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lid-state batteries utilizing Li metal anodes have th sgg‘i’;lékis sf’ggﬁgggxgs ENGINI:EE%I&IEI;GAPS
otential to enable improved performance (speci N . ~
nergy >500 Wh/kg, energy density >1500 WHh/L),| expermentarce +NOVEL PROCESSING +NOVEL DESIGN

HA : « Compatible interface «Scalable process «Volume change
safety, recyclability, and potentially lower cost (<$100/kWh etole material High energy dense commadatod
compared to advanced Li-ion systeriifiese improvements - Lowresistance interfaces -Longycelife

are critical for the widespread adoption of electric vehicl - Sustainabl procesing

(EVs) and trucks and could create a short-haul electric aviati (( INTERFACE ENGINEERING OPTIMIZATION )

industry: 3 Expectations for solid-state batteries are high, bl
there are signtant materials and processing challenges fi
overcome.

On May 15, 2020, Oak Ridge National Laboratory (ORNL)
hosted a 6-hour, national online workshop to discuss rece
advances and prominent obstacles to realizing solid-state
metal batteries. The workshop included more than 30 expe
from national laboratories, universities, and companies, all
whom have worked on solid-state batteries for multiple years.
The participantonsensus is that, although recent progreskigure 1. Schematic summarizing the critical gaps for th
on solid-state batteries is exciting, much has yet to pgalization of competitive solid-state batteries. The 2020 ORN
researched, discovered, scaled, and developed. Our goal w4@fshop highlighted sped challenges in materials science,
examine the issues and identify the most pressing needs RiRyessing science, and design engineering.
most signicant opportunities. The organizers asked workshop
participants to present their views by articulating fundamental
knowledge gaps for materials and processing scien
mechanical behavior, and battery architectures critical
advancing solid-state battery technology. The organizers u
this input to set the workshop agenda. The group als
considered what would incentivize the adoption of U.
manufacturing and how to accelerate and focus resear,
attention for the bent of the U.S. energy, climate, and
economic interests. The participants ideshgpros and cons
for sul de-, oxide-, and polymer-based solid-state batteries
identi ed common science gaps among therelnt

Although not stated as specgoals for the workshop,
Grticipants also addressed practical tradie-onanufactur-
processes anda@ency, materials costs and handling,
ﬁ?\%}ironmental sensitivity. Discussions touched on opp
ities and barriers for domestic battery manufactur
rticipants agreed that testing standardization and stati
lysis of solid-state battery performance are critic
advance theeld? Currently, reported properties and ce
erformance vary unacceptably among laboratories stu
inally the same materials. A careful safety evaluation i

L X . needed to quantify solid-state battery safety versus th
chemistries. Addressing these common science gaps Hing Li-ion designs, including the important issue

reveal the most promising systems to pursue in the_ future. whether a small amount of liquid may be added to impr
A comprehensive document was drafted and published as formance without compromising safety and othettden

ORNL techr;ltchal doctume‘ht.'{'hle doqgmept retports b6|‘ | To complement the workshop discussion and assess st
consensus of the most essential considerations 10 enabie ik 41+ jevelopments, the organizers performed a liter

cost, safe, high-performance, long-lasting, and scalable sqQlid: . i -
state batteries. As shown Higure 1 this focus article a lysis of solid-state battefigsure 2 shows the number of
summarizes the following mamdings of the workshop (see

the ORNL technical documéfor more details): Received: February 27, 2021
Accepted: March 3, 2021

I. Materials Science Gaps
Il. Processing Science Gaps

lll. Design Engineering Gaps
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Figure 2. Solid-state battery literature analysis showing (a) the number of peer-reviewed publications from 2000 to 2020 (keywords:
“lithium” and“solid-state battér’, Web of Science) and (b) a radar plot that compares the level of activities in key technical areas for solid-
state batteries based on analysis of 12 recent review articfes.

peer-reviewed publications over the time span 2020 * What defect generation/annihilation processes operate
The volume of literature and rate of publication has increased in Li Ims (<30 m thick) when Li is plated and
signi cantly over the past decade. To ensure a representative  Stripped through a generic solid electrolyte?
perspective, a dozen recent review articles were analyzed based What conditions (e.g., rate, temperature, applied stress,
on their emphasis on key technical areas for solid-state battery and duty cycle history) modify Li plating and stripping
development (sefeigure B).°> *° The analysis revealed that behavior? _ _ _
researchers have made signit progress in new materials ° \What are the stress relaxation mechanisms for Li, and
discovery, but integrating these materials into practical devices gt?\évsg%I?iﬁgﬁggﬁamégltgglﬁyr/]%zs/ngom?igglr:gd:n%f :Eg
has lagged. The dearth of relevant prototype cell data may be ! '

. . X . strain rate?
due to an underemphasis on processing science and solid-statg How do defects such as grain boundaries, dislocation

mechanics, as well as the challenges for the single-Pl research ygnsity, elemental impurities, and alloying elements alter
model to overcome the challenges in producing high-quality  the properties and cycling performance of Li metal
prototype cells. This analysis is consistent with the discussions gnodes?
held during the workshop. + Isaliseed layer needed to template plated Li or provide
I. Materials Science Gaps.Progress on solid-state mechanical compliance to improve cycling stability?
batteries surges following the discovery of promising solid « How do interphase regions, formed by reactions or
electrolytes. However, every known solid electrolyte has one or additions at the Li/solid electrolyte interface, govern
more drawbacks that must be overcome to enable the transport?
development of viable solid-state batteries for EVs. Work|.2. Science Gaps for the Solid Electrolyte in Contact with
should continue to discover new electrolytes, with théi Metal. The community has learned much about failure at
expectation that other performance and processing critetlee Li/solid electrolyte interface in recent years. More
are simultaneously satid. Furthermore, a clear under- specically, we see that (1) ective passivation of the
standing of the challenges to integrating components intterface reduces Li consumption, (2) a high-modulus solid
batteries will inform the search for new materials. electrolyte formed with a dense, smooth interfaees Sawer
I.1. Science Gaps for the Li Metal Anc@ike Li metal  issues related to Li roughening, (3) a higher fratture
anode is common to all the batteries considered at th@ughness inhibits cracks that may form shorts, and (4) higher

workshop, yet this component may be the least studied E'ectronic resistivity mitigate$ taduction within the solid
metal has’ recently captured more attention from the U' ectrolyte separator. Given this background, several important

Department of Energy (DOE) Vehicle TechnologieseO uestions were ideret: , . L

and the Advanced Research Projects Agency-Energy (ARPA® What promotes elec_trochsmlcal stability or kinetically
E). There was considerable discussion among participants on, wr:tetd rﬂasﬁ'vr?it'%‘ W't? Ll.v ilable to strenathen solid
this topic.'We know so much more now than just 5 years ago, at mechanisms are avaflable 1o strenginén so
but we are just getting startegported Paul Albertus from electrolyte properties at the appropriate length scale,

i tability, and inhibit fail /fati duri
the University of Maryland. One kegyding, by nano- Ien;ltoerr?zilgdsL?cillcﬁng??n innibit failuresfiatigue - during

indentation and compression of Li micropillars, is that when . How do the bulk properties of the solid electrolyte and
the volume of Li is small, the hardness and yield strength can  jts surface chemistry/nomogeneity (e.g., current uni-

be much larger than that of bulk't Consequently, we formity) a ect Li cycling?
need to determine the relevant length scale for mechanicale How does the cathode irence the Li anode interface
tests to inform our understanding of the Li anode and the during cell cycling?

mechanisms leading to Li redistribution, particularly when | 3 sScience Gaps for Active Cathode Materials and Solid-
related to battery failure State Composite CathodeBor the highest energy density,
The following questions need to be answered the the cathode must be the most voluminous component of the
science gaps that exist in the development of an optimizeddattery. For example, suppose the cathode serves as the
metal anode: mechanical support and battery substrate. In that case, the
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current collectors, separator, and Li anode can all be appliedsaft organic cathode materials that provide good contact with
thin coatings with limited volume, weight, and cost, as shovirard solid electrolytes. How thick cathodes impact volume
in Figure 3In traditional slurry cast cathodes, organic bindershanges at the full cell level is still unexplored. Researchers and
industry developing practical datbased solid-state batteries

nd that appreciable external stack pressure (often on the
order of 10 MPa) is needed to maintain contacts during
cycling, but these experitted housings are massive.
Discussion ventured to the possibility of cleverly designed
composites in which internal pressure develops during cycling
to maintain interfacial contacts. Below we pose some key
scientic challenges related to this topic:

» What can be achieved through defect and microstructure
engineering to enhance reaction kinetics and mechanical
properties for dense, single-phase cathodes at all states of
charge?

» How can texture and grain structure be used to improve
reaction kinetics and mitigate solid electrolyte fracture?

« What are the relative pressure and electrochemical
driving forces experienced by the active cathode
material? Is there a restoring component that can
provide a more homogeneous reaction?

* What cathode design principles will lead to a resilient
cathode catholyte interface which maintains intimate
contact during cycling?

Figure 3. Schematic of an ideal high-energy solid-state battery |I. Processing Science GapsAdvanced processing
stack including a thin cathode current collector, a thick cathode, a methods create opportunities for new and mddhaterials
thin electrolyte separator, a thin Li anode that expands upon that are not available with conventional approaches. While
charging, and a thin anode current collector. many challenges related to materials and interfaces remain
unsolved, an ert to understand processing hurdles may save
may suce to form freestanding cathodes, or polymesignicant time and ert. Advanced materials processing
electrolytes can be added tb voids and facilitate Li  could also open new directions for solid-state batteries or
transport. The composite cathode may also be bondedccelerate the development of current materials.
fused, or sintered to improve interfacial contact. These stepsThe following examples illustrate how unique processing
complicate the processingt kensure the formation of approaches can be used to form intimate contact between the
mechanically robust solgblid interfaces. The key is to cathode and solid electrolyte. Sintering is often required to
fabricate a cathode that will (i) withstand stresses durinfprm good interfacial contact between the cathode and the
cycling and (ii) provide facile electronic and ionic transport aolid electrolyte when simple cold pressing is inadequate,
low stack pressure (<1 MPa). especially for oxide solid electrolytes. Bonding agents, so long
One viable approach for solid-state cathodes is the useas they do not compromise electrochemical and mechanical
composites where various components are added to manageperties, are useful to densify and fuse the active material
the bonding and transport. The added phases may be a sdiad solid electrolyte phases at lower temperatures. Studies of
catholyte, an electronic conductor, or a solid mixed ionicrapid thermal annealing (e.g., radiative heating from a carbon
electronic conductor. The interfaces among these phases mitsthort’) may open new and practical processing directions.
be electrochemically stable, have low bulk and grain/partidisterfaces with uniform contact may also be achievHiddy
boundary resistance for ion and charge transport, and survarecoating the interface with a liquid that is later sadidror
repeated volume changes of the active material. Cathodes veifample, a porous 3D cathode can be Badkwith liquid
reasonable cycling have been demonstrated with oxide pmecursors which are thermally treated to form a solid ionogel.
phosphate active materials (LiGoQ@LCO], Li- There are also opportunities to investigate other novel and
Ni,Mn,Co, ,,O, [NMC], LiFePQ, [LFP]) mixed with solvent-free processing routes to form intimate interfacial
carbons and either lithium thiophosphate or polymer electr@ontact.
lytes. Generally, cathode particles embedded in a softProcessing determines the solid electrolyte separator micro-
electrolyte function better when (i) stack pressure is appliestructure and mechanical properties. There are well-known
to preserve interfacial contacts and/or (ii) the system is cycledethods (e.g., precipitation hardening, phase transformation
at elevated temperature, which improves transport rates aodghening, and tempering) to strengthen structural ceramic
reaction kinetics. and glass materials, but similar mechanisms have not been
Participants ered comments on their experience andreported for solid electrolytes. One processing science gap for
expectations for promising cathode development. Waxy plagtitid-state batteries is determining whether or not mechanisms
crystal electrolytes represent one class of soft catholytes ablexist to strengthen thin solid electrolytes and thick cathodes
accommodate strain associated with cathode volunvdthout impeding transport. Approaches that avoid inactive
change¥’ Similar success has been demonstrated for slurogpmponents are particularly attractive to maintain higrcspeci
cathodes lling a 3D porous HiaZr,0;, (LLZO) sintered energy. Advantages of glass and amorphous electrolytes
templaté® An interesting alternative is to identify and procesinclude good chemical stability and ductility in addition to
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providing a naturally smooth surface. New insights are needsammercially rolled and passivated ultrathin Li, vacuum-grown
to process thin amorphous materialsently. We note that Li Ims, and Li grown electrochemically in an anode-free cell
battery components are processed ideally as integratesh guration. Alternatively, the option to use Li alloy anodes
coatings or composites, not as stand-alone parts. or to provide a scald for Li plating (e.g., a hano Ag-carbon

Participants also discussed the connection between processnposite, as reported by Sanfshsgould not be ignored.
ing innovation and potential competitiveness of the U.FHowever, these solutions will saerioverall energy density.
battery industry. There is tension between short-ternfurthermore, it cannot be overemphasized that the path to
commercialization with existing equipment and a long-teremderstanding is to use methods and cells desigtfed to
horizon employing an investment in a totally new processirigst and“learn quickly For Li anode studies, this means that
line. Initial applications that are smaller and less demandibgth the metallic Li and solid electrolyte separator should be
than EVs may provide important markets for solid-stateery thin, with little excess capacity to either sustain side
batteries. All participants recognized that, for commercializ@actions or perpetuate interface roughening that will
tion, solid-state batteries must compete well in terms @ventually lead to failure.
performance compared to advanced Li-ion technology, even ifSolid-State Cathodes and Compositdhe solid-state
not at rst on the price. cathode is key to enable performance that matches or exceeds

Ill. Design Engineering Gaps Most solid-state cells are, that of Li-ion batteries. For a battery with the highest energy
at present, a stacked design with the cathode composiiensity, the active cathode should occupy the largest fraction
borrowed from a typical Li-ion architecture. Exceptions are th the battery. As such, the composite cathode should act as
3D designs formed using 3D-templated cathodes or, motiee physical support. This has been a critical roadblock for
recently, 3D-porous solid electrolytes formed by freeze-castjractical solid-state batteries. In most designs, the cathodes do
or burnout of sacrial components. Another is a so-callednot deliver sucient energy at room temperature and under
“2.5D design, consisting of a 2D Li-anode sheet with a 3easonable stack pressures. Hybrid designs using standard Li-
composite cathode. These designs have been adoptedida battery cathodes with liquid or gel catholyte have been
increase the interfacial area and reduce local current densityegted, but they were also limited by interfacial reactions and
the electrodeelectrolyte contacts. Such approaches argoor transport.
promising, but in most cases, there is not a clear pathway tcscientically, the solid-state cathode is also a foundational
cost-eective scale-up. Alternative architectures may alsesearch topic because it requires solutions for many critical
enable mechanically robust structures and interfaces. Resegigiiface science challenges. For examplegttea volume
in such structures is motivated by concerns that maintainirgianges, interface integrity, and phase connectivity for facile
high stack pressure§ MPa) on solid-state cells may require jon and electron transport need to be addressed to develop
an external mechanicelure that negates any speenergy/ cathodes which provide the required current density and areal
energy density bereof cells. Discussion focused on how capacity (110 mA/cnt and >3 mAh/cry respectively).
materials and composites should be processed and bondeddaidies on the defect equilibria with state of charge, the
solid-state cathodes. Advanced manufacturing may mak@eformance of solid interfaces betweegredit materials,
variety of well-controlled architectures possible. Mangtress and fatigueeets, and stress relaxation mechanisms will
interesting questions on this topic should be considered: provide insights that can be applied to other interfaces in solid-

« Can volume changes be cleverly directed to providgtate batteries. Research on solid-state cathodes must also

internal compression at the material interfaces to replagéldress science gaps in materials, processing, and battery
large external stack pressures? architecture.

« Are there other ways to temper the cathode and its For a successful solid-state cathode, experts in battery
internal interfaces to strengthen and resist fracture? materials and solid-state electrochemistry should work closely

I\fyith experts in materials mechanics and processing to (i)
minimize and relieve cycling-induced stresses, (ii) identify
) . . mechanisms and architectures for strengthening the materials
* How do volume changes during c_ycllmtas_olld—stati and interfaces, (iii) utilize materials and processes to form
battery performgnce and_packaglng requirements?  giract ion-transport paths that span the thickness of the
* How can chemical reactions between the cathode anghode, and (iv) reduce or eliminate the need for external
solid electrolyte during dersition and cycling be gtack pressure. As mentioned in the proposed Li studies,
mitigated? projects should implement procedurésest smalland“fail
Pathways to Solid-State Batteries Addressing Sci- fast to advance scientiand technological knowledge of the
ence Gaps.Control and E cient Cycling of the Li Metal solid cathode as quickly as possible. For the cathode, this fail-
Anode. Sections |.Jand |.2 highlight the science gaps and fast strategy encourages researchers to reveal the presence of
challenges associated with Li metal anodes. While the reasanyg residual solvent, test at ambient temperature and pressure,
for poor Li cycling with solid electrolytes are becoming clearemmd assess the cathisde ective spect capacity which
the solutions are not. Applying large stack pressure is noirgludes all components (e.g., active material, conductive
viable solution; if unavoidable, such an approach may beadditives, and catholyte). Progress can also be enhanced by
show-stopper for solid-state batteries in EVs. Issues that wilildying model cathode interfaces, adopting aggressive cycling
inform understanding of the Li metal anode include research tonditions, determining chemical/mechanical data for compu-
(i) compare the Li cycling performance of full cells versus Lifational modeling, and developing advanced characterization
Li cells, (i) compare cycling performance atrdnt tools to probe interfaces during and after cycling.
temperatures, including where Li is molten, (iii) assess the Summary. Li metal solid-state batteries have the potential
e ects of various impurities in the Li, and (iv) compare Li fromto provide advantages in energy density, safety, cost, and
di erent sources. For example, the Li sources may includecycling over current state-of-the-art Li-ion systems. However,

» How should composites be designed to maintain the
structure and internal connectivity during cycling?
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success is not assured, and solid-state battery developmentAUTHOR INFORMATION

faces several challenges, including (i) improving control of

materials and interfaces, (ii) addressing processing challengesplete contact information is available at:
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of advanced Li-ion batteries, and (iv) maintaining optimal
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