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Interfacereaction between lithium (Li) and materials at the anode is not well
understood in an all-solid environment. This paper unveils anew phenomenon
of constriction susceptibility for materials at such aninterface, the utilization

of which helps facilitate the design of an active three-dimensional scaffold
to host rapid plating and stripping of a significant amount of a thick Li

metal layer. Here we focus on the well-known anode material silicon (Si)

to demonstrate that, rather than strong Li-Si alloying at the conventional
solid-liquid interface, the lithiation reaction of micrometre-sized Si can be
significantly constricted at the solid-solid interface so thatit occurs only at
thin surface sites of Si particles due to areaction-induced, diffusion-limiting
process. The dynamicinteraction between surface lithiation and Li plating
of afamily of anode materials, as predicted by our constrained ensemble
computational approach and represented by Si, silver (Ag) and alloys of
magnesium (Mg), can thus more homogeneously distribute current densities
for the rapid cycling of Li metal at high areal capacity, whichisimportantin
regard to solid-state battery application.

The lithium (Li) metal anode, due to its tenfold larger capacity than
commercial graphite anode, is a desired component for solid-state
batteries. Fast cycling of commercial levels of thick cathode, how-
ever, is challenging because it requires rapid plating and stripping of
athick layer of Li metal at the anode, stably and without Li dendrite
penetration. Althoughssilicon (Si) anode voltage is higher than that of
Li metal, its high capacity remains attractive. However, the Si anode
oftensuffers from 300% volume change following lithiation, with swell-
ing and pulverization', which limits its practical implementation in
liquid-electrolyte batteries, although the issue can be alleviated by
nano-engineering of the electrode including nanoparticles, nanowires
or other nanostructures*.

Here we show that the behaviour of micrometre-sized Si can be
markedly different in solid-state batteries, where the alloying reac-
tion can be constricted at shallow surface sites (-65 nm) of Si particles
by a reaction strain-induced, diffusion-limiting process. A Si com-
posite protection layer can thus host significant amount of Li metal

plating that can accommodate ultrafast cycling of commercial-level
cathode loading with high areal capacity, as demonstrated by our
design of coin and pouch cells that utilizes the susceptibility of Si to
the constriction.

Our abinitio, high-throughput simulations suggest that, among
59,524 material entries, Siand other promising materials, such as silver
(Ag) and alloys of magnesium (Mg), are located in a unique region in
the space of lithiation voltage versus constriction susceptibility, where
susceptibility refers to the ability of amaterial to dynamically suppress
the lithiation reaction in exchange for the Li plating one in solid-state
battery design. These materials show a well-balanced constriction
susceptibility and voltage and locate at the boundary of maximum
product of the two factors in the parameter space. Such kinetically
preferred Li plating occurs through the interaction dynamics between
lithiation and plating, leading to a more homogeneous distribution of
local current density at the anode. Our work thus provides a critical
understanding that paves the way for the design of advanced Li metal
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Fig.1|Significant Li plating capacity from Sianode. a, Li discharge profile in
abattery of Li/graphite-Lis sPS, sCl, s (LPSCI1.5)-LGPS-LPSCI1.5-SiG at current
density 0.2 mA cm™atroom temperature. Note that SiG was made by mixing Siand
graphite in one composite layer. Inset shows the schematic illustration of stages 1-3
based on SEM and EDS mapping, whichillustrate the unique Li-Sianode evolution

insolid-state batteries observed experimentally in Figs.1and 2. b, FIB-SEM images
ofthe SiG anode at different discharge states (i), (ii) and (iii) corresponding to
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points1-3ina, respectively. c, SEM-EDS mapping of (i), (ii) and (iii), corresponding
to SEMimages inb, where carbon signal (C) is derived from graphite, oxygen (O)
and nitrogen (N) signals are from Li metal reaction with air and fluorine (F) is from
the PTFE binder. d, Discharge profile of battery with cell construction Li-IM LiPF in
EC/DMC-SiG. Schematicsillustrate typical Sianode evolutionin liquid-electrolyte
batteries. e, FIB-SEM image (i) of SiG anode following discharge in the liquid-
electrolyte battery shownind; zoomed-inimage (ii).

solid-state batteries for rapid cycling at high cathode loadings, by
utilizing the constriction susceptibility of anode materials.

Li plating between Si particles with limited
alloying

Figure 1a shows the specific capacity at room temperature of a
solid-state asymmetric battery with a configuration of Li/graphite (G)—
solid electrolytes (SEs)—SiG, where SiG is the composite layer formed
by micrometre-sized Siand graphite particles. The discharge capacity—
that is, moving Li* from Li/G to SiG—is >5,600 milliampere-hours per
grammass (mAh g™) if calculated based on the mass loading of Si, which
is abnormally higher than its theoretical capacity of 4,200 mAh g™
(around 3,000 mAh g* experimentally at most). At three different
discharged states, focused-ion beam-scanning electron microscopy
(FIB-SEM) images were recorded and energy-dispersive spectrum
(EDS) mapping carried out (Fig. 1b) to reveal anode morphology and
chemistry. Before discharge, the pristine anode showed pores between
Siparticles (Fig.1b(i)); following discharge near O V, Si particles showed
neither cracks nor any obvious swelling (Fig. 1b(ii),(iii)).

Marked Li deposition had already been observed between Si
particles at —0.2 V (Fig. 1b(iii)), where the existence of Li metal was
identified by its morphology and oxygen signal (Fig. 1c(iii)), because
Limetalis the most reactive component in the composite with oxygen
and nitrogen in the atmosphere’. Further evidence can be found in
Extended DataFig.1.Inaddition, considering that maximum capacity
is<0 Vatsuchaveryslow discharge of 0.2 mA cm2with little polariza-
tion, the above results suggest that there is significant Li plating at SiG
and thus the composite may not serve as a typical Si anode. Towards
the end of Li plating, at around 5,000 mAh g, a short circuit was
observed (circled region in Fig. 1a), which is acommon phenomenon
whenthereis a high level of Li depositionin a Li metal anode.

In contrast to the abnormal behaviour of the above solid-state
batteries, in the liquid-electrolyte battery micrometre-sized Si par-
ticles exhibited normal plateaux at 0.5 and 0.3 V (versus Li/Li"), cor-
responding to two Li-alloying reactions (Fig. 1d) with an expected
total lithiation capacity around 1,800 mAh g . SEM further showed
a completely different morphology from Si pulverization that is
common in liquid-electrolyte batteries for a Si anode (Fig. 1e). Fur-
ther evidence showing such a difference in the SiG anode in solid
and liquid-electrolyte batteries following cycling when paired with
a LiNij g;Mng 4C0y 1,0, (NMC83) cathode can be found in Extended
Data Fig. 2. The fact that no pulverization was observed in solid-state
batteries (Fig.1b and Extended Data Fig. 2d-f) suggests that lithiation
of Siis largely limited and that significant capacity is provided by Li
metal plating and stripping.

Wethentried to detect Lidistribution more directly in the anode.
Although Li as a light element cannot be detected by EDS, electron
energy-loss spectroscopy (EELS) and X-ray photoelectron spectro-
scopy (XPS) can capture it. We thus first combined an EELS line scan
with EDS mapping in a scanning transmission electron microscope
(STEM) to show Lidistribution in the SiG composite anode (Fig.2a-c).
Figure 2a shows the dark-field STEM image of a SiG anode froma full bat-
tery paired with a thick NMC83 cathode after 500 cycles and stopped
at a charged state of 4.1V (Extended Data Fig. 2f). The SiG anode was
milled to 65 nm thickness by FIB. Scanning from the vacuum region
to the bulk of the Si particle (Fig. 2a), the Li-K edge in EELS (Fig. 2b)
demonstrates that only the region at the surface of the Si particle
shows the existence of Li. The absence of a Li EELS signal inside the Si
particle indicates that a major portion of Si was not lithiated in bat-
tery cycling. Li-Si alloying should be limited to a skin surface layer of
<65 nm thickness, asindicated by the region with coexisting Si-L and
Li-K EELS signalsin Fig. 2b.
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Fig.2| Thinlithiation shell of Si particles and forced plating of Li metal.

a, TEM image of SiG anode FIB sample from a battery cycled at 2 C-rate (30 min
charge or discharge) and 55 °C and stopped at the 500th charged state. The
structure of the battery is Li-SiG-SEs-NMC83, with a nominal NP ratio of 1.5.

b, EELS line scan across the yellow arrow line in a. The purple spectra correspond
tothe purple sectioninthe arrow line at the surface of Si particle. ¢, STEM-EDS
mapping of the green dashed-border areain a. d, Left, high-resolution TEM of a
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Si particle following FIB; right, zoomed-in image. e, FIB-SEM images (left) and
EDS mapping (middle) of SiG anode at the first discharge state (2.5V, 0.5 C-rate
atroom temperature) in solid-state battery with structure SiG-SEs-NMC83 and
nominal NP ratio of 1.5. No Li was below the SiG anode. f, XPS depth profile of
the SiG anode following full discharge of the battery in Fig. 1a; Li/G-SEs-SiG was
discharged at current density 0.2 mA cm™at room temperature.

STEM-EDS mapping was conducted on the same sample (Fig. 2c),
where the oxygen and nitrogen signals showed consistent distribution
totheLielement fromEELS, all outside Si particles. The high-resolution
TEM image (Fig. 2d) shows the lattice fringe of the (111) plane with
a measured d spacing of 3.1A, agreeing well with the pristine Si
crystalline phase®. Furthermore, micrometre-sized Si particles main-
tained anintact morphology with no cracks, either after cycling at the
charged state (Fig. 2c; STEM) or at discharge (Fig. 2e and Extended Data
Fig.3;SEM). They also showed awell-separated, rather than overlapped,
distribution of EDS signals from oxygen (representing Li), carbon
(fromgraphite) and Sifrom these full batteries (Fig. 2c,e and Extended
Data Fig. 3¢,f), consistent with the result from asymmetric batteries
of Li/G-SEs-SiG (Fig. 1c). SEM and EDS taken at larger scale across the
anodearedisplayed in Extended DataFig. 4 for both pure Si (Extended
DataFig. 4a-1) and SiG (Extended Data Fig. 4m-q) anodes. The depth
distribution of Li deposition shows that Li is preferentially plated in
voids between Si particles or at the current collector side of the Si or
SiG layer, rather than at the electrolyte-anode interface at 0.5 C-rate
charge of full batteries.

Figure 2f shows XPS depth profile measurement around Si peak
energy following stripping of all Li from the Lianode and plating to the
SiG side in a SiG-SEs-G/Li solid-state battery, with a large discharge
capacity of >5,000 mAh g™, Although the Li-Si-O peak was detected
ontheSisurfaceinitially, following milling by Arions for 500 s (-26 nm)

the signal of Li-Si-O reduced and Si, Li-Si and Si-O signals emerged.
Following 1,500 s of milling (-78 nm), both Li-Si-O and Li-Si signals
disappeared with only Si and Si-O peaks remaining. This XPS depth
profile indicates that the lithiation reaction front locates at shallow
depth, between 26 and 78 nmbeneath the surface of Si particles, while
theinner partisstill pristine Si phase, consistent with our STEM-EELS
and X-ray diffraction (XRD) results. More such evidence from XPS and
XRD analysis can be found in Extended Data Fig. 5.

Therefore we confirm that, in our solid-state batteries, the lithia-
tion of Si particlesis largely limited. Meanwhile, Si particles serve as a
scaffold to host Li metal plating and stripping with significant capac-
ity in the void region between particles. However, different from an
inert three-dimensional (3D) structure with merely poresinside, Li-Si
alloying was still active inaskin surface layer of each Si particle, making
our SiGlayer an ‘active’ 3D scaffold.

Constriction susceptibility of anode material for
Liplating

Silicone represents afamily of materials at the anode in an all-solid-state
environment, where the original lithiation capacity can be largely sup-
pressed by the mechanical constriction effect when particle size is
near micrometre size or above. Inan all-solid environment, just like all
otherinterfacereactions with positive reaction strain (thatis, £ > 0)° 2,
lithiation of the anode material has to overcome the local mechanical
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constriction effect enforced by the effective constriction modulus, or
simply effective modulus, of the material (K.).

In particular, K, contains a contribution from the kinetic
diffusion-limiting effect induced by lithiation reaction (Methods).
The positive reaction strain from local reaction sites (for example,
local decomposition or lithiation) will compress the unreacted region
ofaparticle, largely limiting ionic diffusion at the reaction front under
compressive strain and thus preventing further reaction (Fig. 3a).
Note that such a local point contact for Li-ion diffusion and reaction,
whichiscommon at the solid-solidinterface (for example, between Si
particles and between Li metal and Si or SE), will provide inhomogene-
ous Li chemical potential at nanoscale, whichis critical in generating
reaction front and strain field with large local curvature so that the
unreacted particle material can wrap the reacted region to constrict
andlock thelocal strainfield.

From our nudged elastic band simulations (Fig. 3b), an isotropic
compressive strainin Sifrom 5to10% readily increased the Li diffusion
barrier from 0.4 to 0.8 eV, giving a 10’-fold reduction in Li diffusivity
inall diffusion directions at the reaction front. Alternatively, when we
maintained a 5% compressive strain but added a small shear strain to
onedirection (Fig.3b; 8 =80°), diffusivity was also effectively reduced
inall directions.

In contrast, in liquid electrolyte the Liions are extremely homo-
geneous surrounding particles at the liquid-solid interface, giving
orders of magnitude more homogeneous local Li chemical potential.
This will lead to deeper reaction from homogeneous propagation of
the much flatter reaction front, with much freer expansion of reaction
straininto the liquid region.

Themarked difference between aliquid-electrolyte and solid-state
environmentintheLi-Siinteraction wasalso further evidenced froma
specially designed experiment. We pressed Li metal foil and Si particle
layers together to let them react and then measured XRD evolution
over time. From the full-width at half-maximum (FWHM) change versus
Bragg angle, clear strain broadening (Fig. 3a) was observed following
10 min of reaction™" (Fig. 3c). After 20-40 h, although size broadening
became more prominent, probably due to the formation of microcracks
atthethinsurface regioninduced by furtherincrease in Li composition,
the level of broadening was still very limited (AFHWM =-0.10-0.15°;
Fig.3c,d).Incontrast, for the liquid, size broadening already predomi-
nated in the first 10 min, giving a two- to threefold higher AFHWM of
0.25°. After 20 hsize broadening had increased to 0.45° and, after 30 h,
Si XRD peaks become too broad to measure (Fig. 3d). This further sug-
gests that, although the surface lithiation composition of Si particles
inthe solid-state case could haveincreased over time to cause alimited
level of broadening, lithiation into the particle core was still largely
limited by strain field at the reaction front. Thus, the reaction front
did not propagate more deeply and no further cracks formedin the Si
particle core, yielding alow average lithiation capacity of the entire Si
particle (that is, 200 mAh g >0V in Fig. 1a) and a low overall level of
cracks. Original XRD data and further details can be found in Extended
DataFig. 6a-e.

The simulated theoretical lithiation capacity of Si (Fig. 3e) rapidly
reduced from 4,000 mAh g at K, = O GPa (that is, the theoretical
capacity of Si) to ~-1,000-2,000 mAh g at mechanical constriction of
K.=~-1-3 GPa and effective stress of €K.s =~1.2-1.5 GPa, which is the
capacity range of Si particle in a liquid environment or Li-Si alloying
thin shell of Si particle in a solid environment. The effective stress
contains mainly local stress i, in the liquid case, while it also contains
increasing contribution from the kinetic diffusion-limiting process
towards thereaction frontin the solid case, providing constriction to
theLi-Sialloying reaction. Capacity was furtherreduced to164 mAh g
at K+=5GPaand to O mAh g at K¢ =5.5 GPa. This defines a critical
modulus to fully suppress lithiation reaction of K;; = 5.5 GPa, which
isappliedtotheSiside of the frozenreaction front through local expan-
sion of the Li-Sialloying region. Thus, the effective contribution from

thekinetic stability effect, ek2~0 =K, — 0}, is estimated to be com-
parable to the local stress at reaction front (see Methods for more
details). Note that eK s at reaction front hereis thus neither the external
pressurein operating battery devices at MPa level nor the actual local
stress around 1-2 GPafrom lithiation, but rather reflects the property
of Liinteraction dynamics in an all-solid environment.

With the lithiation capacity of Si being rapidly suppressed by
mechanical constriction, whichincludes both thermodynamic meta-
stability from lithiation strain energy and kinetic stability from the
lithiation reaction-induced, diffusion-limiting processin asolid-state
battery (Methods), Li metal plating is forced to occur through the
dynamic interaction between lithiation and plating at those shallow
lithiation nanosites at the Si particle surface (Fig. 3a), which helps more
homogeneously distribute plating current densities at the anode. Note
that Li metal has ayield modulus of only a few megapascals™>'® and thus
plated Li can invade voids and pores between Si particles®.

When we applied such an analysis to all material entries in the
Materials Project, the plot in Fig. 3f provides new insights. For every
material thereisacorresponding critical modulus, K, beyond which
the lithiation reaction is prohibited'’. Materials with low K_,;. are thus
more likely to suppress lithiation for plating by mechanical constric-
tion. Note that low K, is also related to high reaction strain, which is
one contributory factor to an effective diffusion limit at the reaction
front (Fig. 3a). For two materials with the same K;, the one with higher
lithiation composition at zero constriction thus means that more lithia-
tionis suppressed per unitK,;.. Here the lithiation composition per K
that we introduce as the horizontal axis in Fig. 3f is thus a new metric
describing the constriction susceptibility of a material. When this
metricis plotted together with lithiation voltage as the vertical axis, an
informative parameter spaceis created to distribute all 59,524 materials
that we computed in the anode voltage range (Fig. 3f). These materi-
alsareallinaregion with the boundary well described by areciprocal
function (Methods). In contrast, such a clear-cut boundary is not well
defined in a conventional plot of voltage versus lithiation composi-
tion (Extended Data Fig. 6f). Because lithiation energy per atom is
the product of lithiation composition and voltage, materials at such
aboundary region described by reciprocal curves thus exhibit close
lithiation energy per Li per unit constriction and the highest possible
such values among all materials, which are around 0.35-0.55 eV GPa™
per Li, setting the upper limit of dynamic energy exchange between
lithiation and plating by mechanical constriction. We note that Si is
located at theboundary region and shows a well-balanced voltage and
constriction susceptibility.

Near the boundary region between the dashed lines in Fig. 3f
there are 11,568 material entries. Elemental statistical analysis shows
a high frequency of Mg, Si, Ge, Sn, In, Al and Ag in these materials
(Fig. 3f, inset), and also the coappearance of, for example, Mg + Si,
Mg + O or Mg + Sn (Extended Data Fig. 6g). A discussion about Mg,Si
can be found in Extended Data Fig. 6h, showing the negative effect
of overly high constriction susceptibility and overly low lithiation
voltage (Fig. 3f). Meanwhile, the abundance of Mg-related entries
here, as highlighted for some Mg alloys in the region around Si, also
suggests abundant opportunities regarding the design of Mg-based
compounds for enhanced balance between the two metrics for such
anode applications. Another, extreme, case is exemplified by Cuand Ti,
which lack lithiation capacity (Fig. 3f). Due to the absence of reaction
these do not have such a mechanism to distribute current densities
and thus willmorereadily assist Li dendrite growth at certain randomly
concentrated sites (Extended Data Fig. 6i).

Rapid cycling performance at high areal capacity

We now focus on the most readily availabe material, Si, to enable
state-of-the-art cycling performance of the Li metal anode by utiliz-
ing the constriction susceptibility effect at high cathode loading or
areal capacity in both coin and pouch solid-state cells. When using a
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Fig. 4| Coin cell cycling data utilizing constriction-susceptible anode design.
a, Capacity retention comparison between single- and multi-SE-layer batteries
withaSiG/Lianode, all at 25 mg cm™ cathode loading, 7.4 mA cm™ current
density or 2C-rate and the same total thickness of electrolyte layer(s). The areal
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b, Specific capacity of four batteries at different C-rates showing that multilayer

electrolytes offer higher capacity than asingle layer, all at 25 mg cm 2 cathode
loading. ¢, Capacity retention and Coulombic efficiency of abattery running

at 6C-6C at19.5 mA cm2with the structure Li/SiG-Cl, ,-LGPS-Cl, ,-NMC83
at22 mg cmcathode loading. d, Charge and discharge curves of multilayer
batteries with Si of varying particle size between 1and 44 pm. All batteries were
tested at 55 °C.

design that combines the SiG-based Li metal anode of updated multi-
layer electrolyte configuration”” with new combinations of electrolyte
layers, we obtained an impressive cycling performance at cathode
loadings =15 mg cm 2. Note that, here, graphite is mainly used to (1)
prevent Li penetration through the Lifoil duringinitial assembly under
formation pressure'®and (2) provide a better electron conduction path-
way’. We also found reduced poresizein the SiG layer in the assembled
battery in comparison with the pure Si layer, which would bene-
ficially limit the Li-plating region closer to the surface lithiation
sites of Si because Li plating occurs at the void region between Si
particles rather than at the graphite region in the SiG layer (Figs. 1b,c
and 2e and Extended Data Figs. 3 and 4).

Figure 4a shows the cycling performance of our solid-state bat-
teries with a configuration of Li-SiG-SEs-NMC83 at a cathode loading
of 25 mg cm?, with 80% capacity retention following either 1,000 or
2,000 cycles at a high current density of 7.4 mA cm™ or 2 C-rate (the
charge or discharge current divided by the battery’s capacity to store
anelectrical charge). As expected, single-electrolyte layer configura-
tions at the same total thickness of electrolyte layer showed mark-
edly inferior cycling of <500 cycles at the same cathode loading and
rate. Figure 4b further shows that multilayer design can deliver much
higher capacity than the single-layer design at 1-2 C-rate, giving an
areal capacity around 2-3 mAh cm 2 with good cycling performance
(Fig.4a,b). The differencein the performance of the multi-electrolyte
layer here can be attributed to variation in the dynamic voltage and
electrochemical stabilities that have been quantified previously both
experimentally’®”" and computationally'. The fact that our previous
multi-electrolyte-layer strategy that was developed to prevent Li den-
drite penetration of the Li metal anode still worked here also suggests
thatsignificant Li plating and stripping occursin the current SiG anode
running at higher current densities. At 6C charge and discharge the
battery showed a capacity of >110 mAh g™, with 80% capacity retention
obtained after 1,500 cycles (Fig. 4c) atacathode loading of 22 mg cm™
of NMC83 and high areal capacity of around 1.0-2.3 mAh cm . Note

that, when the SiG layer was replaced by a Si layer, cycling number
wasreducedtoaround1,000inour test. We also found that Si particle
size (1-44 pm) haslimited influence on the capacity of the full battery
(Fig. 4d). Extended Data Fig. 7 provides further data on battery
cycling, specifically in relation to high-loading (up to 7 mAh cm™),
low-temperature (down to 0 °C) and fast-charging (up to 10 C-rate)
capability.

A solid-state pouch cell was then made using NMC83 and Li
metal with SiG anode protection. Cathode size in the pouch cell was
28 x 35 mm?>. Figure 5a shows the cycling performance of the pouch
cell at an operational pressure of 25 MPa. The solid-state pouch cell
was cyclingatahighrate of 5C charge and 5C discharge, with theinitial
capacity around 125 mAh g and capacity retention of around 92%
after2,000 cycles, 88% after 3,000 cycles and 80% after 6,000 cycles.
The electrolyte-separator layers were made using a layer-by-layer
slurry-casting method consisting of Li;PS;Cl, Li,,SnP,S,, and Li;PS;Cl
with total separator thickness of around 75 pm (Fig. 5b,c). The energy
density of the pouch cell was 218 Wh kg™ without considering the
pressure jig in the calculation (Extended Data Table 1) which, in prin-
ciple, can be further improved by reducing separator thickness and
operational pressure and increasing cathode loading.

Practical design strategies and use of materials
other thanSi

Rapid charging in alkaline metal-based batteries is dependent on two
preconditions—rapid electrochemical kinetics and the prevention
of Li dendrites. The Li-Si alloying reaction is relatively slower than Li
plating and stripping®®, which is usually accompanied by pulveriza-
tion of Siifit proceeds deeply, making it difficult to achieve rapid and
stable cycling. Here we show that significant Li metal plating can be
achieved through dynamicinteraction with the shallow lithiation sites
of partially prelithiated Si, yielding rapid cycling capability at high cur-
rentdensity. This is anew capability and amechanism beyond the Li-Si
alloying reaction mentioned in either liquid-electrolyte? or solid-state
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Fig. 5| Pouch cell cycling data utilizing constriction-susceptible anode
design. a, Cycling performance of solid-state pouch cell at 5C charge and
discharge rates and an NMC83 cathode loading of 15 mg cm2at 55 °C and
operational pressure 25 MPa. b, Photographs of a slurry-cast SiG anode covered
by further casting of multi-electrolyte layers (top left), the edge of the anode
multilayer configuration, solid-electrolyte type 1(SE1) and type 2 (SE2) cast on
top of each other (bottom left) and a solid-state pouch cell (right). ¢, Schematic
illustration of pouch cell and layer-by-layer casting.

batteries”. Meanwhile, our design utilizes Li-Si alloying sites on a
shallow surface of the Si particle to distribute current density, making
itdifferent fromthe conventionalinert 3D scaffold that merely stores
Li metal inside. The design not only circumvents Si swelling but
also provides an ultrafast reaction pathway for rapid and stable
cycling of Li metal in a solid-state battery.

Furthermore, because constriction susceptibility is applied
through the effective modulus of the materials rather than by exter-
nal pressure, there is still room for further reduction in operational
stack pressure in principle. We demonstrate a 25 MPa operational
pressurein Fig. 5 from our pouch cell test, alevel thatis already lower
thanthatincoincell teststhat have an operational pressure of 50 MPa
orabove, bothinthe current work andin our previous reports'®”, Such
apreferredLiplating was also foundin the SiGanode working at 5 MPa
(Extended DataFig. 8), where the cycling stability in a solid-state pouch
cellisreduced to 2,800 cycles at 5C charge and discharge. Compared
with our solid-state coin cells using only dry ceramic powder to pave
the electrolyte and electrode layers, a slurry-casting-based pouch
cell method can provide denser layers through a polymer-ceramic
composite, making it a promising candidate in the development of
lower operational pressure. Future directions could also include the
discovery of more deformative solid-electrolyte materials with opti-
mized local viscoelasticity for constriction susceptibility, stronger
polymer binders, dynamically stable cathode-coating materials* and
polymer binders that can better accommodate the breathing dynamics
of battery devices.

Going beyond micrometre-sized-Si, anode materials might
also include a design strategy featuring coating of a constriction-
susceptible anode material, suchas Ag, to aninsulating particle, such
as SiO, or Al,O; (Extended Data Fig. 9). Furthermore, although Ag is
located near Si in Fig. 3f, these Ag nanoparticles may lithiate deeply
asinthe case of liquid electrolytes®because theinitial lithiation sites
may have already consumed the entire nanoparticle. Thus nano-Ag
may undergo a lower K. and reduced kinetic dynamics between
lithiation and plating than micrometre-sized Si. This different
mechanism may be the reason for limitation in the rate of cycling
performance previously found for Ag (60 nm) at the carbon anode at

<1C-rate under high cathode loading”. Larger Ag particles may show
observable constriction susceptibility in regard to preferential Li
plating in the initial electrochemical charge, especially at relatively
high C-rates, and then further lithiate chemically with the plated Li.
Micrometre-sized Ag, however, may be too ductile to provide a suf-
ficient number of pores at the anode with the conventional procedure
of rolling formation used in the battery industry. It is worth noting
many Mg alloys are located near Siin Fig. 3f, suggesting them as prom-
ising anode materials with well-balanced voltage and constriction
susceptibility. Our results here pave the way for the future design of
solid-state batteries with superior rate performance at high loadings,
where constriction of Siand other, more appropriate, materials for Li
metal anode application could occur following the introduction of an
advanced design of Li-anode interaction dynamics between lithiation
and plating at both the material and device level.
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Methods

Synthesis

Lis sPS, sCl, s (LPSCI) was prepared by high-energy ball milling and a
subsequent annealing process. Stoichiometric amounts of Li,S (99.9%
purity, Alfa Aesar), P,S; (99% purity, Sigma-Aldrich) and LiCl (99%
purity, Alfa Aesar) were milled for 16 h in a planetary PM200 (Retsch)
under a protective Ar atmosphere, followed by sintering at 550 °C in
aquartztube.

Coincell

A 0.63-cm-diameter Li foil (thickness 25 pum) was covered by a
0.79-cm-diameter SiG composite film with weight ratio 47.6:47.6:4.8%
Si (1 um; Skyspring Nanomaterials, Inc.), graphite (BTR) and polyte-
trafluoroethylene (PTFE). A Mg,Si (Sigma-Aldrich) protection layer
was mixed with graphite and PTFE at the same weight ratio. SiO, and
Ag-coated SiO, (2 pm particle size, Cospheric LLC) were mixed with
graphiteand PTFE ataweight ratio 0f19.0:76.2:4.8%. The cathode layer
was made by mixing 30 wt% SE, 70 wt% single-crystal LINbO,-coated™®
LiNig gsMny;C04 4,0, (1-5 pum particle size, MSE Supplies) and an addi-
tional 3 wt% PTFE with an active material loading of 10-60 mg cm™.
For the single-layer design, 120 mg of either LPSCI1.0 or LPSCI1.5 was
used as the electrolyte; for the multilayer design, 20 mg of LPSCI1.5
and 100 mg of either Li,,GeP,S,, (LGPS) or Li,,SnP,S,, (LSnPS) were
used. The full battery, with structure Li-SiG-LPSCI1.5-LGPS-LPSCI1.5-
NMC83, was pressed together in a home-made pressurized cell at
400 MPa and maintained at 50 MPa during testing. Nominal negative
to positive (NP) electrode capacity ratio was controlled at 0.3-1.5
and was calculated based on the practical capacities of Si (nearly
3,000 mAh g ') and NMC83 (200 mAh g ™). All batteries were assembled
inan Ar-atmosphere glovebox with the humidity of the battery-testing
environment controlled insideaMemmert hpp110. Battery testing was
conducted using an Arbin instrument at either 0, 35 or 55 °C. Cut-off
voltage was set between 2.5 and 4.1V for normal-rate cycling and
between 2.0 and 4.35 Vfor high-rate cycling. Liquid cells were created
using either Li (Fig. 1d) or SiG (Extended Data Fig. 2a-c) as the anode
and1MLiPF,inethylene carbonate and dimethyl carbonate (EC/DMC,
v/v =1:1) asthe electrolyte.

Asymmetric battery

Asymmetric coin cell battery (for example, Fig. 1) refers to a configura-
tion of Li/G-SEs-(anode protection layer). Li/G with a capacity of 2.5:1
was used as the anode, and 20 mg of LPSCI1.5 and 100 mg of LGPS as
electrolytes. Different anode protection materials (for example, Siand
Mg,Si) were mixed with graphite and PTFE ata ratio of 47.6:47.6:4.8%.
These layers were stacked and pressed into a pellet at 400 MPa and
maintained at 50 MPa during testing. Asymmetric batteries were tested
at 0.2 mA cm2atroom temperature.

Pouch cell

An anode protection layer and three SE layers were cast sequentially
onto Lifoil. To prepare slurry for the anode protection layer, 50 wt%
Si powder (1 um), 50 wt% graphite powder and an additional 2.5 wt%
acrylate-based polymer binder were mixed with anhydrous p-xylene
and isobutyl isobutyrate (1:1 v/v) using a planetary centrifugal mixer,
then Li,PS,Cl, Li,,SnP,S,, and Li,PS;Cl layers were cast on to the anode.
Following four-layer coating the film was then transferred toavacuum
ovento dry thoroughly at 60 °C for 12 h. Dried multilayer film was cut,
using a pneumatic punch machine, into a specific size of 35 x 28 mm?for
pouch cell fabrication. The cathode comprised 70% NMC83,30% LPSCI
and2.5% additional binder, and cathode active loading was 15 mg cm ™.
The anode/SE and cathode films were stacked and pressed at 350 MPa
and70 °Candthentested ateither 25 MPa or 5MPaoperational pressure.

X-ray photoelectron spectroscopy. XPS was conducted using a
Thermo Scientific K-Alpha* with spot size 400 pm. A vacuum transfer

module was used to transfer samples from the glovebox to the XPS
chamber. Samples were not exposed to air during either XPS sample
transfer or measurement. Ar ion milling was applied, with energy
0.5keVand current~0.6 pA, for 500-1,000 s. Etch rate was estimated
based on-~0.52 A s'reported in the literature from the reference sample
of Si0, (refs. 29,30).

X-ray diffraction. XRD was conducted on a Rigaku Miniflex with
Cu-Ka.. Measurements were taken within a 26 range, from 10 to 80°
at 40 kV and 15 mA. The sample was sealed with a Kapton film in the
glovebox before transfer to the XRD. For the solid-state test shown in
Fig. 3, Si was pressed together with Li at 400 MPa and held at 50 MPa,
with Li:Si capacity of 2:1. For Si with liquid added, Siwas pressed with Li
at400 MPa, held at no external pressure and a drop of liquid electrolyte
added, with Li:Si capacity of 2:1. Broadening of FWHM was calculated
based onacomparisonwith pristine Sifollowing pressing at 400 MPa.

SEM-FIB-energy-dispersive X-radiography

AFEIHelios 660 was used for FIB-SEM imaging. The pristine material
and cycled pellets were transferred from an Ar-filled glovebox using
asealed plastic bag. The sample was exposed to air for 1-2 min during
transfer. Pt predeposition and Ga" milling procedures were conducted
to create a cleaned cross-section region under different currents.
SEM-energy-dispersive X-ray imaging was conducted using the inbuilt
energy-dispersive X-ray analysis tools and detector of the instrument.
The batteries for SEM-FIB imaging were tested at room temperature.

TEM

The lithiated anode was milled by FIB till it reached a thickness suit-
able for (S)TEM and EELS measurements; thickness, as confirmed by
both SEM-FIB and STEM-EELS, was 65 nm. Using EELS, thickness is
calculated based on a convergence angle of 30 mrad, collection angle
43 mrad andIn(//l,) =~0.54, where /. and I, are total spectrumintegral
and zero-loss integral, respectively”. Such a thickness can provide a
sufficient signal for the detection of Li. (S)TEM, high-resolution TEM
and EELS were conducted on an ARM 200 with voltage 200 kV.

Computational methods

The effective modulus multiplying local strain (eK¢) can often be larger
than the actual local stress (0,,.) in solid-state batteries because eK
must also include the effective contribution from the kinetic stability
effect ek2~°, where €Ky = 0ioc + €k2~° and D — 0 denote that Li-ion
diffusivity is approaching zero at the reaction front. For Si, g,,. was
measured at around 1.0 GPa (refs. 32,33). The term ek2~°, which
assumes importance in solid-state batteries, is thus not local stress
although with a unit of GPa; rather, it is an effective contribution
from the reaction strain-induced, diffusion-limiting process to the
reaction front®*, Our simulation estimates that the magnitude of
ek?~%is comparable to local stress.

Voltage, capacityand K, were calculated asfollows. Electrochemical
reaction energy (G) and number of charge transfer (n) at 0 V versus
Li*/Liwas first calculated by construction of aphase diagram using the
Python Materials Genomics library**. Voltage (U) was then calculated
using the Nernst equation as G = -nFU, where Fis the Faraday constant.
Lithiation composition was calculated according to the number of
charge transfer. Because K., = —G/(V x €), where g is reaction strain
and Vthe reference volume of materials, we have U x n/K_;, = € X V/F,
which is the product of the x- and y-axis values in Fig. 3f. For electro-
chemical reactions at O V the reaction equations are similar, which
means that reaction volume change (¢ x V) is similar among many
materials. U x n/K_;,—that is, voltage x lithiation composition/K;,—
will thus be almost a constant for one family type of materials, giving
the reciprocal relation shown in Fig. 3f. All density functional theory
simulations were performed using the Vienna Ab initio Simulation
Package implementing the pseudopotential plane wave method>°.
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Perdew-Burke-Ernzerhof generalized-gradient approximation was
used for exchange-correlation energy”. The nudged elastic band
method was employed to calculate Li-ion diffusion barrier®.

Data availability
The data that support the findings of this study are available from the
corresponding author on reasonable request.
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Extended DataFig. 1| The FIB-SEM and EDS mapping of Silicon/Graphite (SiG)  oxygen and nitrogen signals are only observed from the added lithium metal foil.
layer with and without interfacing with Li metal foil. To further confirm that (a) SiG film without lithium metal foil and does not undergo formation pressure.
the oxygen EDS signal is mainly contributed by lithium metal, the cross-sections (b) SiG film (c) Si film without lithium metal foil and undergoes formation

SEM and EDS analysis of pristine SiG composites with and without alithiummetal ~ pressure. (d) SiG film with lithium metal foil and undergoes formation pressure.
anode foil being directly added beneath the SiG layer are compared, where major Fisfrom PTFE binder and Gais from FIBion source.
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Extended Data Fig. 2| SEM of cycled SiG in liquid- and solid-state batteries.
When LiNij sMng 04C0,,,02 (NMC83) cathode is paired with SiG anode inaliquid
electrolyte battery, pulverization of Si particles can be observed after just 5
cycles, accompanied by the poor cycling performance. In contrast, Sistaysin
anintact state in solid state batteries, with no cracks, pulverization, or irregular
edges being found in the FIB-SEM images of Si particles after 500 cycles.

(a-b) FIB-SEM image of SiG anode after the battery of SiG-liquid electrolyte-
NMC83 (cathode loading =25 mg/cm?) running for 5 cycles. (c) Charge and
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discharge curve for the battery of SiG-EC/DMC/1 M LiPF,-NMC83, where Si
is micron-sized. (d-e) The FIB-SEM image of SiG anode after 500" cycling.
Thebattery is with the structure of Li(25 um)/SiG-LPSCI-LGPS-LPSCI-NMC83
(cathode loading = 25 mg/cm?) with anominal NP ratio of 1.5. (f) Charge and
discharge profile of the solid-state battery at 55°C at 2 C, whichis also the
battery used for STEM-EELS in Fig. 2a. Note that the NP of 1.5 was hypothetically
calculated based on the Si practical capacity of 3000 mAh/g and NMC83 capacity
of200 mAh/g.
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Extended Data Fig. 3 | Li plating between Si particles observed from SEM (d, e, f) discharge. The batteries are with the structure of SiG-LPSCI-LGPS-LPSCI-
images of cycled SiG at different cycling stages in solid-state batteries. The NMCS83 (loading =25 mg/cm?) with a nominal NP ratio of 1.5. The batteries were
FIB-SEM images and EDS mapping of SiG anode after the 1° (a, b, ¢) and the 5™ cycled atroom temperatureat 0.5 C.
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Extended Data Fig. 4 | Li plating between Si particles observed from SEM temperature. (m) FIB-SEM image of pure SiG after charge from current collector
images and EDS mapping of Si and SiG at large scales. (a) FIB-SEM image of side (top) to separator side (bottom). (n-0) SEM and EDX on the current collector
pure Si after charge from current collector side to separator side. (b-d) SEM and side. (p-q) SEM and EDX on the separator side. The battery is with the structure of
EDX on the separator side. (e-1) SEM and EDX on the current collector side. The SiG-LPSCI-LGPS-LPSCI-NMC83 (loading = 25 mg/cm?) with a nominal NP ratio of

battery is with the structure of Si-LPSCI-LGPS-LPSCI-NMC83 (loading=25mg/cm?  1.5and charged at 3.8 Vat 0.5 C-rate at temperature.
withanominal NP ratio of 1.5 and charged at 3.8 Vat 0.5 C-rate at room
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Extended Data Fig. 5| Li plating and significant amount of unreacted Si
observed from XPS, XRD, and XPS depth profile of SiG anode after lithiation
process. (a) XPS measurement of Li1s signal from SiG in an NMC-SEs-SiG solid
state battery with nominal NP ratio = 1.5 after the 1* charge at 0.5 C-rate at room
temperature, showing the existence of Li metal. Since no Li layer was assembled
ontheanode side initially, this further confirms the plating of Li metal to the
current collector side of the SiG layer from charging the cathode. (b) XRD of SiG
fromthe above charged battery, clearly showing the Si phase rather than the
lithiated alloying phase. (c) XPS depth profile of SiG anode after the 1* charge
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at higher milling energy for longer duration to investigate across the entire SiG
electrode. The majority of Si peak throughout the SiG layer indicates that the
lithiation of Si across the entire anode is significantly constricted. The sputtered
thickness is estimated based on the 0.7 nm/s sputtering rate for Si, giving the
number (um) on the right side that is the thickness sputtered away from the
current collector side. Note that the total thickness of the original SiG layer

is -10 pm. The battery is with the structure of SiG-LPSCI-LGPS-LPSCI-NMC83
(loading =25 mg/cm?) with anominal NP ratio of 1and charged at 4.1V at 0.5
C-rate at room temperature.
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Extended Data Fig. 6 | See next page for caption.

Nature Materials


http://www.nature.com/naturematerials

Article

https://doi.org/10.1038/s41563-023-01722-x

Extended Data Fig. 6 | Behaviors regarding constriction susceptibility for
Si, Mg,Si, and Cu in experiment, and computational prediction of such
behaviors for more materials. (a) Change of XRD FWHM of Si powderina
solid layer pressed with Li metal solid layer at 400 MPa and held at 50 MPa for
40 hours (solid press), compared with that of such solid-pressed Si-Li interface
after dropping liquid electrolyte (LE) and holding for 20 hours without external
pressure. (b) Time evolution of XRD FWHM change for solid-pressed Siwith Li
metal after 10 min, 1h, 20 h, and 40 h. (c) XRD peaks of Si after solid-pressing
with Li metal and holding for 0 min, 10 min, and 40 hours. (d) XRD peaks of
solid-pressed Si after dropping LE for 10 min, 20 min, and 30 hours. (e1-e3)
Illustration of the time evolution of different XRD peaks in (c), which were used
to plot AFWHM in (b). (e4) The time evolution of a XRD peakin (d) at 10 min

and 20 h. The peak almost disappears after 30 hours. (f) Voltage v.s. lithiation
composition per atom for materials with voltage between 0-1V, and with capacity

between 0-10000 mAh/g. (g) Two elements coappearance between the dashed
lines in Fig. 3f. Only compounds with bandgap less than 1.5 eV are counted.

(h) Electrochemical profiles for discharging Li toward Mg,Si in liquid-state and
solid-state battery systems at 0.2 mA cm™at room temperature. Mg,Si is on the
boundary but to the far right of Siin Fig. 3f. The lithiation capacity originally
located above 0 Vinthe liquid electrolyte battery is largely suppressed in the
solid-state battery, whichis replaced by the lithium plating capacity below O V.
This suggests that due to the much lower lithiation voltage and much higher
constriction-susceptibility, Mg,Si intrinsically prefers Li plating, or witha much
less active alloying preference than Si. Thus, lithium plating from Mg,Si will
benefit less from the homogeneous current density distribution from the surface
lithiation sites than Si. (i) Cyclig performance at1 C-rate at 55 °C of battery with a
structure of (Cu particle and graphite mixture)-SEs-NMC83 (cathode loading =
15 mg/cm?).
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Extended Data Fig. 7 | Cycle performance of solid-state batteries toward high
C-rate, highloading, and lower temperature. (a) Charge and discharge curves
of solid state batteries at 5-10 C-rates and a NMC83 cathode loading of 22 mg/cm?
at 55°C, where1C=3.2 mA/cm? The battery can deliver over 157 mAh/g at

5 Cchargeand1Cnormal discharge. (b) Low temperature voltage profiles of
solid-state batteries with Li/SiG as anode and cathode loading of 22 mg/cm?. The
discharge capacity of the battery at 0 °Cis 154 mAh/g. (c) Capacity retention and
coulombic efficiency of battery running at 10 C (charge) -2C (discharge) at 55 °C.
At10 C charge and 2 C discharge a 75% retention after 1200 cycles was obtained.

(d-e) Charge and discharge curves for Li/SiG-SEs-NMC83 (22 mg/cm?loading)
battery running at 6C-6C (corresponding to Fig. 4c) and 10C-2C (corresponding
to Extended Data Fig. 7c). Itis worth emphasizing that the current densities for
6 Cand 10 C here are extremely highat 19.5and 32.7 mA/cm?, respectively.

(f) Capacity and coulombic efficiency of battery (NMC83 cathode loading =

15 mg/cm?) running at 5C-5C at alowered temperature of 35 °C (80% after 1400
cycles). (g) Charge and discharge curves of multilayer batteries with different
cathode mass loading up to 60 mg/cm?and areal capacity up to 7 mAh/cm?at
0.5 C.The nominal NP ratio is kept at 1.5 for all batteries.
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Extended Data Fig. 8| Morphology and chemistry of SiG anode after 1.5and was cycled at room temperature at 0.5 C. (d) Pouch cell with the structure
discharging at low operational pressure. The FIB-SEM (a,b) and EDS mapping of Li-SiG-SEs-NMC83 (loading = 15 mg/cm?) cycled at 5C charge and discharged at
(c) of SiG anode after discharging at 5 MPa. The battery is with the structure of 5MPaand 55 °C, with initial areal capacity =1.36 mAh/cm?,

SiG-LPSCI-LGPS-LPSCI-NMC83 (loading = 25 mg/cm?) with a nominal NP ratio of
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Extended Data Fig. 9 | Cycle performance of batteries with SiO,, Al,0,, and Ag
coated SiO, at anode, and the morphology analysis. (a) Cyclig performance

at1Cofasolid-state

battery with Al,O; particles at anode. The battery structure

is Al,0,&Graphite mixture-SEs-NMC83 (loading =15 mg/cm?). A short circuit
was observed after a few cycles, as lithium plates at the unwanted interface to
the electrolyte layer due to alack of ionic and electronic conductivity in Al,O,.
Note that this is different from the diffusion limit to further lithiation discussed
for Si, where both Li diffusion and electron conduction canstill happen at the
surface of Si particles. (b) FIB-SEM image of the Al,O, layer after the 1** charge of

asolid-state battery. (c) The first charge and discharge profilesat 0.5 C and (d)
cylicng performance at1C of solid-state batteries with Ag coated SiO, at anode,
in comparision that with bare SiO,. The battery structure is SiO,&Graphite
mixture-SEs-NMC83 (loading =15 mg/cm?). A short circuit was observed at the
initial charge for uncoated SiO,, similar to bare Al,O;. In contrast, coating Ag to
SiO, particles can make the battery run without a short circuit, but the migration

of the coating layer with cycling could be an engineering challenge to solve in the
future.
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Extended Data Table 1| Energy density of the solid-state pouch cell

Cathode Active Material Loading 15 mg/cm?
Active Material wt% 68.2%
Thickness 70-85 um
Separator Thickness 75 pm
Anode Active Material Loading 1.5 mg/cm?
Active Material wt% 48.75%
Thickness 20-35 pm
Current collector Al Thickness 12 pm
Cu Thickness 10 pm
Total Energy 10.8 mWh/cm?
Total Weight 49.5 mg/cm?
Energy density 218 Wh/kg
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