for cells with 2 and 4 layers coated material over
LiCoO, than cells using uncoated LiCoQ, particles, which is
thought to be due to the insulating property of Al,O, layers.
However, capacity loss during cycles was suppressed by
using 2 and 4 ALD layers of aluminum oxide coated onto
LiCoO, particles. As aresult, larger capacity from cells using
2 and 4 ALD aluminum oxide coated LiCoO, after the 5th
cycle was obtained, compared to cells using uncoated
LiCo0O,. On the other hand, cells using 10 layers of ALD
aluminum oxide showed poor performance.

[0053] FIG. 8 illustrates a comparison between discharge
voltage profiles for the 1st cycle and the 12th cycle of cells
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with uncoated LiCoO, particles and cells with LiCoO2
coated with 2 layers ALD aluminum oxide. In the illustrated
example, there was reduced discharge capacity fade during 12
cycles in cells with coated LiCoO, particles compared to that
in cells with uncoated LiCoO,. The ALD coating of LiCoO,
particles for cathode material effectively reduced the dis-
charge capacity fade of the cells.

[0054] Heat treating the coating on the electroactive cath-
ode material is thought to improve the conductivity of the
coating. FIG. 9 illustrates cycle performance of heat-treated
LiCoO, coated with 4 atomic layers of aluminum oxide
deposited using ALD and FIG. 10 illustrates initial discharge
capacity for cells formed using ALD aluminum oxide coated
LiCoO, particles, which were heat-treated in an argon envi-
ronment. FIGS. 9 and 10 illustrate improved cell performance
as a result of the heat treatment of the cathode electroactive
material coating.

[0055] The present invention has been described above
with reference to a number of exemplary embodiments and
examples. It should be appreciated that the particular embodi-
ments shown and described herein are illustrative of the pre-
ferred embodiments of the invention and its best mode, and
are not intended to limit the scope of the invention as set forth
in the claims. It will be recognized that changes and modifi-
cations may be made to the embodiments described herein
without departing from the scope of the present invention.
These and other changes or modifications are intended to be
included within the scope of the present invention, as
expressed in the following claims and the legal equivalents
thereof.

The invention claimed is:

1. A solid-state electrochemical cell based on lithium ion
transport, the cell comprising:

an anode;

a composite cathode comprising electroactive cathode

material; and

a solid-state electrolyte interposed between the anode and

cathode, wherein the solid-state electrolyte comprises:

a first electrolyte layer that is stable with regard to the
anode; and

a second electrolyte layer that is stable with regard to the
cathode.

2. The solid-state electrochemical cell of claim 1, wherein
the anode material comprises a material selected from the
group consisting of lithium metal, indium metal, nano-silicon
composite material, silicon alloys, carbon, and combination
of these materials.

3. The solid-state electrochemical cell of claim 1, wherein
the cathode comprises an oxide material, an electrically-con-
ducting carbon material, and second electrolyte layer mate-
rial.

4. The solid-state electrochemical cell of claim 1, wherein
the electroactive cathode material is selected from the group
consisting of LiCoO,, Li;N, ¢sCo, Al o50,, LiNi,,;Co,,
3Mn, ;0,, LiFePO,, LiMn,O,, and a combination of these
materials.

5. The solid-state electrochemical cell of claim 1, wherein
the cathode active material has an average particle size rang-
ing from about 0.01 pum to about 20 um.

6. The solid-state electrochemical cell of claim 1, wherein
the cathode comprises cathode active material particles
coated with between about 0.2 and about 5 nm of material.
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7. The solid-state electrochemical cell of claim 6, wherein
the particles are coated with the material using atomic layer
deposition techniques.

8. The solid-state electrochemical cell of claim 6, wherein
material comprises aluminum oxide, zirconium oxide, tita-
nium oxide, or any combination thereof.

9. The solid-state electrochemical cell of claim 6, wherein
the coated cathode is heat treated at a temperature between
250° C. and 600° C.

10. The solid-state electrochemical cell of claim 6, wherein
the cathode is heat treated in a reducing atmosphere compris-
ing one or more of argon, nitrogen, and hydrogen.

11. The solid-state electrochemical cell of claim 6, wherein
the cathode is heat treated for about 1 hr to about 24 hrs.

12. The solid-state electrochemical cell of claim 1, wherein
the first electrolyte layer is adjacent the anode and comprises
xL1,8(1-x)P,Ss, where x is a molar ratio and ranges from
about 60 to about 80.

13. The solid-state electrochemical cell of claim 1, wherein
the first electrolyte layer comprises particles with size of
about 0.5 to about 20 pm.

14. The solid-state electrochemical cell of claim 1, wherein
the second electrolyte layer comprises particles with size of
about 0.5 to about 20 pm.

15. The solid-state electrochemical cell of claim 1, wherein
the second electrolyte layer is adjacent the cathode and com-
prises Li,Ge P,S,, where x, y, z are mole concentrations and
range from 2.3<x<4, 0<y<1, and 0<z<1.

16. The solid-state electrochemical cell of claim 1, wherein
the second electrolyte layer is heat treated at a temperature
between 300° C. and 550° C.
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17. The solid-state electrochemical cell of claim 1, wherein
the second electrolyte layer is heat treated in a reducing
atmosphere comprising one or more of argon, nitrogen, and
hydrogen.

18. The solid-state electrochemical cell of claim 1, wherein
the second electrolyte layer is heat treated for about 1 hr to
about 24 hrs.

19. A method of forming an electrochemical cell, the
method comprising the steps of:

providing an anode;

providing a cathode comprising electroactive cathode

material; and

providing a solid-state electrolyte, wherein the step of pro-

viding a solid-state electrolyte comprises the steps of

preparing a first electrolyte layer composition;
preparing a second electrolyte layer composition; and

forming a multi-layer electrolyte using the first electro-
lyte layer and the second electrolyte layer.

20. A battery comprising;

a housing;

a first terminal;

an anode coupled to the first terminal;

a solid-state electrolyte comprising a first electrolyte layer
stable with regard to the anode and a second electrolyte
layer stable with regard to the cathode;

a cathode; and
a second terminal coupled to the cathode.
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