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Abstract

The recent upsurge of  interest in all  solid-state lithium batteries for

electric vehicles is driven by a need for improved safety and higher

energy densities than what are currently available from conventional

lithium-ion  batteries.  Replacement  of  flammable  liquid  electrolytic

solutions with solid electrolytes allows the use of higher energy lithium

metal  anodes  instead  of  graphite,  and  lessens  the  probability  of

catastrophic failure, which can result in fire. Most solid-state batteries

available  today,  however,  are  fabricated  in  small,  thin  film formats

requiring costly vacuum deposition technologies, and suffer from low

practical energy densities due to low areal capacities that restrict their

use to  specialty  applications.  In  this  article,  we discuss  the current

status of solid electrolytes for solid-state lithium batteries and what is

needed from a cell design and fabrication viewpoint to develop large

format devices for traction applications.

Overview of Solid Electrolytes

 The  discoveries  of  fast  solid  ion  conductors,  RbAg4I51 and  -

alumina2 in the late 1960’s ushered in the modern era of solid state

ionics  and  stimulated  development  of  solid  state  devices  based  on

these materials.  In particular,  sodium/sulfur  batteries with  -alumina

solid electrolytes (BASE) have reached an advanced state and have

been used in large scale energy storage demonstration projects.3 The

modern era of solid state ionics coincided with a period of intensified
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interest in and effort on lithium metal batteries. Numerous solid lithium

ion  conductors  including  polymers,4 glasses  and  glass-ceramics,5

crystalline materials,6 and composites7 were discovered and intensively

researched  from  the  mid  to  late  twentieth  century  on.  Several

materials  of  potential  interest  for  lithium battery  applications  have

emerged from these studies.  In the late 1980s and 1990s,  polymer

electrolytes based on polyethylene oxide (PEO) complexed with lithium

salts such as LiTFSI (TFSI=trifluoromethanesulfonate imide) received a

great deal of  attention for battery applications.8 In general,  polymer

electrolytes  need  to  be  heated  to  about  80C  to  ensure  sufficient

conductivity for battery operation (generally >10-4 S/cm).9 While this

precludes their use in consumer electronics, larger scale systems such

as  those  used  for  telecommunications  or  electric  vehicles  can  be

managed thermally and the requirement for moderate heating is not

unduly  burdensome.  Polymer  electrolytes  with  good  mechanical

properties  can be easily  fabricated into  thin  films on a  large scale,

making them an attractive choice for solid-state devices, and vehicles

containing lithium metal polymer batteries are commercially available

as of this writing (e.g., Bolloré Bluecar). Unfortunately, the rather poor

oxidative stability of the PEO-based polymers restricts  the choice of

cathodes to LiFePO4 or other low voltage materials rather than layered

transition  metal  oxides,  which  operate  above  3.8V  vs.  Li+/Li.  This

means that energy densities of  these systems are often lower than
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that  of  most  advanced  lithium ion  batteries  in  spite  of  the  use  of

lithium metal anodes.

Polymer electrolytes resemble liquid electrolyte solutions in that,

unless specifically designed, they conduct both cations and anions. In

fact,  anions  are  often  more  mobile  than  cations  in  these  systems,

leading  to  low  or  even  negative  transference  numbers.10 Here,

transference number (t+
0) is defined as the number of moles of an ion

constituent  that  cross  a  reference  plane  in  the  device  when  one

Faraday of current is passed.11 This definition avoids the complication

of  speciation  in  highly  non-ideal  liquid  and  polymer  solutions  (free

cations and those bound up in positively charged complexes make a

positive  contribution  to  t+
0,  whereas  those  bound  up  in  negatively

charged  triplets  or  complexes  make  a  negative  contribution).  In

practice  this  means  that  concentration  gradients  can  build  up  in

operating cells, leading to premature failure due to salt depletion or

precipitation.12 To avoid this,  cells  and cell  components  for  polymer

batteries  must  be  carefully  designed  for  the  intended  use.

Concentration  gradients  may  also  build  up  in  batteries  with  liquid

electrolytic  solutions,13 but  the  generally  faster  diffusion  in  liquids

compared to polymer hosts allows these to dissipate more rapidly. 

In  contrast  to  polymer  electrolytes,  ceramic  and  glass  ionic

conductors generally have fixed anionic sub-lattices, and cations are

the only mobile ionic species. This selectivity confers an advantage in
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that concentration polarization does not occur.  This also means that

lower ionic  conductivities  can be tolerated for single ion conductors

such as ceramic electrolytes  than for  dual  ion conductors  like most

polymer  electrolytes.  For  example,  reference  14   indicates  that  cells

containing electrolytes with  t+
0=1 are expected to outperform those

with  t+
0=0.2,  even  if  the  conductivity  is  lower by  one  order  of

magnitude.

It  should  be  noted  that  some  ceramic  and  glass  electrolytes

actually  have  conductivities  that  approach  or  exceed  that  of  liquid

electrolytes  at  room  temperature,  most  notably  crystalline  sulfides

such as LGPS (Li10GeP2S12),15 Li3PS4,
16

 glasses and glass-ceramics in the

Li2S-P2S5 system.17 An  additional  advantage  is  that  the  sulfides  are

somewhat ductile and can be easily densified, for example, simply by

uniaxial  cold-pressing.  The  narrow  voltage  stability  window  of  the

sulfides18 means that a coating layer between the cathode and the

electrolyte is often needed in order to prevent reactions.19 In addition,

many sulfides are sensitive to moisture, releasing H2S gas on contact

with air or water, and thus require special handling.20 In spite of these

difficulties, one of the earliest examples of a lithium solid state micro-

battery was realized with a sulfide glass.21

The  conductivities  of  oxide  glasses  are  several  orders  of

magnitude lower than that of the corresponding sulfides, making most

of  them impractical  for  battery  applications.  An  exception  is  LiPON
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(lithium  phosphorus  oxynitride).22 Although  its  room  temperature

conductivity is only about 10-6  S/cm, it is generally vacuum-deposited

as a very thin film in microdevices. Its wide voltage stability window

and good cycling characteristics make it ideal for small batteries with

lithium  anodes,  although  the  requirement  for  vacuum  sputtering

makes larger device fabrication difficult and costly.

In  contrast  to  the  glasses,  there  are  a  number  of  crystalline

oxides and glass-ceramics that conduct lithium sufficiently well to be

considered as electrolytes for lithium batteries. These include LISICON

structures (LISICON=lithium superionic conductor), most notably LATP

(lithium aluminum titanium phosphate). The most conductive form of

LATP is a glass-ceramic23, 24 (RT= 10-3 S/cm). LATP is readily reduced by

lithium at the anode, forming Ti in the trivalent state, which makes it

electronically conductive. Thus, to prevent eventual shorting of cells,

an ionically conductive interlayer such as a gel or polymer electrolyte

must  be  used  between  the  lithium  metal  anode  and  the  LATP

electrolyte layer. This arrangement of lithium/gel electrolyte/LATP has

been used to fabricate protected lithium electrodes (PLEs) for aqueous

batteries.25 The LATP prevents direct contact between lithium and the

catholyte  (which  can  be  sulfur,  oxygen,  or  water  itself)  and  allows

operation well  outside the voltage stability window of water. So far,

cycling  of  these systems is  fairly  limited,  however,  due to eventual

formation of mossy or dendritic lithium upon plating.
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 Perovskites  having the composition  Li3xLa2/3-xTiO3;  0.06<x<0.14

(LLTO),  are  fast  ion  conductors  with  room  temperature  bulk

conductivities  of  up  to  10-3 S/cm.26 High  grain  boundary  resistance

results in a lowering of total conductivities by two orders of magnitude.

As with LATP, direct contact with lithium results in reduction of Ti and

induces mixed conductivity. These issues preclude the use of LLTO in

batteries,  although  other  types  of  devices  such  as  sensors27 or

electrochromics28 have been proposed.

The most technologically interesting crystalline oxides for lithium

battery  applications  are  probably  those  having  stuffed  garnet

structures, particularly variants of Li7La3Zr2O12 (LLZO).29 LLZO exists as

two polymorphs, with the cubic form having three orders of magnitude

greater conductivity than the tetragonal form.30 To stabilize the cubic

form at room temperature, partial aliovalent substitution is commonly

used (for  example,  Al3+31 or Ga3+32,  33 for  3Li+).  The conductivities  of

cubic  Al-substituted  LLZO  range  from  about  1-8x10-4 S/cm,34,  35

depending on composition,  fabrication method, microstructure,36 and

other factors. Recently, even higher conductivities of over 1 mS/cm at

room  temperature  have  been  reported  for  F-doped  Ga-substituted

LLZO.37 Unlike LATP or LLTO, Al-substituted LLZO appears to passivate

in contact with lithium metal,38 forming a protective solid electrolyte

interphase;  thus  no  interlayer  is  required.  In  addition,  reasonable

stability  is  predicted  for  garnets  in  contact  with  4V  electrodes  like
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LiCoO2,
39

 and, while reaction with air (particularly if moisture is present)

causes  Li2CO3 to  form,40 simple  heat  treatments  are  effective  at

reversing this process.41,  42 The lower reactivity compared to sulfides

presents  a  considerable  advantage;  however,  LLZO  variants  are

notoriously more difficult to densify. Temperatures in excess of 1000C

are  often  required,  and  lithium  volatilization  then  may  result  in

formation of  impurities.36,43 To compensate, excess lithium precursor

may be added, but over-shooting can result in the formation of the less

conductive tetragonal phase, requiring careful  tuning  of  conditions.

Figure  1  shows  the  sensitivity  of  LLZO  films  to  sintering

temperatures.43 The amounts and types of impurities formed are also a

function  of  component  thicknesses  due  to  variations  in  lithium

volatilization rates (Figure 2).

While great progress has been made in the field of lithium ion

conductors for solid-state batteries, it is clear that no one system, as of

yet, is completely ideal or has all of the desired characteristics of high

ionic  conductivity,  low  electronic  conductivity,  good  mechanical

properties, sufficient anodic and cathodic stability, processability, low

cost,  and environmental  friendliness needed for  battery applications

(Table  1).44 What  is  necessary  to  design  batteries  for  vehicle

applications  and  strategies  for  overcoming  deficiencies,  particularly

those utilizing garnet electrolytes, are covered in the next section.

Considerations for Cell Design
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All  solid-state lithium batteries  in  thin film formats have been

studied for several decades, and have even been commercialized to a

limited  extent  (see,  for  example,  products  made  by  Infinite  Power

Solutions). With the exception of systems utilizing polymer electrolytes

(e.g, the Bluecar example mentioned above), these devices are made

using  vacuum  deposition  techniques  and  have  small  form  factors.

Furthermore,  cathode  areal  capacities  are  low,  resulting  in  meager

energy densities. For large-scale applications such as electric vehicles,

devices  with  thicker  cathodes  are  needed,  as  well  as  fabrication

methods that are low-cost, high throughput, and scalable. 

In  terms  of  cell  design,  it  is  instructive  to  consider  the

conventional lithium-ion battery (LIB).45 In LIBs, cathodes are typically

in the range of 20-100 m thick, with the thicker end of that range the

most desirable option for high-energy cell designs. To ensure efficient

electronic pathways among active particles, electroactive materials are

typically  cast  in  composite  form  with  conductive  additives  such  as

carbon and binder on current collectors (Al for cathodes and Cu for

anodes). The binder serves to ameliorate volume changes (that can

physically  damage  the  integrity  of  the  electrode  in  the  extreme)

associated  with  redox  processes  during  charge  and  discharge.

Approximately  25 vol.% electrolytic  solution  is  added to  the porous

composite  electrode  to  impart  sufficient  ionic  conductivity  to  pass

current.  A  porous  separator  wetted  with  electrolytic  solution  is
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sandwiched  between  the  cathode  and  anode  (typically  graphite

composite electrodes), and the assembly is contained in a casing to

form the cell.

Making  an  analogous  device  using  solid-state  electrolyte

presents  some  unique  challenges  that  require  both  scientific  and

engineering solutions. One of these challenges is that it can be difficult

to maintain good contact between two solids; e.g., the lithium anode

and a dense separator composed of LLZO. Early iterations of Li/LLZO/Li

symmetrical cells showed high interfacial impedances.46, 47 Application

of  high  external  pressure  to  overcome  contact  resistance  reduced

these to an acceptable degree.48, 49 The chemistry of the garnet phase

also influences the interfacial impedance that is observed in cells; for

example, Buschmann et al. observed that Ta-containing variants were

superior to Al-substituted LLZO.50 Subsequent work by Cheng et al.40

identified the presence of  Li2CO3 on surfaces of  Al-substituted LLZO

pellets as the culprit in the latter case. The Li2CO3 may be present as a

side-product  of  the  synthesis  procedure  or  result  from air-exposure

during subsequent processing. In any case, even very small amounts,

detectable only by surface-sensitive techniques such as synchrotron X-

ray absorption spectroscopy (XAS) or X-ray photoelectron spectroscopy

(XPS, Figure 3), can raise the interfacial impedance by nearly an order

of magnitude. In reference 40, Li2CO3 was removed from the pellets by

polishing; subsequent work has shown that carbothermal treatment,41
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incorporation  of  LiF  during  synthesis,51 or  even  treatment  at

moderately  low  temperatures  under  inert  atmosphere42 removes  or

reduces the amount of Li2CO3, resulting in improvement. There is also

a  correlation  between microstructure  and  the  interfacial  impedance

observed  in  Li/LLZO/Li  symmetrical  cells;52 the  grain  boundary

chemistry  of  large-grained  samples  differs  somewhat  from  that  of

small-grained  samples,  rendering  the  former  more  air-sensitive  and

more  prone  to  forming  Li2CO3.  Figure  4  shows O K-edge soft  X-ray

absorption spectroscopy on pristine and air-exposed large and small-

grained LLZO samples. There is relatively more Li2CO3 observed in the

large-grained sample than in the small-grained sample after 24 hours

of air exposure. 

High  interfacial  impedances  in  Li/LLZO  cells  have  also  been

attributed to poor wetting of the ceramic by lithium metal.53 Atomic

layer  deposition  of  alumina  coatings  on  dense  LLZO  dramatically

decreases  the  interfacial  impedance  in  cells.  The  wettability  of

lithiophobic surfaces is improved when a lithium-reactive coating such

as  gold  (which  alloys  with  lithium)  is  used  on  substrates.54 Simple

techniques such as wet chemical methods to coat garnets with ZnO55

or even drawing on a pellet with a pencil to apply a graphite coating56

are also effective at reducing resistance at the Li/garnet interface. 

It has long been thought that solid electrolytes would enable the

use of lithium metal anodes by preventing dendrite formation, a major
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reason  for  catastrophic  failure  of  lithium  batteries  with  liquid

electrolytes,  and  an  extreme  safety  concern.  Monroe  and  Newman

predicted that the use of solid polymer electrolytes with shear moduli

at  least  twice  that  of  lithium in  cells  would  mechanically  suppress

roughening, given a Poisson’s ratio similar to that of PEO.57 The high

shear moduli of garnets58 are, however, no guarantee against failure by

this mechanism, as lithium can deposit in grain boundaries or flaws in

the solid electrolyte above a certain critical current density, causing

cell shorting or voltage instability.59  Figure 5 shows an optical image of

a large-grained LLZO bar-shaped specimen cycled in a symmetrical cell

until failure occurred and then harvested for examination. Darkening of

a  path  between  the  extremely  large  grains  is  telltale  evidence  of

intergranular lithium deposition and the likely cause of cell shorting.

The  critical  current  density  above  which  intergranular  lithium

deposition occurs is highly dependent upon the microstructure,60 with

small-grained  samples  showing  much  better  behavior  than  large-

grained ones. The increased area fraction of grain boundaries and the

higher  tortuosity  in  small  grained-samples  is  thought  to  dissipate

current  and  ameliorate  the  current  focusing  that  leads  to  dendrite

formation, although it does not prevent it entirely. In Figure 6, which

shows visualizations of grain boundaries obtained from SEM images on

two different samples, the small-grained sample has a grain boundary

area fraction of about 32%, compared to the large-grained material,
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which is only 16% grain boundaries. While lithium deposition still can

occur,  the  longer  and  more  convoluted  pathways  in  small-grained

samples  compared  to  larger-grained  ones  may  delay  shorting,

resulting in a higher critical current density. It is also possible that the

grain boundary chemistry differs in these two samples,  which could

affect both total ionic and electronic conductivities. A recent intriguing

theory  posits  that  the  higher  electronic  conductivities  of  garnet

electrolytes compared to LiPON are the cause of the more frequently

observed  failures  of  cells  employing  the  former  as  the  solid

electrolyte.61

The critical current density achieved in symmetrical cells is also

affected by the interfacial impedance and temperature.62 By optimizing

microstructure and minimizing area specific resistance, it is possible to

cycle symmetrical Li/LLZO/Li cells reliably at current densities similar

to what is used for conventional Li ion batteries.63

Another  approach  is  to  greatly  increase  the  contact  area

between the solid electrolyte and lithium metal.64, 65 This was recently

achieved  by  fabricating  a  porous/dense/porous  trilayer  ceramic

architecture  with  LLZO.  Lithium metal  was  then  infiltrated  into  the

porous layers to form the symmetrical cell. The interfacial surface area

is greatly increased compared to a planar array, not only reducing the

area specific impedance to below 10  -cm2,  but also allowing much

higher currents to be passed. A nominal current density of 10 mA/cm2,
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based on geometric area, is, in actuality, many times lower for this

architecture because of the increased Li/solid electrolyte contact area.

A similar principle may be applied to the positive electrode side

of the cell  to allow higher areal capacities to be utilized completely

under  operating  conditions  relevant  to  electric  vehicle  applications.

Transport limitations of common positive electrode materials limit the

thicknesses of monolithic films that can be utilized efficiently, resulting

in low practical energy densities or low power capability for solid-state

batteries, as currently designed.66,  67 LIB cathodes for electric vehicle

use are typically porous composites containing active material, binder,

and carbon and are infiltrated with electrolytic  solution.  This  design

ensures  adequate  ionic  and  electronic  conductivity  to  allow  full

utilization  of  electroactive  materials  with  typical  loadings  of  several

mAh/cm2 when  batteries  are  discharged  at  C/3  rate  or  higher

(depending  on  whether  they  are  designed  for  high  power  or  high

energy).  Ensuring and maintaining good contact without  mechanical

failure68 among the various components of a composite electrode are

significant  challenges  for  a  solid-state  battery,  requiring  special

considerations for design. 

For all solid-state batteries, the electrolyte is most conveniently

introduced during the electrode fabrication process rather than added

to a porous structure afterwards, as with LIB cathodes. Components of

the  electrode  may be  compacted  or  sintered  together69 to  make  a
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composite.  Solid-state  batteries  with  sulfur,70 cobalt  sulfide,71 or

vanadium  sulfide  cathodes,  72 where  the  active  material  has  been

composited with sulfide electrolyte and carbon have been successfully

cycled.  However,  the  low  compressibility  of  garnet  phases  make  it

difficult to achieve a dense percolating network by pressing at room

temperature  (cold  pressing),  and  high  temperature  treatments  can

result  in  unwanted  reactions  between the  solid  electrolyte  and  the

active  material.20 It  may  be  possible  to  avoid  this  issue  by  using

protective  coatings,  or  rapid  heating  techniques.  Numerous  fast

sintering  methods  have  been  investigated  in  the  LLZO  and  other

ceramic  electrolyte  systems;  however,  these  methods  and  their

viability  have  not  been  fully  explored,  particularly  in  macro-porous

structures  for  new  solid-state  battery  designs.  For  example,  spark

plasma sintering (SPS),73 has been demonstrated recently to make an

all-phosphate battery, and in the densification of LLZO garnets.74 SPS

methods combine lower than traditional temperatures under typically

pressured configurations to utilize extremely large pulsed currents that

can facilitate internal joule heating and thus enhanced densification.

Field assisted75 and flash sintering76, 77 use similar approaches, utilizing

heat  assisted  with  direct  or  alternating  current  to  facilitate  atom

transport. Microwave78,  79 and microwave-assisted80 sintering are other

rapid  techniques  that  may  be  useful  when  applied  to  solid  state

batteries. Microwave susceptibility of the garnet structure is low and
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LLZO  precursors  have  a  strong  temperature  dependence  on

susceptibility,  typically  requiring  an  external  susceptor  and  hybrid

heating approach. Cold sintering81 is another interesting possibility that

has potential to yield densification of particulates at temperatures as

low  as  300C,  avoiding  the  chemical  reactions  that  occur  during

traditional  sintering.  The potential  for  glassy grain boundary phases

and  the  incongruent  dissolution  of  precursors  that  can  drive

stoichiometric  variations  can  result  in  lower  total  conductivities  for

materials densified by this method,82 however.

Active material and conductive additive were infiltrated into the

porous  component  of  a  porous/dense  bilayer  structure  to  form  a

cathode in reference 83 although the need for liquid electrolytic solution

on the positive electrode side to make the cell function suggests that

there are still some transport limitations. All of these approaches result

in  highly  tortuous  porosity  in  the  composite  electrodes.  Lowering

tortuosity has been shown to improve rate capability of electrodes by

reducing the length of  ionic  and electronic  pathways.84 A  promising

technique  for  making  porous  ceramics  with  low  pore  tortuosity  is

freeze-casting.85 In this method, a slurry of the material of interest in a

suitable solvent such as water or a low melting alcohol  is  frozen. If

processing conditions  are  right,  particles  are  excluded  from the ice

crystals that form, consolidating laterally from growing ice crystals to

form columns. The ice is then sublimed away, and the resulting porous
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structure  is  optionally  heat-treated  to  sinter  and  strengthen  the

particulates  in  the columns while  retaining the large,  low tortuosity

pores from the sublimed ice. It has been used successfully to prepare

thick  electrodes  for  batteries,86 87 metal  foams  for  solid  oxide  fuel

cells,88 and  many  other  materials.89 Porosities  and  pore  sizes  and

shapes can be varied over  a  wide range by adjusting formulations,

temperature, and other parameters. 

Examples of freeze-cast LLZO from our laboratories are shown in

Figure 7.  The images on the top and bottom left show LLZO scaffolds

made using tert-butyl alcohol (TBA) as the solvent. The porosities and

pore sizes vary due to the different processing temperatures (-20C for

the top one, giving 71% porosity with an average pore size of 52 m,

and -50C for the bottom, giving 61% porosity with an average pore

size of 22.5  m). The low tortuosity, which is close to one, is evident

from the images. Infiltration of NMC (LiNi0.6Mn0.2Co0.2O2)  and polymer

(either polyaniline or polyvinylidene fluoride (PVdF), shown at the top

and bottom right of Figure 7, respectively) can easily be achieved via

capillary action, due to the large pores and low tortuosity. A conducting

polymer such as polyaniline provides electronic conductivity and acts

as a binder, which may be used to replace both carbon and PVdF. The

conductivity  of  these  polymers  can  reach  103-104 S/cm,  and  their

unique chain-like morphology allows them to provide better conducting

networks among the infiltrated active particles.90  
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A  variant  of  the  freeze-casting  method  is  freeze  tape-casting

(FTC),88,  91 which  is  scalable  and  ideal  for  making  relatively  thin

components, ranging from as low as 5 m to several mm thick, suitable

for batteries (Figure 8). For the ~100  m thin scaffolds targeted for

battery applications, the use of water is preferable to organic solvents,

both  due to its  environmental  friendliness  and for  practical  reasons

(water  has  less  tendency  to  evaporate  prematurely  during  FTC

processing).  Images of  typical  green body LLZO tapes  produced by

aqueous FTC processing are presented in Figure 9. A comparison to

Figure  7  shows  the  very  different  pore  shapes  obtained  when

processing  in  water  compared  to  TBA;  the  pores  in  the  water-

processed samples are more slit-like. Differences in the crystal growth

characteristics  of  the  solvents85 as  well  as  experimental  conditions,

account for this variation. It is not clear, at this point in time, what pore

sizes and shapes are ideal for fabrication of the scaffolds for composite

electrodes.  Pores  need  to  be  large  enough  and  have  sufficient

connectivity  to  enable  infiltration,  but  intimate  contact  among  all

components  is  necessary  to  enable  ionic  and  electronic  transport

throughout the structure,45 and volume changes and strain associated

with redox processes need to be accommodated.68 Some future work in

this lab will be directed towards understanding how performance and

mechanical properties (ease of handling) are tied to porosity (including
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the total pore volume, the pore size, the pore morphology, and pore

wall thickness which are all tailorable through FTC) in the scaffolds.

Another challenge associated with device design is the need to

minimize the amount of LLZO used both in the electrodes and in the

electrolyte layer, due to its heaviness (density ~5.1 g/cm3). There is

also a significant energy density penalty if the separator layer exceeds

a thickness of about 20  m.92 Separators for LIBs range in thickness

from about 12-40 m, but the polymers from which they are made are

significantly  less  dense than LLZO.  Reducing  the  thickness  of  LLZO

separators  below 20  m would  be desirable  from a specific  energy

perspective, but requirements for high density (as close to theoretical

as possible) and absence of defects become even more stringent. This

also poses a difficult engineering challenge for cell assembly. A free-

standing dense and brittle electrolyte layer less than 20  m thick is

unlikely to survive the assembly process to create an intimate solid-

solid  interface with electrode with reasonable interfacial  impedance.

However, if supported on a porous scaffold, a thinner electrolyte layer

could be handled with more tolerance, making it easier for processing.

The  porous  layers  can  then  be  made  up  of  as  little  LLZO  as  is

practicable, which is important from an energy density point of view,

particularly  for  trilayers..  The  guideline  of  25  vol.%  electrolyte  in

composite cathodes for LIBs is a useful starting point (corresponding to

75 vol.% porosity for LLZO scaffolds); higher porosities than that may
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be  needed  to  achieve  specific  energy  goals,  again  because  liquid

electrolytic  solutions  are less dense than LLZO.  LLZO scaffolds  with

very  high  porosities  may  tend  to  be  fragile,  although  incorporating

them with dense layers in bilayer or trilayer structures should improve

the overall mechanical stability. Images of trilayer structures fabricated

in our laboratory, which approach these high energy density goals, are

presented in Figure 10.  

Finally,  the  amount  (inventory)  of  lithium in  the  cell  must  be

strictly  limited  to  only  a  small  excess  to  achieve  the  desired  high

energy  densities.  Using  20%  excess  lithium  in  a  solid-state  device

would result in a practical energy density of about 750 Wh/L on the

pack  level,  compared  to  about  250 Wh/L  for  a  typical  LIB  (specific

energies are about 150 Wh/kg for the LIB vs. 250 Wh/kg for the lithium

metal battery).  93 This would correspond to lithium foil about 20  m

thick  for  an  areal  capacity  of  about  4  mAh/cm2,  and  requires

achievement of a coulombic efficiency of 99.98% to cycle 80% of the

capacity  1000  times.  An  advantage  to  LLZO,  compared  to  liquid

electrolytes and many other solid electrolytes, is its low reactivity with

respect to reduction by lithium.29, 94 A recent in situ microscopy study of

Al  substituted LLZO shows that a tetragonal LLZO interphase a few

nanometers  thick  forms  upon  contact  with  lithium.  This  thin  layer

essentially passivates the surface and functions as a solid electrolyte
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interphase.  If  this  interphase  is  maintained  intact  upon  cycling,  it

should allow efficient plating and stripping of lithium. 

Conclusions

A brief survey of several classes of solid electrolytes for lithium

batteries is presented. All solid-state lithium batteries utilizing polymer

electrolytes  are  currently  utilized  in  electric  vehicles,  but  their

limitations mean that energy densities are lower than state-of-the-art

lithium  ion  batteries.  Ceramic  or  glass  electrolytes  have  been

incorporated  into  small  lithium  batteries  having  thin  film

configurations,  but  the  vacuum  deposition  processes  used  for

fabrication are costly and not easily scalable. To achieve cost, energy

density,  and  performance  goals  for  electric  vehicles,  these  devices

need  to  be  redesigned  to  incorporate  thick  (~  100  m)  composite

cathodes,  using  low-cost  manufacturing  processes.  The  challenges

here  are  considerable,  because  intimate  contact  among  all

components of the cathode (ionic conductor, electronic conductor, and

active  material)  must  be  maintained  throughout  the  charge  and

discharge processes. Freeze tape-casting (FTC) to make scaffolds of an

ion-conducting ceramic like LLZO, which have low tortuosity pores that

can  be  infiltrated  with  other  components  of  the  cathode,  holds

considerable promise in this  regard.  It  is  possible  to combine these

scaffolds with a thin, dense LLZO layer to form a bilayer structure, to

which  a  planar  lithium  anode  would  be  added  to  make  a  cell.  By
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modifying  the  Li  foil/dense  layer  interface,  lithium  can  be  reliably

stripped and plated at moderate current densities without failure. By

incorporating  lithium  into  a  second  porous  scaffold  in  a  trilayer

(porous/dense/porous)  configuration,  it  is  possible  to  increase  the

critical current density further, to the rates needed for electric vehicle

operation.  However, these devices need to be designed to minimize

the amount of ceramic conductor as much as possible so that specific

energy is not unduly compromised.

Materials and Methods

For Figure 5, Al-substituted LLZO was synthesized and processed

into pellets as described in reference  36  . For the freeze casting and

freeze tape-casting experiments, a commercial source of Al-substituted

LLZO  was  used  (Ampcera  LLZO  nanopowder,  MSE  Supplies).  NMC

cathode powders for infiltration were obtained from Umicore.

Freeze casting experiments were carried out using a commercial

research  scale  freeze  tape-caster  (GLA-RC2,  Glacigen)  was  used  to

prepare  thin  porous  LLZO  tapes  as  follows.  LLZO,  Li2CO3 (Sigma-

Aldrich), polyacrylic acid dispersant (Sigma Aldrich), VANZAN thickener

(Xanthan gum, Vanderbilt Minerals), and DI water at selected weight

ratios were ball-milled for 3-6 h. The slurry was then transferred to a

Teflon beaker and acrylic  latex emulsion binder (Duramax,  Rohm &

Hass)  was  mixed  in  by  magnetic  stirring  for  30  min.  The  resulting
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slurry was cast onto a Mylar sheet using a doctor blade. The cast slurry

was slowly pulled onto the freezing bed held at -11 °C to obtain desired

microstructures. Ice was removed by freeze drying the samples under

vacuum at 0.1 mbar (FreeZone Freeze Dryer, Labconco).  Dense LLZO

tapes were prepared using a modification of the procedure outlined in

reference 43 and incorporated into trilayer structures. Further details of

the  freeze  tape  casting  process  and the  trilayer  processing  will  be

discussed in our future publications. 

Scanning  electron  microscopy  was  performed  on  selected

samples using either a JEOL JSM-7500F instrument or  a  Hitachi  TM-

1000 tabletop microscope in secondary electron imaging (SEI) mode.
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Figure Captions

Figure 1. SEM fracture surface images of films sintered at (a) and (b)

1080,  (c)  and  (d)  1090C,  (e)  and  (f)  1100C.  (g)  XRD  patterns  of

sintered LLZO films.  Reproduced from Ref.  42 with permission from

The Royal Society of Chemistry.

.Figure 2. Microstructure and phase purity dependence on LLZO green

film thickness after sintering at 1090C. SEM fracture surface images of

(a)  22  m  (b)  45  m  and  (c)  73  m  thick  green  films.  (d)

Surface/volume  ratio  plot.  (e)  Phase  compositions  as  a  function  of

green film thicknesses. Reproduced from Ref. 42 with permission from

The Royal Society of Chemistry.

Figure 3.  (a) C1s, La 4d, Zr 3d, and Li 1s XPS data collected from

LLZO pellets polished under Ar (top, in blue) or exposed to air (bottom,

in red). The absence of La and Zr signals in the latter suggest that

Li2CO3 coverage is greater than 3 nm thick. Reproduced from Ref. 39

with permission from the PCCP Owner Societies.

Figure 4. O K-edge soft XAS spectra of a pristine large-grained LLZO

pellet (P_LLZO_L), small and large-grained LLZO pellets exposed to air

for 24 hours (E_LLZO_S24h and E_LLZO_L24h and Li2CO3 in (a) total
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electron  yield  (TEY)  mode,  probing  approximately  10  nm  into  the

samples and (b)  total  fluorescence yield (TFY)  mode,  probing about

100 nm into  the samples.  The relative  amounts  of  Li2CO3 in  yellow

compared to lattice oxygen in purple are shown in the expansion of the

E_LLZO_S24h  and  E_LLZO_L24h  TFY  spectra  (c).  Reprinted  with

permission from Ref. 50, Copyright 2015 American Chemical Society.

Figure  5.  Optical  image  of  a  LLZO  pellet  harvested  from  a

symmetrical cell cycled until failure. The bar corresponds to 300  m.

The darkening along a path between the large grains is evidence of

lithium deposition in grain boundaries. 

Figure  6.  (a)  and  (b)  scanning  electron  micrographs  of  small  and

large-grained LLZO samples,  and visualizations  of  grain  boundaries.

Reprinted  with  permission  from  Ref.  58.  Copyright  2015  American

Chemical Society.

Figure 7.  Scanning  electron  micrographs  of  (left,  top  and  bottom)

freeze-cast LLZO scaffolds processed at -20C (top) or -50C (bottom),

and  (top,  right)  a  large  pore  infiltrated  with  NMC  particles  and

polyaniline, and (bottom, right), smaller pores infiltrated with NMC and

PVdF.  Bars correspond to 200  m except for  bottom right,  where it

corresponds to 100 m.

Figure 8. Schematic of a freeze tape casting experiment.
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Figure 9.  SEM images of  a  FTC LLZO scaffold  processed in  water.

Topmost  images show the top of  the scaffolds,  and bottom images

show the fracture surface cross-sections.

Figure 10. SEM images of a trilayer LLZO structure with two highly

porous layers and a thin dense layer in the middle. Two magnifications

are shown in left and right. 
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Table 1. Properties of Solid Electrolytes

Material R. T. ionic

Conductiv

ity

Processabi

lity

Thermal

Stability

Stability

vs. Li

Moisture

Stability

4V 

stability

Li 

transfere

nce 

number

Shear 

modulus

Polymer

s (e.g. 

PEO)

Low Excellent Moderat

e

Moderat

e

Moderat

e

Poor Poor Poor

Sulfides 

(LGPS, 

glasses)

V. High Moderate Excellen

t

Moderat

e

Poor Poor to 

Moderat

e

Excellent Moderat

e

LLZO Moderate Poor Excellen

t

Good Moderat

e

Excellen

t

Excellent Excellen

t
LATP High Poor Excellen

t

Poor Moderat

e

Excellen

t

Excellent Excellen

t




